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Preface

This is a first course in Linear Algebra. It grew out of several courses given
at Instituto Superior Técnico, University of Lisbon, and is naturally shaped
by the experience of teaching. But, perhaps more importantly, it also imparts
the feedback of generations of students: the way they felt challenged and the
challenges they set in turn.

This is a book on Linear Algebra which could also be easily described
as a book about matrices. The opening chapter defines what a matrix is,
establishes the basics, while the following chapters build on it to develop the
theory and the closing chapter showcases special types of matrices present in
concrete applications — for example, life sciences, statistics, or the internet.

The book aims at conciseness and simplicity, for it is intended as an un-
dergraduate textbook which also allows for self-learning. In this trait, it sum-
marises the theory throughout in ‘How to...’ text boxes and makes notes
of common mistakes and pitfalls. Every aspect of the content is assessed in
exercise and solution sections.

The narrative of the book is intertwined with matrices either as the main
subject or tools to explore the theory. There is not a chapter where they are
not present, be it in the forefront or the background. As it happens, each of
the first five chapters is anchored on a particular number or numbers, in this
order: the rank of a matrix, its determinant, the dimension of a vector space,
the eigenvalues of a matrix, and the dimensions of the null space and the image
of a linear transformation. The sixth chapter is about real and complex inner
product spaces. Chapters 7 and 9 are applications of the theory and solutions
to the exercises, respectively, whilst Chapter 8 is an appendix consisting of
the proofs of some results relegated to a later stage, as not to impair the flow
of the exposition.

Notwithstanding the simplicity goal of the presentation voiced above, the
book ventures a few times into more advanced topics that, given the mostly
self-contained nature of the book, call for more involved proofs. However,
it is the reader’s choice to avoid these topics at first (or even definitely),
if so wished. This will not be an impediment to the understanding of the
fundamentals of Linear Algebra.

At the end of each chapter, the respective contents are briefly highlighted
in the very synthetic ‘At a Glance’ sections, which will mostly make sense
for those who read the theory, solved the corresponding exercises, and, in the

xi
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end, learned it well enough as to understand the meaningful droplets these
sections comnsist of.

Finally, I wish to express my gratitude to all my students, without whom
this particular book could not be.

Lisboa, December 2021



Symbol Description

|A|
adj A
[Asj]

cofA

C(x,\)

det A
Di (Ot)
Ejj(a)
E\)

The conjugate of a matrix
A

The determinant of A
The adjugate matrix of A
The submatrix of A
obtained by deleting row ¢
and column j

The standard basis of

M, (K)

The complex numbers
The matrix of cofactors of
A

The set of vectors in a
Jordan chain corresponding
to the eigenvalue A

The determinant of A
Elementary matrix
Elementary matrix

The eigenspace
corresponding to the
eigenvalue \

The standard basis of K"
The generalised eigenspace
corresponding to the
eigenvalue A

The image of the linear
transformation T’

The field of scalars

The change of basis matrix
from basis B; to basis By
The set of k X n matrices
over C

My »(K) The set of k x n matrices

over the field K

My n(R) The set of k x n matrices

M, (C)

over R

The set of square complex
matrices of order n

The set of square matrices
of order n over the field K
The set of square real
matrices of order n

The null space of the linear
transformation T’

The nullity of matrix A
The dimension of the null
space of the linear
transformation T’
Elementary matrix

The space of real
polynomials of degree less
than or equal to n

The real numbers

rank (A) The rank of matrix A
rank (7') The rank of the linear

transformation T’

The spectrum of the linear
transformation T’

The span of the set X

The sum of subspaces U
and V

The direct sum of subspaces
Uand V
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Chapter 1

Matrices
1.1 Real and Complex Matrices ............ccooiiiiiiiiiiiiniiin.. 1
1.2 Matrix Calculus ..........o i 17
1.3 Matrix INVerSes . ...t e 32
1.4 Elementary Matrices ... 37
1.4.1 LU and LDU factorisations .............................. 43
1.5 EXercises ... 48
1.6 At a Glance ... 53

This first chapter is about matrices, the link binding all the subjects presented
in this book. After defining what a matrix is, we will move on into its properties
by developing a toolkit to work with, namely, Gaussian and Gauss—Jordan
eliminations, elementary matrices, and matrix calculus.

As said in the preface, almost every chapter has a particularly outstanding
number associated. In this chapter, this number is the rank of a matrix: it will
be used to classify systems of linear equations and decide if a matrix has an
inverse, for example, and, mostly, the whole chapter will revolve around it.

1.1 Real and Complex Matrices

In what follows, K = R, C, and the elements of K are called numbers or
scalars.
A k x n matrix or a matrix of size k X n over K is an array

all ai12 c.. A1y AT
a1 G2 ... Qg2j ... Qon
(1.1)
;1 ;o . Qi ... Q1n
|Gk1 Qg2 ... Qkj ... Qkn|

of scalars in K having k rows and n columns. Each number a5, for all indices
i=1,....,kand j = 1,...,n, is called an entry of the matrix. The indices

DOLI: 10.1201/9781351243452-1 1
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1 and j correspond, respectively, to the number of the row and the number of
the column where the entry-ij, i.e., the scalar a;; is located.

The rows of the matrix are numbered from 1 to k, starting from the top,
and the columns of the matrix are numbered from 1 to n, starting from the
left.

A matrix whose entries are real numbers is called a real matrix or a
matrix over R, and a matrix whose entries are complex numbers is called a
complex matrix or a matrix over C.

Example 1.1 The entry-23 of
1 -2 5 1
2 -1 7 3

is the scalar which is located in row 2 and column 3, that is, ass = 7. This
matriz has two rows and four columns and therefore is a 2 X 4 matrix.

The sets of k& x n matrices over R, C, and K are denoted, respectively, by
Mg n(R), Mg ,(C), and My ,,(K). When k& = n, the notation is simplified to
M, (R), M, (C), and My, (K), respectively.

In the matrix (1.1) above, the i th-row is

12' = [aﬂ a2 ... Qi ... aln] s

and the jth-column is o

alj
agj

aji

LOkj |

Example 1.2 In Exzample 1.1, the first row of the matriz is
L, = [1 -2 5 1] ,

and the second row is
L=[2 -1 7 3].

Columns 1,2,3, and 4 of this matrixz are, respectively,

S A R}
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The matrix (1.1) can also be presented as [a;;] i—1.....r , or simply as [a;;],
j=1,....,n
whenever the matrix size is clear from the context.

The matrix is said to be

(a) a rectangular matrix if k # n;

(b) asquare matrix if £ = n, and in this case, the matrix is called a square
matrix of order n (or k);

(¢) a column matrix or column vector if n = 1;
(d) a row matrix or row vector if k = 1.

For reasons that will become apparent in Chapter 3, in most cases, column
vectors will be referred to as vectors.

In what follows, a row of a matrix whose entries consist only of zeros will
be called a zero row. A zero column is defined similarly.

Definition 1 A matric A = [a;;] is in row echelon form or is a Trow
echelon matriz if the following two conditions hold.

(i) There are no zero rows above non-zero rows.

(i) If1; and 1,11 are non-zero consecutive rows of A, then the first non-zero
entry of row 1,11 is situated (in a column) to the right of (the column
of ) the first non-zero entry of 1;.

The first non-zero entry in each row of a row echelon matrix is called a
pivot.

Example 1.3 Consider the matrices

01 0 4 5 1 0 0 4

1 -2 3 0 9
A=lo 0 40 —2|, B= 00 0 8 2 o 00 0O
0 0 0 6 -7 00 0 7 -1 01 0 8
000 0 O 00 1 1

Matrixz A is in row echelon form and its pivots are 1,4, and 6. The matrices
B and C are not row echelon matrices because matrix B does not satisfy
condition (ii) and matriz C' does not satisfy condition (i) of Definition 1.

In the next section, we shall make use of matrices to solve systems of linear
equations. A key tool to be used in the process is the concept of an elementary
operation performed on the rows of a matrix, thereby obtaining a new matrix.

Definition 2 There exist three kinds of elementary row operations:

(1) exchanging two rows, i.e., exchanging row l; with row 1;, with i # j;
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(ii) replacing row 1; by al;, where a is a non-zero scalar;
(i11) replacing row l; by 1; + al;, where o is a scalar and i # j;

The scalars « in this definition lie in the same field as the entries in the matrix.
For simplicity, in what follows elementary row operations may also be
called elementary operations.

Example 1.4 The three types of elementary operations will be illustrated with
the real matriz

3 1 -1 2
A=(1 -1 2 2
1 1 1 3

The first elementary operation to be performed is of type (i). We exchange
rows 1 and 3 of matrix A, obtaining matriz B:

1 1 1 3 2
A=1|1 -1 2 2| — |1 -1 2 2| =B.
3 1 -1 2 1 3

To illustrate an elementary operation of type (ii), now we replace the second
row la of matriz A by —3la, obtaining matriz C':

1 1 1 3 3 1 -1 2
A=|1 -1 2 2| —= |3 3 6 —6/=C
3 1 -1 2| 77 1 1 1 3

Finally, row 13 will be replaced by the new row ls + 21y, i.e.,

1 1 1 3 1 1 1 3
A=11 -1 2 2 — |1 =1 2 2| =M,
13421
3 1 -1 2 5 3 1 8
e, 13 of M is

5 = [as1 +2a11  as2 +2a12  asz+2a13  ass + 2a14] .

Hence we have obtained three new matrices, B,C, and M, by acting on the
rows of A with the operations described above. Symbolically,

14HB7 A?O, A

E——
Lol 13+21;
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A linear equation is an equation which can be presented in the form
a171 + asTa + -+ ap_1Tp_1 + ant, = b, (1.2)

where aq,as,...,a,_1,a,,b are scalars and x1,xs,...,Z,_1,x, are the vari-
ables or the unknowns. A system of linear equations is a conjunction of
linear equations

a1121 + a12%2 + - + A1 %y = by

a2121 + a22%2 + - - + G2,Ty = by

aR1T1 + Qa2 + - - + ApnTn = by

Equation (1.2) is said to be a homogeneous equation if b = 0. Similarly,
the system above is called a homogeneous system if by = by = --- = by, = 0.
Equations and systems are otherwise called non-homogeneous.

Solving a system of linear equations consists in determining the set of all
n-tuples (x1,xo,...,x,) of n scalars which satisfy all the equations in the
system. This set is called the solution set or the general solution of the
system.

The set consisting of all n-tuples (x1, 2, ...,z,) of real numbers (respec-
tively, of complex numbers) will be denoted by R™ (respectively, C™). That
is, for a positive integer n,

R" = {(z1,22,...,%n): T1,Ta,..., T, € R},

C" ={(z1,22,...,2pn): T1,22,...,x, € C}.

Two systems of linear equations are said to be equivalent if they have
the same solution set. Systems are classified according to the nature of their
solution set. A system of linear equations is said to be:

(a) consistent, if its solution set is non-empty;

(b) inconsistent, if its solution set is the empty set, i.e., the system is not
solvable.

We shall see in Proposition 1.3 that in case (a) the system either has a unique
solution or has infinitely many solutions.

A homogeneous system of linear equations is always consistent.

In fact, such a system possesses, at least, the trivial solution, that is, the
solution where all the variables take the value 0.
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The system of linear equations above is associated with the following ma-
trices

air Q12 Q1n
G21 Q22 ... d2p . .
A= | . . . Coefficient matrix, (1.3)
Gkl Qk22 .- Gkn
by
ba
b=|. Column vector of independent terms, (1.4)
bi
ai; a2 ... Qip by
a21 A22 ... Q2 by .
[Ab] = | . . ) ) Augmented matrix.
ag1 Qk22 ... Gkn br

(1.5)
The augmented matrix may also be presented without the vertical separation
line, i.e.,

a1 a2 ... Qi b1

any a9 e aon, b2
[Alb] =

ar1  ak22 ... Qgn bk

Consider the following system of linear equations

r+y+z=3
r—y+2z=2 . (1.6)
2e4+y—2=2

The system’s augmented matrix is

[Ab] =

N =
\
—
[\
[\

If an elementary operation is performed on the augmented matrix [A|b], the
new matrix thus obtained is the augmented matrix of an equivalent system
of linear equations.

This fact will be used to ‘simplify’ the augmented matrix in order to ob-
tain a system equivalent to the given one but easier to solve. The aim is to
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reduce the augmented matrix [A|b] to a row echelon matrix using elementary
operations according to a method called Gaussian elimination.

The Gaussian elimination (GE) is a step-by-step method which is ap-
plied to a matrix and consists in:

1.

placing all the zero rows below the non-zero rows, by exchanging the
necessary rows;

choosing a row with a non-zero entry situated in a column as far left
as possible in the matrix and making this row the first row, by possibly
exchanging rows;

using the first row and elementary operations to place zeros in all the
entries of the matrix in the rows below and in the same column as the
column of the chosen entry;

repeating the preceding steps descending a row, i.e., considering only
the rows below the first row;

repeating the steps above descending another row, i.e., considering only
the rows below row 2;

keeping on repeating these steps as many times as necessary until ob-
taining a row echelon matrix.

In short, the Gaussian elimination is an specific sequence of elementary
row operations whose final goal is to obtain a row echelon matrix.

The Gaussian elimination is now applied to the augmented matrix of sys-
tem (1.6):

DO 1 1 3 1 1 1 3
1 -1 2 2 — |0 -2 1 -1
2 1 -1 21 1.2, |0 -1 -3 —4
1 1 1 3 1 1 1 3
re 0 € -3 —4 T 0 -1 -3 —4
0 -2 1 -1 0o o0 7 7

The elementary operations appearing below the arrows are:

e 1, — 1, indicates that row 1 multiplied by —1 has been added to row 2,

and l3 — 21y indicates that row 1 multiplied by —2 has been added to
row 3;
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e I, <> 15 indicates that rows 2 and 3 have been exchanged;

e 135 — 21, indicates that row 2 multiplied by —2 has been added to row 3.

Notice that in the points above and throughout this book we use the fol-
lowing notation: when indicating an elementary operation of type (iii), the
first row to be written is the one to be modified.

The matrix

1 1 1 3
-1 -3 —4
0 O 7 7

is a row echelon matrix and the augmented matrix of the system of linear
equations

r+yt+z=
—y—3z=—-4 . (1.7)
Tz=17
Moreover,
r+y+z=3 T+y+z=3
r—y+2z=2 = —y—3z=-4
2e4+y—z=2 T2="1T

Beginning to solve the system by the simplest equation, i.e., the third equation,
we have z = 1. Substituting z by its value in the second equation, we get

—y—3=—4,

that is, y = 1. Finally, using the first equation and the values of y and z
already obtained, we have
r+14+1=3

and, hence, z = 1. It immediately follows that the solution set S of system
(1.7) or, equivalently, of system (1.6) is & = {(1,1,1)}. Hence, we conclude
that the system (1.6) is consistent and has a unique solution.

Observe that, once the row echelon augmented matrix is obtained, we
begin solving the system from the bottom equation up, and we keep as-
cending in the system until the top equation is reached. This is called back
substitution.
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How to solve a system of linear equations

Summing up, recall that we solve a system of linear equations in three
steps:

1. the system’s augmented matrix [A|b] is obtained,;

2. matrix [A|b] is reduced to a row echelon matrix R using Gaussian
elimination or, symbolically,

Alb] —— R

3. the system corresponding to matrix R is solved (using back
substitution).

In system (1.6), we have

1 1 1 3 1 1 1 3
[Ab]= |1 -1 2 2| — |0 -1 —3 —4| =R
2 1 -1 2 o 0 7 7

Consider now the following system of linear equations

r—y—2z+w=0
20 -3y —2z+4+2w=3 . (1.8)
—z+2y—w=-3

Applying Gaussian elimination to the augmented matrix of system (1.8), we
have

1 -1 -2 1 0 1 -1 -2 1 0
[Ab]=|2 -3 -2 2 3| — [0 -1 2
2—<l1

-1 2 0 -1 =3| Li+L 0o 1 -2 0 -3

e
w

1 -1 =2 1 0
0 -1 2
0 0 0 00

e
w

—
13+12

Hence, the system (1.8) is equivalent to

(1.9)

—y+2z=3

r—y—2z+w=0 r=4z—-w+3
s
y=2z—-3
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It is obvious from (1.9) that the system (1.8) does not have a unique
solution. In fact, fixing (any) values for z and w, the values of x and y are
immediately determined. Hence, here the variables z,w can take any real
values and, once fixed, determine the values of the remaining variables. We
can say that z,w are the independent variables or free variables, whilst
x,y are the dependent variables.

As before, we used back substitution in (1.9) and expressed the variables
corresponding to the columns with pivots in terms of the variables correspond-
ing to the columns without pivots in the coefficient matrix. This will be the
rule throughout the book.

How to choose the dependent and the independent variables

In a consistent system:

e the dependent variables are those whose columns correspond to
columns having pivots;

e the independent variables are the remaining ones, i.e., those whose
columns correspond to columns without pivots.

A system of linear equations having a unique solution does not possess
independent variables and, therefore, all its variables are dependent variables.

According to this rule, in (1.8) the dependent variables are z,y, and the
independent variables are z,w. The solution set S of system (1.8) is

S={(z,y,z,w) ER*: x =424+ w—-3Ay=22—3}

and, consequently, the system has infinitely many solutions.

For example, if we set z = 2,w = 0, then (x,y,z,w) = (5,1,2,0) is a
particular solution of system (1.8). Another solution can be obtained set-
ting, for example, z = —1,w = 2. In this case, we have that (z,y,z,w) =
(=5, —5,—1,2) is the solution corresponding to z = —1,w = 2. Hence, when-
ever we fix particular values of z, w, we obtain a particular solution of system
(1.8).

The way dependent and independent variables are chosen is decisive in
how the solution set is obtained. That is, the number of pivots appearing
after Gaussian elimination plays a crucial role in the system’s solution.

Could it happen that, starting with the a given system and depending on
the calculations, one might end up with a different number of pivots?

Fortunately, the answer is no, as will be shown in Proposition 1.2.
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Consider now the system

r+y—2z=1
—r+y=0 . (1.10)
y—z=0

Using Gaussian elimination to solve (1.10), we have

11 -2 1 11 -2 1 11 -2 1
[Ap]=|-1 1 0 0f o= 0 2 =2 1} —> 10 2 -2 1
0 1 -1 0 ** Jo1 -1 0 "= {00 o =2
R
Hence,
r+y—2z=1 r+y—2z=1
—r+y=0 — (2y—2z=1
y—z=0 =-1

It follows that the system is inconsistent and its solution set is S = 0.

Observe that the key fact for this system to be inconsistent is that the
matrix R has a pivot in a column corresponding to that of the independent
terms in the augmented matrix (see the grey entry above).

Gaussian elimination has been used so far to reduce augmented matrices
of systems of linear equations to row echelon matrices. However, this process
can be used outside the setting of systems of linear equations. In fact, we can
use Gaussian elimination to reduce any matrix to a row echelon matrix, which
we shall need often to do.

Definition 3 A k xn matriz A is said to be in reduced row echelon form
or in canonical row echelon form if the following three conditions hold:

(i) A is a row echelon matrix;
(ii) the pivots in A are all equal to 1;

(iii) in each column having a pivot, all remaining entries are equal to zero.

Example 1.5 Let A and B be the matrices

1 -2 3 9 10 -7 0 4
A=10 0 4 -=2f, B=1]01 8 0 5
0 0 0 6 0 0 0 11

Matriz A is a row echelon matriz but is not in reduced row echelon form
because it does not satisfy conditions (i) and (ii). Matriz B is a matriz in
reduced row echelon form.
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The Gauss—Jordan elimination is a method devised to reduce a given ma-
trix to reduced row echelon form using elementary operations. It is a step-by-
step method whose first part is Gaussian elimination.

The Gauss—Jordan elimination method (GJE) applied to a matrix A
consists in

1) reducing A to a row echelon matrix using Gaussian elimination;

2) (a) using the right hand side most pivot (hence the bottom pivot) and
the necessary elementary operations to put zeros in all entries in
the same column as the pivot (hence the entries in the rows above
the pivot);

repeating 2) (a) ascending one row, i.e., considering only the rows
above that of the pivot in 2) (a);

repeating the process ascending one more row, i.e., considering only
the rows above that of the pivot in 2) (b);

keeping on ascending in the matrix until reaching the first row
(that is, until obtaining a matrix such that in each column having
a pivot, the pivot is the only non-zero entry);

3) performing the necessary elementary operations in order to obtain a
matrix where all pivots are equal to 1.

Example 1.6 We apply now the Gauss—Jordan elimination to the matriz

1 -2 0 2

i 0 1 2
-1 -1 2 0
0 -3 2 2

in order to obtain a matrix in reduced row echelon form. We have

1 -2 0 2 1 -2 0 2 1 -2 0 2
-5 0 1 2 0 -1 1 3 0 -1 1 3
-1 =1 2 0| 14ty |0 =3 2 2 n-s |0 0 -1 =7
0 -3 2 2| L+h |o —3 2 2f 4 g o -1 7

1 -2 0 2 1 -2 0 2

0 -1 1 3 0 -1 0 -4

L1, 0 0 -1 —7| H+s |0 0 -1 -7

00 0 0 00 0 0

1 0 0 10 1 0 0 10

0 -1 0 -4 010 4

1; -2l 0 0 -1 -7 (—1)13 0 0 1 7

o0 o0 o Y= o0 0 o0
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It should be noted that

e In the Gauss—Jordan elimination, 2) and 3) do not have necessarily to
be performed in that order (i.e., first 2) and then 3)). It might be more
convenient to make a pivot equal to 1 (or possibly all pivots) before
completing 2), or even before point 2).

e In 2) and 3), it is not allowed to exchange rows.

e Gauss—Jordan elimination can also be used to solve systems of linear
equations (see Example 1.8).

A common mistake. Halfway through the Gauss—Jordan elimination going
from top to bottom when it was supposed to do a down-up elimination. Con-
sequence: spoiling the matrix and wasting the work done so far. The first part
of Gauss—Jordan elimination requires a up-down elimination which ends when
a row echelon matrix is obtained. Then it must be followed by an down-up
elimination to obtain a reduced row echelon form. One must not mix these
two eliminations.

When reducing a matrix A to row echelon form using elementary opera-
tions, the final matrix may vary depending on the operations chosen and on
the order under which they were applied to A. However, if the final matrix is
in reduced row echelon form, then this matrix is always the same, depending
neither on the operations nor on the sequence in which they were performed.

Proposition 1.1 Let A be a k xn matriz over K and let R, R’ be reduced row
echelon matrices obtained from A through elementary row operations. Then

R=R.
Proof This proposition is proved in §8.1.

Proposition 1.1 allows us to make the following definition.

Definition 4 The reduced row echelon form or the canonical row ech-
elon form of a matrix A is the matriz in reduced row echelon form obtained
from A through elementary row operations.

In Example 1.6, the matrix

1 0 0 10
01 0 4
0o 01 7
0 00 O
is the reduced row echelon from of
1 -2 0 2
1
5 0 1 2
-1 -1 2 0
0 -3 2 2
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As noted above, when reducing a matrix to a row echelon matrix through
elementary operations, this row echelon matrix is not uniquely determined.
However, the number of pivots is.

Proposition 1.2 Let A be a k X n matriz over K and let R and R’ be row
echelon matrices obtained from A using elementary row operations. Then, the
number of pivots of R and of R’ coincide.

Observe that in this proposition and, for that matter, also in Proposition
1.1, it is not required that R and R’ be obtained using Gaussian elimination.
R and R’ are just row echelon matrices obtained from A applying elementary
operations in no particular order.

Proof Applying Gauss—Jordan elimination to the matrices A, R, and R/,
by Proposition 1.1, we obtain the same reduced row echelon matriz M. Notice
that the Gauss—Jordan elimination forces both the number of pivots in R and
the number of pivots in M to coincide. Similarly, the number of pivots in R’
and M must also coincide. Hence, the result follows.

We are now ready to make one of the crucial definitions in the book.

Definition 5 The rank of a k x n matriz A is the number of pivots of any

row echelon matriz obtained from A using elementary operations. The rank of
A is denoted by rank (A).

Example 1.7 Let A be the matrix

1 -1 1 0

1 -1 1 0 1 -1 1 0 1 =11 0
-1 1 -1 —= [0 0 0 — 0 3 -3
3 -3 6 -3| 1,3, [0 0 3 =3| *° 0 0 0

Hence, since the last matriz is a row echelon matriz having two pivots, we
conclude that the rank of matriz A is rank (A) = 2.



Matrices 15

How to calculate the rank of a matrix A

1. Reduce the matrix A to a row echelon matrix R using Gaussian
elimination;

2. the rank of A is the number of pivots in R, i.e.,

rank (A) = rank (R) = number of pivots of R.

At this point, we have encountered already both consistent and inconsis-
tent systems, and are in a position to obtain a general classification in terms
of the ranks of the matrices associated with the systems.

Given a system with augmented matrix [A|b], either

rank (A) = rank ([A|b]) or rank (A) # rank ([4|b]).

In the latter case, the only possibility is rank (A) < rank ([A|b]), and it follows
that the system is inconsistent. This means that a pivot appears in the column
corresponding to the vector b of independent terms. This in turn corresponds
to having an equation where the coefficients of all variables are zero whereas
the independent term is non-zero.

In fact, recalling the inconsistent system (1.10), we saw that

rank (A) < rank (R) = rank ([A|b]),

since an extra pivot appeared in the column corresponding to the independent
terms.

On the other hand, if rank (A) = rank ([A|b]) then the columns of the
pivots correspond to (some or all of) those in the matrix A. It follows that
the system is consistent and either

rank (A) = number of columns of A (1.11)

or
rank (A) < number of columns of A. (1.12)

In case (1.11), the system has a unique solution. In case (1.12), the system
has infinitely many solutions and, if A is a k X n matrix, then the number of
independent variables is n — rank (A).

We summarise this discussion in the proposition below.

Proposition 1.3 Let [A|b] € My 41 (K) be the augmented matriz of a system
of linear equations. Then the following assertions hold.

(i) If rank (A) < rank ([A|b]), then the system is inconsistent.
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(1) If rank (A) = rank ([A|b]), then the system is consistent. In this case,
the number of independent variables coincides with n — rank (4), i.e.,

number of independent variables = n — rank (A).

Example 1.8 Consider the system whose coefficient matriz A and vector b
of independent terms are, respectively,

1 0 0 0
A=10 1—-4 =2/, b= (1-1
0 1 1—1 1

Hence, we see that this is the case of a system in three complex variables, say,
21, 22, 23, having three equations.

Applying Gaussian elimination to the system’s augmented matriz [A|b],
we have

1 0 0 01 ... [t o 0 0
Abl= 10 1-4i —2i 1—i| 222 o 1 1-4i 1
[
0 1 1-4i 1 0 1—i -2 1—i

‘ 0 0 0

137(171)12 0 1 1 _ Z 1

00 0 0

R

Since the pivots in the matrix R are the grey entries, we conclude that
rank (A) = rank ([A|b]) = 2. Hence, the system is consistent and

number of independent variables = 3 — rank (A) = 1.

Just by looking at the matrix R, we know that there is one independent
variable which, according to the rules previously established, is zs3, since z1, 22
correspond to the columns having pivots.

Observe that R is a reduced row echelon matriz and, therefore, the solution
of the system can be read directly in R. Indeed, without back substitution, we

have immediately that
zZ1 = 0
2:2:(7:—1),233—17

from which follows that the solution set of the system is

S = {(07 (Z — 1)23 — 1,23)2 23 € (C}
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How to solve a system of linear equations (continued)

e Use either Gaussian elimination or Gauss-Jordan elimination to re-
duce the system’s augmented matrix to a row echelon matrix or a
reduced row echelon matrix, respectively.

e If the system is consistent, the dependent variables are those corre-
sponding to the columns having pivots, and the independent variables
are those corresponding to the columns without pivots.

e The system’s solution set S can be presented in several ways. We give
below an example of some possibilities for presenting the solution set
of system (1.8).

(a) S={(z,y,2,w) ER* 1 2 =42+ w -3 Ay =2z—3}
(b) S={(4z+w—-3,2z—-3,z,w): z,w € R}

() S ={(z,y,z,w) ER* x =4t +5—-3,y =2t -3,z =t,w =
s (t,s €R)}

(d) S={(4t+s—3,2t —3,t,5): t,s € R}

1.2 Matrix Calculus

We have seen how matrices can be used as tools to solve systems of linear
equations. But matrices stand alone in their own right and are not just useful
in applications. In fact, in this section, we will pay close attention to the set
Mg, (K) of k x n matrices over K and will define three operations on this set.
Namely, the addition of matrices, the multiplication of a matrix by a scalar
and the multiplication of two matrices.

We start with the definition of addition of two matrices. It is worth noticing
that one can only add matrices having the same size. Roughly speaking, the
sum of matrices A and B is a matrix A + B whose entry-ij (A + B),; is the
sum of the corresponding entries in A and B. More precisely,

Definition 6 The addition, +, on My, ,, is the operation

+: Mk’n(K) X Mk,n(K) — Mk,n(K)
(A, B) > A+ B

defined, for A = la;;],B = [bj] andi=1,....k,j=1,...n, by (A+ B);; =
a¢j+bij.
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Example 1.9 Let A and B be the 3 x 4 real matrices

1 -2 3 7 -1 0 4 5
A=10 0 4 -2 B=|-2 3 11 2
-3 0 0 6 0 6 7 -1

The sum A + B of these two matrices is a real 3 X 4 matriz each entry of
which is calculated by adding the homologous entries of A and B, i.e.,

0o -2 7 12
A+B=|-2 3 15 0
-3 6 7 5

Definition 7 The multiplication by a scalar, p, on My, is the operation

J K x Mk,n(K) — Mk,n(K)
(a, A) = aA

defined, for A =la;;], c€eKandi=1,....k,j=1,...n, by (aA);; = aa;.

Example 1.10 Letting A be the matriz of Example 1.9, the matrix 2A is
obtained by multiplying all the entries of A by the scalar 2, i.e.,

2 -4 6 14
2A=10 0 8 —4
-6 0 0 12

The next two propositions collect essential properties of these operations.

Proposition 1.4 The following assertions hold, for all matrices A, B,C in
M. (K).

(i) A+ B= B+ A, i.e., the addition of matrices is commutative.
(ii)) A+(B+C) = (A+DB)+C, i.e., the addition of matrices is associative.
(iii) There exists a unique additive identity, 0, i.e.,
A+0=A=0+A.
(iv) There exists a unique matric —A € My, ,,, called the additive inverse

of A, such that
A+ (-A)=0=(-A)+ A.

Proof The commutativity (i) and associativity (ii) follow easily from the
commutativity and associativity of the addition in K, and it is obvious that
the (unique) additive identity is the k x n zero matric.

It is immediate that, given A = [a;;], its additive inverse is —A = [—a;;].
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Proposition 1.5 The following assertions hold, for all matrices A, B in
Mg (K) and o, 8 € K.

(i) a(A+ B) = aA+ aB, i.e., the multiplication by a scalar is distributive
relative to the addition of matrices.

(ii) (0B)A = a(pA).
(iii) (o + B)A = aA+ BA.
(iv) 1A = A.

Proof These assertions are an itmmediate consequence of the correspond-
ing properties of the scalars in K.

We define now the multiplication of a matrix by a column vector.

Definition 8 Let A be k x n over K and let b be the n X 1 column vector

bll

b= |bj

bnl_

with entries in K. The product Ab of A and b

~ _ b1 C11
ai; a2 ... G135 ... Qin bgl
any a99 c.. Q24 v Q2n
Ab=| ’ ’ ’ bi1| = |
51 il |
;1 [e7%) . A4 . Qin ) .
|Gk1 Qg2 ... Qkgj ... Qkn|
| bn | | Ck1 |

the k x 1 column vector Ab whose entry (Ab);; is defined, for all indices
i=1,...,k, by

(Ab)j1 = ai1bi1 + aiobor + -+ + aizbjy + - - + ainbp1 = Zaijbjl. (1.13)
j=1
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It is possible to multiply A and b only if the number of columns of A
coincides with the number of rows of b.

Example 1.11 Consider the matrices

2 -1 5
A‘[—4 6 3} b=1-2

of size 2 x 3 and 3 x 1, respectively. We can calculate the product Ab, since
the number of columns of A equals the number of rows of b. Using Definition
8, Ab is the 2 x 1 column vector

7
2 -1 5 21
Ab = {—4 6 3} _12 - [—37}

Observe that, row 1 of Ab is calculated using row 1 of A and the column
vector b as shown below
2x 7+ (=1)x (=2)+5x1=21.
Analogously, row 2 of Ab is calculated using row 2 of A and the column vector

b, obtaining
—4XxT74+6x(-2)+3x1=-37.

To calculate row i of Ab, we need row i of matrix A and the column vector
b, as shown in (1.13).

Going back to the general definition of Ab, observe that

b11 a11bi1 + ai2bo1 + -+ - + a1nbny
f[a11 a12 ... ai; ... Gin] bo1 .
a1 a2 . az; e agn .
Ab= bji | = | @i1bi1 + aizba1 + -+ + @inbna
a1 a;2 . Qij N Qin } .
Lak1 Qk2 ... Qkj ... Qgnd :
| bn1 | |ar1b11 + ak2ba1 + -+ - + Arnbni |
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Hence,

ail a12 A1n

Ab =1b11 |as | +b21 |ai2| + -+ bp1 | Qin | = b11C1 +barica + -+ buicy,

| QK1 | | QK2 | | Akn |
(1.14)
where ¢, co,...,c, are the columns of A.
Definition 9 Let A = [cl Cy ... cn} be a k xn matriz over K. A linear

combination of the columns of A is any (column) vector which can be
expressed as
@1C1 + eCg + -+ - + i Cpy,

where oy, s, ..., o, are scalars in K.

Hence, we have shown in (1.14) that Ab is a linear combination of the
columns of A. This fact is so important that it is worth making a note of it
in the proposition below.

Proposition 1.6 Let A = [cl Cy ... cn] be a k x n matriz over K and
let -
b11
ba1
b= |bj
_bnl_

be an n x 1 column vector. Then the product Ab is a linear combination of
the columns of A. More precisely,

Ab = biici + baica + - - + bpicy,.

We are now ready to multiply two matrices.



22 Linear Algebra

Definition 10 Given matrices A of size k X p and B of size p x n over K,
the product

j=1,....n
ai; a2 ... Qajy cee Q1p bll b12 . blj N bln
a1 Q22 ... Qa9 c.. Qgp b21 b22 . bgj . bgn
;1 ;2 PN ¢ YA cee Gp bll blg e blj N bln ’
k1 Qg2 ... Qg ... Qfp| _bpl bpg NN bpj [N bpn_

is the k x n matrix such that, for all indices i,j, the entry-ij of AB is

p
(AB);j = ai1byj + aiobaj + -+ + agbyy + - - - + aipbp; = Zailblj- (1.15)
=1

Hence, if 1; is the row i of A and c; is the column j of B, then (AB);; = l;c;.
By a slight abuse of notation, here we identify the 1 x 1 matrix [(AB);;] with
the scalar (AB);;.

It is possible to multiply two matrices A and B only if the number of
columns of A coincides with the number of rows of B.

Example 1.12 Let A and B be the matrices

70 -1
A_{_i ‘61 ?J B=|-21 0],
1 0 -3

of size 2 X 3 and 3 x 3, respectively. Observe that we can multiply these two
matrices since the number of columns of A equals the number of rows of B. It
follows that the product AB is the 2 X 3 matriz

7 0 -1
2 -1 5 21 -1 -—-17
aB - | [[-21 0] |
-4 6 3 1 0 -3 =37 6 =5

The entry-11 of AB was calculated using row 1 of A and column 1 of B:

2Xx 7+ (=1)x (=2)+5x1=21.

The entry-12 of AB was calculated using row 1 of A and column 2 of B:

2x04+(-1)x14+5x0=-1.
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The entry-13 of AB was calculated using row 1 of A and column 3 of B:

2% (—1) 4 (=1) X 0+ 5 x (—3) = —17.

Analogously, row 2 of AB was calculated using row 2 of A and all columns
of B.

It can easily be seen from (1.13) and (1.15) that

Entry-ij of AB is the product of row i of A and column j of B.

Exercise. Let A be a k x n matrix and let [bu bia ... bln] be a row
vector. Show that

[b11 bz ... bin] A=Dbuli +bioly + -+ + byyly,
where 11,15, ...,1, are the rows of A.

The next proposition describes the product of two matrices both by
columns (cf. Proposition 1.7 (i)) and by rows (cf. Proposition 1.7 (ii)).

Proposition 1.7 Let A € My ,(K) and B € M, ,(K) be matrices such that

ai,as,...,ax are the rows of A and by,bs, ..., by are the columns of B.
Then,
(1)
(ii)
alB
azB
AB = .
akB

Proof Assertion (i) is a consequence of (1.15). The proof of (ii) is left as
an ewercise.

The next proposition collects properties of matrix multiplication.

Proposition 1.8 Let A, B,C be matrices over K of appropriate sizes and let
a € K. The following assertions hold.

(i) A(BC) = (AB)C, i.e., the multiplication of matrices is an associative
operation.
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(i) Matriz multiplication is distributive relative to matriz addition, i.e.,

(A+ B)C = AC + BC
A(B + C) = AB + AC

(iii) a(AB) = (aA)B = A(aB)

Proof Assertions (ii) and (iii) are left as exercises. We prove now asser-
tion (i).

Let A = [aij] , B = [bij] ,and C = [cij} be kxm, mxp and pxn matrices,
respectively. Since both A(BC) = [dy;| and (AB)C = |ei;] are k xn matrices,
it only remains to show that, for alli =1,...k,j = 1,...,n, the entries d;;
and e;; coincide.

The entry d;; is calculated by multiplying row i of A and column j of BC
which, in turn, is the product of B and column j of C. That is,

p
Clj 521 blscsj
C2j 25:1 b2scsj
[air @iz ... awm] | B . =air a2 ... Gim) :
P
Clp > e—1 bpsCsj

Hence

m P
dij = Z <Z airbrscsj> .

r=1 \s=1

On the other hand, e;; is the product of row i of AB and column j of C, i.e.,

C1j
C2j
([ain a2 ... amm]B) :
Cip
clj
m m m C2j
= [Zrzl airbrl Zr:l ainT2 o Zr:l airbrm}
Cpj

It follows that

P m
€ij = Z (Z airbrscsj>

s=1 \r=1

which, by the commutativity and associativity of scalar addition, yields finally

m P
ejj = Z (Z airbrscsj> = djj.

r=1 \s=1
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Unlike matrix addition, matrix multiplication is not a commutative
operation.

For example,

whereas

Matrix multiplication allows us to write systems of linear equations in a
more compact manner. Consider a system having k linear equations, n vari-
ables x1, 2, ..., Ty, and let A be the coefficient matrix (hence, A is a k X n
matrix). Let b be the column vector of independent terms and define the
column vector of variables by

1
x2

Tp
With this notation, this system can be presented as the matrix equation

Ax =b. (1.16)

Example 1.13 As an example, we write the matrix equation associated with
the system

rT+y+z=3
r—y+2z=2.

In this case, we have the following matriz equation Ax = b

11 1] "] 3
1 —1 2| Y] 7 |2
—_— ] =~

A ~ b
X

Solving the system can now be reformulated as solving the matrix equation
(1.16). As we saw, Ax is a linear combination of the columns of A, hence:

Proposition 1.9 Let A and b be, respectively, a k x n matriz and an k x 1
vector over the field K. The equation Ax = b is solvable if and only if b is a
linear combination of the columns of A.
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If the system under consideration is homogeneous, that is, b is a k x 1 zero
vector, then the matrix equation corresponding to this system is

Ax = 0. (1.17)

This homogeneous equation is always solvable since it has, at least, the trivial
solution x = 0.

Matrices can be partitioned into blocks and, as long as the sizes of the
blocks and the partitions are compatible, it is possible to devise a block mul-
tiplication. For example, let

1 2| 3 4

A= |1 2 34:?“ ﬁ”

1 2 3 4 21 22

and
[1 0 ‘—1 0 ‘00}
10 1 0 -1 ] 0 0] [Bu | Biz | Bi]
—1 0 0 0 1 0]  [Bar | B | B’

0 -1 0 0 0 1

Using this block partition of matrices A and B, we have

[All | A12-| [Bn | B | B13-|
|_A21 | A22J |_Bz1 | Bas | stJ

and it is not difficult to see that one can multiply the blocks as if they were
numbers, i.e.,

AB =

[A11B11 + A12Ba1 | A11Bor + A12Bs2 | A11Bis + A12Bas|

AB = :
|A21B11 + A2Bo1 | AnBia+ AxnBi | A21Bis+ Az Bos|
Hence
—2 -2 -1 =2 4
il 222
[Ag1 — Agp | —Agr | Ago] 2 —2 | -1 —2 | 3 4]
Finally, we have
-2 -2 -1 -2 3 4
AB=|-2 -2 -1 -2 3 4
-2 -2 -1 -2 3 4

Block multiplication may be rather convenient as it may both simplify con-
siderably the calculations involved and make them more transparent. Propo-
sition 1.7 (i) is an example of block multiplication (and so is (ii) of the same
proposition).
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If we now divide A into its columns and B into its rows, then AB coincides
with the sum

by

AB:[al | as coe | ap] . | =aibi +asca + - +ayc,.

The following example is a concrete illustration of this way of calculating the
product.

Example 1.14 Consider the matrices

3 4
s
7 8

Then
AB — H [3 4]+ B] [5 6]+ [_ﬂ (7 8] = [2 S}

The next proposition summarises the above discussion and, with respect
to Proposition 1.7, gives a third possible way of calculating the product of two
matrices other than the definition (1.15).

Proposition 1.10 Let A € My, ,(K) and B € M, ,,(K) be matrices such that

ai,az,...,ap are the columns of A and by,ba,..., by are the rows of B.
Then,
b;
by
AB:[al | as ceo | ap] . | =aibi +azcas + - +ayc,.
b,

Proof FEzercise.

We end this section outlining four ways in which the product of two ma-
trices can be calculated.
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How to multiply two matrices

Given a k X p matrix A and a p X n matrix B, the product AB is a
k x n matrix which can be determined as follows.

e By entry: entry-ij of AB is the product of row i of A and column j
of B (see (1.15)).

e By column: column j of AB coincides with a linear combination of
the columns of A whose coefficients are the entries of column j of B
(see Proposition 1.7 (i)).

e By row: row i of AB coincides with a ‘linear combination’ of the rows
of B whose coefficients are the entries in row ¢ of A (see Proposition
1.7 (ii)).

e By column-row: AB is a sum of all the products a;b; of columns a;
of A and rows b; of B (see Proposition 1.10).

When we restrict ourselves to considering square matrices of a fixed order,
it is always possible to calculate the product of any two such matrices and
obtain a matrix having the same size. In particular, we can multiply a matrix
by itself as many times as desired.

Definition 11 Let A be a square matriz of order k and let n € Ny be a
non-negative integer. The power n of A is defined recursively by

A =T, A" =AA"! (n>1)

In other words, when n is a positive integer, A™ is the product of n factors
equal to A:
A"=AA---A.
—

Proposition 1.11 Let A be a square matriz and let n,m € Ny.
(i) AVTm = AnA™
(i) (A7) = A

Proof The assertions are an immediate consequence of the associativity
of the multiplication of matrices.

Definition 12 Let A be a matriz over K of size kxn. The transpose matrix
of A is the n x k matriz defined by (AT);; = aj;.
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Example 1.15 The transpose matric AT of the 4 x 3 matriz

1 3 2

1 -1 2

A=l 1 4

9 8 7

is the 3 x 4 matriz

1 1 1 9
AT=13 -1 1 8
2 2 -1 7

The transposition of a matrix A can be described in a nutshell as obtaining
a new matrix whose rows are the columns of the initial matrix, i.e., row j of
AT is column j of A.

It is thus defined an operation T : My, — M, which satisfies the
properties listed in the next proposition.

Proposition 1.12 Let A, B be matrices over K with appropriate sizes and
let « € K. Then,

(i) (AT)T =
(ii) (A4 B)T = AT + BT
(iii) (aA)T = aAT
(iv) (AB)T = BTAT
It is worth noticing that properties (ii) and (iii) above can be seen in an

informal manner as, respectively, “the transpose of a sum is the sum of the
transposes” and “the transpose of a product is the product of the transposes

in the reverse order”.

A common mistake. An often overlooked fact is that, when calcu-
lating the transpose of the product of a certain number of matrices,
one must reverse the order. More precisely, according to Proposition 1.12 (iv),
if Ay, As,..., A, are matrices over the same field having appropriate sizes,

then

(A1Ag ... Ap)T = AT AT AT
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Proof We only prove (iv). Let A be a k x p and let B be a p X n matriz.
Then (AB)T is an n x k matriz whose entry ((AB)T);; coincides with (AB)
by definition. Hence

Jis

by
ba;

((AB)T)U = (AB)ﬂ = [ajl an e ajp} .
bpi

aj1

(LjQ

= [bh bgi e bm] .
Ajp

Definition 13 Let A be an n X n matriz over K. The matriz A is said to be
a symmetric matriz if A= AT or, equivalently, if a;; = aj;, for all indices
i,j = 1,...,n. The matriz A is said to be an anti-symmetric matriz if
A= —AT or, equivalently, if a;j = —aj;, for all indices i,j =1,...,n.

Given a matriz A = [a;;] of order n, the main diagonal or, simply, the
diagonal of A consists of the n entries a;;, where i = 1,...,n. The anti-
diagonal of A consists of the n entries a;; such that i+ j =mn+ 1.

Example 1.16 Consider the following matrices

1 2 -3 0 2 -3
A=1[2 4 5 B=|-2 0 )
-3 5 -6 3 =5 0

Matrixz A is symmetric while B is an anti-symmetric matriz. The diagonal of
A is in bold and the anti-diagonal of B is in grey.

The following consequences of Definition 13 are noteworthy.

e The diagonal of an anti-symmetric matrix is null, i.e., all its entries are
equal to zero.

e The diagonal of a symmetric matrix is ‘like a mirror’ reflecting the entries
on both sides of the diagonal.

e When finding the transpose of a square matrix, the diagonal entries
remain unchanged.

e Any square matrix A can be decomposed into a sum of a symmetric
matrix with an anti-symmetric matrix:

A=LA+A") +1Aa- 4.
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Exercise. Show that, given a square matrix A, the matrix A + AT is sym-
metric and the matrix A — A7 is anti-symmetric.

Definition 14 Let A = [a;5] be a square matriz of order n. The trace of A
is the sum of all entries in the diagonal of A, i.e.,

n
trA = Z (077
=1

For example, considering the matrices A, B in Example 1.16, we have that
trA = —1 and tr B = 0 (indeed, the trace of an anti-symmetric matrix is
always zero).

Proposition 1.13 Let A, B be square matrices of order n over K and let o
be a scalar. Then,

(i) tr(A+ B) = tr A+ tr B;
(i) tr(ad) = atr A;
(iii) tr A = tr AT;
(iv) tr(AB) = tr(BA).

Proof Assertions (i)-(iii) are immediate.
(iv) By Proposition 1.12 (iv) and (iii) of this proposition, we have

tr(AB) = tr((AB)T) = tr(BT AT).

It is now enough to show that (AB)y = (BTAT)y, fori=,...,n. But

(AB)u‘ = iairbm’ = ibriair = (BTAT)ii,
r=1

r=1

as required.

Although matrix multiplication is not a commutative operation, it might
happen that two particular matrices A, B commute, that is, AB = BA. For
example, if B = A, or if A is any n x n matrix and B is the n X n zero matrix,
it is clear that AB =0 = BA.

In the next section, we will see a square matrix of order n which commutes
with all square matrices of the same order. This is the identity matrix.
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1.3 Matrix Inverses

Definition 15 A square matriz A = [a;;] is said to be o diagonal matric
if a;; = 0 whenever i # j. In other words, A is a diagonal matriz if all its
off-diagonal entries are equal to 0.

For example, the matrices

Lo 000 000
A—L)_J B=0 2 0 C=10 0 0] D=
009 000

OO =
o~ O
_— o O

are all diagonal matrices.

The identity matrix of order n, I,, is the n x n diagonal matrix whose
diagonal entries are all equal to 1. The identity matrix will be named I when-
ever its size is clear from the context.

Matrix D above is the identity matrix of order 3, i.e., D = I3.

Proposition 1.14 Let A be an n x k matriz and let B be a k X n matriz over
the same field, and let I,, be the identity matriz. Then,

(i) T,A = A;
(i) BI, = B.
Proof FEzercise.

Multiplication of any two matrices in M, (K) is always possible, and the
resulting product is again a square matrix of order n. Moreover, in M,,(K), by
Proposition 1.14, I,, is the multiplicative identity, that is, for all A € M,,(K),

Al = A=TA. (1.18)

Observe that I is the unique n x n matrix satisfying (1.18). Indeed, if one
supposes that J is an nxn matrix such that, for all A € M,,(K), AJ = A = JA,
then JI = I and also, by (1.18), JI = J. Hence J = I.

Definition 16 Let A be a square matrix of order n over the field K. A matriz
B over K is called an inverse of A if

AB =1 = BA. (1.19)

Observe that, by (1.19), if such a matrix B exists then B must be a square
matrix of order n.

Lemma 1.1 Let A € M,,(K) be a matrixz. If there exists a matriz B satisfying
Definition 16, then B is unique.
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Proof Suppose that B,C € M,,(K) are inverses of A. Then
B(AC)=BI=B and (BA)C =1IC =C.

Since matriz multiplication is associative, we have B(AC) = (BA)C. It fol-
lows that B = C.

This lemma allows us to define the (unique) inverse matrix A~! of A,
in case it exists. A matrix is said to be invertible or non-singular if it has
an inverse and is called singular, otherwise.

Example 1.17 It is not difficult to find the inverses of the matrices below.

(a) Observing that the product of the identity matriz (of any order) with
itself is again the identity matriz, we have

B ]

This shows that the identity matriz of order 2 is invertible and is its own
inverse. Clearly, the same applies to the identity matriz of any order.

(b) Consider now the matriz A = 21. Since

1 1
(D31 =1=1(21),

JE o' J[1 0 -
|0 2 o 0 1 o ’
Proposition 1.15 Any square matriz having a zero row or a zero column is
not invertible.

we see that

N O

1
2
0

Proof Suppose that A is an n xn matrixz whose row l; = 0. Then, row i of
the product AB of the matriz A and any matriz B is a zero row. Consequently,
it is impossible to have AB equal to the identity matriz and, therefore, A is
singular.

Let now the column j of A be null. It follows that the column j of BA,
where B is any n X n matrix, is also a zero column. Hence, it is not possible
for BA to be the identity from which follows that A is not invertible.

Proposition 1.16 Let A be an n x n invertible matriz over K and let b be an
nx 1 column vector over the same field K. Then the system of linear equations
Ax = b has the unique solution x = A™'b.
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Proof Let A~! be the inverse of A and consider the system Ax = b. Then,
multiplying both members of this equality on the left by A~, it follows that

A*I(Ax) =A"" o (A*IA)X =A""p
o Ix=A"b
o x=A"1b.

Hence, the system is consistent and has the unique solution x = A~ 'b.

In Example 1.17, we found the inverses of two exceptionally simple matri-
ces. We need however to devise a method to obtain the inverse of any matrix,
should it exist. That is precisely what we will do next, using a concrete matrix

as a model.
1 =2
A_[_l 1].

Consider the matrix
We aim to find whether this matrix is invertible and, in the affirmative situ-
ation, find its inverse. That is, we need to find, if possible, a matrix

B = [Il 5172}
Yyr Y2

such that AB =1 and BA = 1.
Starting with equation AB = I, we have

T1 X2 1 0
A = .
[yl yz] {0 1]
Hence, we must solve the systems
1 1 To 0
A = A = .
I
Observing that both systems have the same matrix of coefficients, we will solve
them simultaneously using the Gauss—Jordan elimination method. Thus,

1 -2]1 0 1 -2(1 0 10—1—2.._
-1 1 0 1 lo+1y 0 —-1]1 1| n-21, |0 -1 1 1

Recall that the grey column corresponds to the system with variables s, yo,
whereas the adjacent column corresponds to the system with variables x1, y1.
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Keeping this in mind, it follows that the unique matrix B satisfying equation
AB=11is
-1 -2
B= [_1 _J |

At this point, we know that, if A is invertible, then B has to be its inverse.
Hence, to end our search for the inverse of A, it only remains to show that
BA = 1. We only have to calculate the product BA and see that it equals I.

Hence,
1|1 =2

The calculations above can be summed up as follows. In order to find the

inverse of
1 =2
S E |
1. we solved the systems of linear equations AB = I using Gauss—Jordan
elimination:
1 =2 ] 10 10 | -1 —=2] .
[Al] = -1 1 | 0 1} GJE [O 1 | -1 —-1] L11B};

2. we verified that BA = I;
3. we concluded that A= = B.
Point 2. above can be avoided, as is shown in the proposition below.

Proposition 1.17 Let A, B be square matrices of order n over K and let I
be the identity matrix of order n. Then, AB = I if and only if BA = 1.

Proof This result will be proved further on in the book (cf. Proposition
1.20),

Finally, the general procedure to obtain the inverse of a square matrix A,
should it exist, is summarised in the box below.

How to calculate the inverse of an invertible matrix A
Let A be an n x n matrix and let I be the n x n identity matrix.
The matrix [A|]] is reduced to the matrix [I|A~!], using Gauss—Jordan
elimination. Symbolically,

P —
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The next proposition lists some relevant properties of the inverse of a
matrix.

Proposition 1.18 Let A, B be order k invertible matrices over K, let « € K
be a non-zero scalar and let n € Ng. Then A™', AB, A", oA, and AT are
invertible matrices such that

(i) (A=)~ =4;

(ii) (AB)™' = B~1A~1;
(iii) (A")™ = (A7)
(iv) (ad)~t =LA,
(v) (A7)t =(A"H".

Informally, (v) can be seen as expressing the fact that “the inverse of the
transpose is the transpose of the inverse”.

A common mistake. As observed in (ii) above, calculating the inverse of the
product of invertible matrices requires reversing the order of multiplication.
That is, if Ay, Ao, ..., A,, are n X n invertible matrices over the same field,
then

(A1As ... Ap) b= A1 AFTATL
m 2 1

Proof We prove only (ii), the remaining assertions are left as an exercise.
Directly evaluating (B~*A=Y)(AB) and keeping in mind that matriz mul-
tiplication is an associative operation , we have

(B7'A™Y(AB)=B"YA'A)B=B"'IB=B"'B=1.

It now follows from Proposition 1.17 that B~YA™1 is the inverse matriz of
AB.

We have defined already the non-negative powers of a square matrix (see
Definition 11). We extend now the definition to negative powers of invertible
matrices by means of Proposition 1.18 (iii). In fact, this proposition allows for
unequivocally defining the integer powers of an invertible matrix A.

Definition 17 Let A be an invertible matrix of order k and let n € N be a
positive integer. The power —n of A is defined by

AT = (A" = (AThH"
Proposition 1.19 Let A be an invertible matrix and let r,s € Z.
(i) AT+ = AT AS
(ii) (A7)* = A7

Proof FEzercise.
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1.4 Elementary Matrices

This section is devoted to the elementary matrices and to their outstand-
ing role amongst the invertible matrices. We shall see that they are generators
of the invertible matrices inasmuch as any such matrix is a product of elemen-
tary matrices. In broad strokes, an elementary matrix of order n is a matrix
obtained from the identity through a single elementary operation (hence the
name). Since there are three types of elementary operations, we get three
types of elementary matrices.

Definition 18 A square matrixz of order n is said to be an elementary ma-
trix if it coincides with one of the matrices P;;, E;;j(a), D;(a) below.

e P;; (with i < j): the matriz that is obtained from the identity matriz (of
order n) by exchanging rows i and j;

o Eij(a) (withi # j) : the matriz that is obtained from the identity matriz
by adding to row i row j multiplied by o € K;

e D;(a) (with a # 0): the matriz that is obtained from the identity matriz
multiplying row © by «.

The three types of elementary are illustrated below. The rows and columns
i are coloured light grey and the rows and columns j are coloured dark grey.
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1 0 0 0 0
1 0 0 0
0 0 o 0 0
Dl(a): .
0 0 0 1 0
_0 o ---f0 --- 0 --- 1_

Given an n x p matrix A over K, we describe next how these elementary
matrices act on A when multiplied on the left. Hence all elementary matrices
considered must be of order n, obviously.

o A’ = P;; A: the matrix A’ is obtained by exchanging rows i and j of A,
i.e., in the pre-established notation,

A —— A/:PijA

Li+1;

o A" = E;;j(a)A: the matrix A’ is obtained from A adding to row ¢ row j
multiplied by «, i.e.,

[ ..

e A" = D;(a)A: the matrix A’ is obtained multiplying row i of A by a,
ie.,

A ——> A =Dja)A

ali

It is a simple exercise to see that the results above are true. It is however
desirable that one convinces oneself that the results do hold.

Having reached this point, we see that performing an elementary opera-
tion on a matrix A amounts to multiplying A on the left by the appropriate
elementary matrix. Summing it all up in a sort of
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Dictionary
Elementary operation Elementary matrix
A ——s A PjA=A
li Hlj
A 4>1i+011j A/ Eij (a)A = Al
A — A’ Di(a)A = A’

Example 1.18 We examine now under this new light of elementary matrices
the calculations we made to find the inverse matriz of

A= [_11 —12].

The elementary operations that were performed on matriz [A|I] correspond to
the following sequential multiplications by elementary matrices:

Elementary operations Multiplication by elementary matrices
I +1; [E2ar(1)A | Ean(1)]]
L+ (-2)L [Er2(—2)E21(1)A | Ei2(—2)Ex(1)]]
(=Dl [Da(—1)E12(=2)E21(1)A | Da(—1)E12(—2)E1(1)1]
Hence
Dy(—1)E13(—2)Ey (1)A =1 Dy(—1)Eyo(—=2)Ey (1) = A™!

(cf. §1.8). It follows that A~ is a product of elementary matrices, i.e.,
A7l = Dy(=1)E12(—2)Ex (1).

A common mistake. One should keep in mind that, in the Gaussian elimi-
nation or in the Gauss-Jordan elimination, the elementary matrices are always
sequentially multiplied on the left.

All elementary matrices are invertible and their inverses are also elemen-
tary matrices. It is left as an exercise to see that
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Inverses of elementary matrices

(P) " = Py

Next we prove Proposition 1.17 whose statement we recall. Before, however,
we make a note of a simple but useful fact to be applied in the proof of this
proposition.

The reduced row echelon form of an invertible matrix is the identity matrix.
(Why?)

Proposition 1.20 Let A, B be n xn matrices over K and let I be the identity
matriz of order n. Then AB =1 if and only if BA=1.

Proof Suppose initially that AB = I, and let E1, Fs, ..., Ey be elementary
matrices such that E1Fs ... ExA is the reduced row echelon form of A. The
reduced row echelon form of A cannot have any zero row. In fact, should it
have a zero row, so would the matriz

E\Es...ExAB = B By ... Ejl.

But this is impossible since E1FEs ... Eil is a product of invertible matrices
and, by Proposition 1.18 (i), is itself invertible. It follows that

E\Ey...ExAB=FE\E;... E.
—_——
I

That is, B is a product of invertible matrices and, hence, is invertible. Multi-
plying on the right both members of the equality AB = I by B~!, we have

(AB)B™'=IB"' <« A=B"%.

Hence, by the definition of inverse matrixz, we have AB = BA = 1.
Ezxchanging the roles of the matrices A and B in the above reasoning, we
can show similarly that BA = I implies AB = 1.

Proposition 1.21 Let A be a square matriz of order n over K. Then A is
invertible if and only if rank (A) = n.
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Proof We must prove the implications
rank (A) =n = Ais invertible

and
Ais invertible = rank (A) = n.

We begin by proving the first implication. Suppose that A is a square matrix
of order n having rank n. Then, by Proposition 1.3 (ii), the systems of linear
equations

11 1 T12 0 T1n 0

T21 0 X292 1 Ton O
A = A = A =

Tnl 0 T2 0 Tnn 1

are consistent and each one of them has a unique solution. Hence, there exists
an n X n matrizc B such that AB = I. By Proposition 1.20, it follows that A
is invertible.

As to the second implication, we shall prove equivalently that

rank (A) #n = Ais not invertible.

If rank (A) < n, then, by Proposition 1.3 (i), each of the systems above is
either inconsistent or consistent with dependent variables. If some system is
inconsistent, then A is not invertible. If on the other hand the remaining
situation occurs, i.e., all systems are consistent, we would have infinitely many
solutions, contradicting the uniqueness of the inverse matriz (see Lemma 1.1).

The following theorem gives necessary and sufficient conditions for a square
matrix to be invertible. This is the first of four sets of conditions that will
appear in this book.

Theorem 1.1 (Necessary and sufficient conditions of invertibility (I))
Let A be a square matrixz of order n over K. The following assertions are equiv-
alent.

(i) A is invertible.

(ii) rank (A) = n.

(iii) A is a product of elementary matrices.

(iv) A can be transformed in the identity matriz by elementary operations.
(v) The reduced row echelon form of A is the identity matriz.

(vi) The homogeneous system of linear equations Ax = 0 admits only the
trivial solution.
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(vit) Given a column vector b of size n x 1, the system of linear equations
Ax = b is consistent and has a unique solution.

Before the proof of this theorem, observe that (iii) is a very striking asser-
tion. It says, in other words, that

Any invertible matrix, and hence all invertible matrices, can be expressed
as products of elementary matrices. In this sense, elementary matrices are
‘generators’ of the invertible matrices.

Proof We shall show that
(1) = (i) = (i#d) = (i) = (v) = (vi) = (vii) = (i).

The equivalence between (i) and (ii) has been proved already (cf. Proposi-
tion 1.21).

(i) = (iii) Let R be the reduced row echelon form of A. Then there exist
elementary matrices Fy, Fo, ..., Ey such that F1Es ... ExA = R.

Since by definition rank (A) = rank (R), we have rank (R) = n. It follows
that R = I and E1Es ... ExA = I. Multiplying on the left both members of
this equality sequentially by E. N BT BT

A=FE, ' By 'R L

Hence we see that A is a product of elementary matrices.

(791) = (iv) Since A is a product of elementary matrices, hence invert-
ible matrices, A is itself invertible (cf. Proposition 1.18). It now follows from
Proposition 1.21 that rank (A) = n. Hence the reduced row echelon form of A
is the identity matriz.

(iv) = (v) This implication is obvious. (It is an equivalence, in fact.)

(v) = (vi) Suppose that the reduced row echelon of A is the identity matriz.
Then there exist elementary matrices Fq, Fo, ..., Ex such that

E\Ey...EyA=1.

Multiplying both members of the equation Ax =0 by E1F5. .. Ey,

ElEQ...EkAX:O <~ x = 0.
—_————
I

(vi) = (vii) We show firstly that, for each column vector b, the system
Ax = b is consistent.

Suppose that, on the contrary, there exists b such that Ax = b is inconsis-
tent. Hence, by Proposition 1.3, we must have rank (A) < n and, consequently,
the homogeneous system Ax = 0 has infinitely many solutions which contra-
dicts the initial assumption.
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We see next that the system Ax = b has a unique solution. Suppose that
X1,Xo are solutions of Ax =b. Then

AX1 = AX2 <~ A(X1 — X2) =0.

Since we assumed that the homogeneous system only admits the trivial solu-
tion, then
x1—%X2=0 = X] = Xa.

(vii) = (i) We want to show that A is invertible, that is, we want to show
that there exists a matriz B such that AB = I (cf. Proposition 1.20). In other
words, we must show that the n systems below are all consistent L:

1 0 0

1 0
0 0 0
0 0 1

But this is exactly what assertion (vii) guarantees, since whichever vector b
might be considered the system Ax = b is consistent (and has a unique solu-
tion). Hence A is invertible, as required.

1.4.1 LU and LDU factorisations

A square matrix A = [a;;] of order n is said to be upper triangular if,
for all 4,5 = 1,...,n with j < 4, then a;; = 0. Hence in an upper triangular
matrix A all entries below the diagonal are equal to zero, i.e.,

all 0/12 “ e .« .. a/ln

0 a22 ... ... a2n
A=|0 0 azz -+ as,
0 0 o 0 apn

Similarly, a matrix A = [a,;] of order n is said to be lower triangular if, for
all 4,7 =1,...,n with 7 < j, then a;; = 0. Hence in a lower triangular matrix
all entries above the diagonal are equal to zero. For example, any elementary
matrix F;;(a) can be upper triangular or lower triangular and each elementary
matrix D;(a) is both upper and lower triangular.

Proposition 1.22 A product of two n x n upper triangular matrices
(respectively, lower triangular matrices) is an n X n upper triangular matric
(respectively, a lower triangular matriz).

1Notice that, if these n systems are simultaneously consistent, then each one of them
has a unique solution, given the uniqueness of the inverse matrix (cf. Lemma 1.1).
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Morevorer, if an n x n upper (respectively, lower) triangular matriz A is
invertible, then its inverse A=1 is also upper (respectively, lower) triangular.

Proof We prove the proposition only in the case of upper triangular matri-
ces. The proof for lower triangular matrices is similar (or use transposition,).

Suppose that A, B are n X n upper triangular matrices. By Proposition 1.6
(i), for each j = 1,...,n, column j of AB is a linear combination of the
columns of A whose coefficients are the entries in column j of B.

Since B is also upper triangular, it follows that column j of AB is a linear
combination of the first j columns of A. To see this, observe that in column j
of B, all entries in rows 7+ 1,...,n coincide with zero.

Since each of the first j columns of A has zeros below row j, it follows that
the same occurs in column j of AB.

Suppose now that A is an invertible upper triangular matriz. By Theorem
1.1 (v), the reduced row echelon form of A is the identity. Observe that this
immediately implies that all diagonal entries of A are non-zero.

Since A is already upper triangular, to reduce it to the identity matriz,
one uses Gauss—Jordan elimination where the Gaussian elimination is not
required.

It follows that the elementary operations needed correspond to multiplica-
tions by upper triangular elementary matrices E1, Fo, ... Ey. More precisely,

E\Ey...ELA=1, AV =E'E;t BT

Since Efl,Egl, e Elzl are upper triangular, it follows from the first part of
this proposition, that A~' is also an upper triangular matriz.

We have seen that applying Gaussian elimination to a given matrix A
amounts to successively multiplying A on the left by elementary matrices.
Since this process involves ‘descending’ in the matrix A, whenever matrices of
type E;;(a) are used, they must be lower triangular.

Notice that, if A is an nxn square matrix, Gaussian elimination transforms
A in an upper triangular matrix U.

Suppose also that no exchange of rows is used in obtaining U. Then, there
exists an integer k such that

EyEy...E1A=1U,
where E1, Fo, ..., Ey are all lower triangular elementary matrices. Hence
A=E" L Ey'E]U

Since each inverse matrix is also a lower triangular elementary matrix, it
follows, by Proposition 1.22, that there exists a lower triangular matrix L
such that

A=1LU.
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Notice that if a matrix A (be it square or not) can be reduced to row

echelon form without row exchange, then this reduction can be done using
only the type (iii) operations of Definition 2.

Example 1.19 Let A be the matriz

1 1 -1
A=12 0 3
0 2 =2

for which we want to find a LU factorisation. Gaussian elimination gives

1 1 -1
E3(1)Exn(-2)A= |0 -2 5 |,
0 0 3
U

from which follows that

L
where
1 0 O
L=1{2 1 0
0 -1 1

We can now summarise this discussion in the following result.

Proposition 1.23 Let A be an n X n matriz which can be reduced to a Tow
echelon matriz without row exchange. Then, there exist an upper triangular
matric U and a lower triangular matriz L, whose entries l;; = 1, for all
i=1,...,n, such that A = LU. Moreover, if A is invertible then the matrices
L and U are unique.

Proof It only remains to show the uniqueness part of the proposition.
Let A = LUy and A = LoUs be factorisations of A. Since A, Ly, Lo are
inwvertible matrices, then Uy, Us must also be invertible. If follows that L;lLl =
UsU Y. Hence, Ly 'Ly and UsUy must be diagonal matrices. However, for
alli=1,...,n,
(L) = 1= (La)si = (L3 V)i,

from which follows that L51L1 =1= UgUfl, Consequently, it must be the
case that Ly = Ly and Uy = Uy, concluding the proof.
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How to obtain a LU factorisation of a square matrix
Let A be a square matrix which can be reduced to a row echelon form
without exchanging rows.

1. Reduce A to a row echelon form U using Gaussian elimination. That
is, find (lower triangular) elementary matrices Eq, Es, ..., Ey of type
E;;(a) such that

EyEy...F1A=U,

where U is an upper triangular matrix.

2. Construct a lower triangular matrix L = [l;;] such that, for all i =
1,...,n,

(a) li=1
(b) for j < 4, the entry l;; = —a, whenever E;;(«) is used in the
Gaussian elimination in 1., and l;; = 0 otherwise.

3. Then A= LU.

Suppose that A is a square matrix whose reduction to row echelon form
does not require row exchange. Similarly to Example 1.19, when looking for a
LU factorisation of A, the resulting matrix L has all its diagonal entries equal
to 1, since we can choose to use only elementary matrices of type E;;(c). Notice
also that each entry-¢j below the diagonal of L is either the additive inverse
of the multiplier ¢, if a matrix F;;(«) was used in the Gaussian elimination,
or is otherwise zero.

As is clear in Example 1.19, the diagonal entries of matrix U are not
necessarily equal to 1. We can nevertheless obtain a factorisation of A where
U has all its non-zero diagonal entries equal to 1 by means of a suitable
diagonal matrix D.

Example 1.20 Considering matriz U of Examplel.19, we have

1 1 -1 1 0 0o]f1 1 -1
U=10 -2 5|=1|0 =2 0| |0 1 =5/2{,
0O 0 3 0 3110 0O 1
D v’
yielding
1 0 o0offr 0o O(1 1 =1
A=LDU' =12 1 0| |0 =2 0] |0 1 -=5/2
0 -1 1|0 0 3[]|0 O 1
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Corollary 1.1 Let A be an invertible n X n matriz which can be reduced
to a row echelon matrix without row exchange. Then, there exist uniquely a
lower triangular matriz L = [I;;], an upper triangular matriz U = [u;;], and a
diagonal matriz D such that A = LDU with l;; =1 =y, foralli=1,... n.

Proof By Proposition 1.23, there exists a unique factorisation A = LU
with U upper triangular and L lower triangular with l;; = 1. Let D be the
diagonal matriz whose entries d;; = ug;, for alli=1,...,n. Then

A=LU=LDU,

u;z =1, foralli=1,...,n, and the uniqueness of L and U implies that of D
and U'.

How to obtain the LDU factorisation of an invertible matrix

Let A be an invertible matrix which can be reduced to a row echelon
form without exchanging rows.

1. Calculate the unique factorisation A = LU, as described before.

2. Then A = LDU’ where D is the diagonal matrix with entries d;; =
ui;, for alli =1,...,n, and

U' = Dy (uii)D2(uss ) ... Dy (uy U,

nn

The LU factorisation can be used to solve systems of linear equations in
two simpler steps. Suppose that we want to solve the system Ax = b. If one
has a LU factorisation of A, then

Ax =L Ux =b.
~~
y

One can solve firstly Ly = b, by forward substitution, and then Ux =y,
by back substitution, as shown in the example below.

Example 1.21 Consider the matrix A of Example 1.19 and its LU factori-
sation. We shall make use of A = LU to solve the system

11 =11 [z 1
Ax=12 0 3 zo| = | 0
0 2 =2 I3 -1

in two steps. In the first step, we solve the system

1 0 0] [w 1
Ly=12 1 0| [w]=]0
0 -1 1| |ys ~1
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Using forward substitution, we have y; = 1,
Yo = 2y = —2

and
Y3 =y2—1: —3.

In the second step, we have

1 1 —1| [z 1
Ux=10 -2 5 To| = [—2
0o 0 3 x3 -3

Using back substitution, it follows that 3 = —1,

1
X9 = —5(—5553 — 2) = —=

2
and 3 ]
= s—l=S—1-1=—=.
€ To + I3 5 2
1.5 Exercises
EX 1.5.1. Find which of the equations are linear.
(a) V12z1 4+ 29 — 8_%.%3 =10 (b) —z14+z122+223=0
(c) v—1=+eu+eiz—2rw (d) y?T —6x+ 2 =57

EX 1.5.2. Use Gaussian elimination or Gauss—Jordan elimination to solve
the homogeneous systems of linear equations below.

221 + 322 =0 1021 +222—2234+224= 0
—10z To—2x3+2x4=
(a) — 2z — 229 — 623 =0 (b) ! 2 8 :
20142x9+2x3+2x04= 0
— X9 — X3 = 0

2ix + 2ty +4i2 =0
w—y—3z2=0
2W+3xr+y+2=0

— 2w +ix + 3ty — 212 =0

()
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EX 1.5.3. Without any calculations, find which of the homogeneous systems
might have non-trivial solutions. (It is allowed to write the coeffi-
cient matrix of the sytems.)

a11x1 + a12x2 + arzxrs =0
1 —3x9+bxr3—24 =0 1171 1272 1373
(a) 31 +x2 — 1023+ 24 =0 (b)
CL’1+£B2+$3711ZE4:0

(2171 + a2T2 + azzrs =0
a3171 + azoxs + azzrs =0

(4171 + a42T2 + as3r3 =0

200+3y —2=0
(© —2v+3u=0 (@ 100 — 82 = 0
¢ 6u —4v =0 Y °=

10y +42=0

EX 1.5.4. Use Gaussian elimination or Gauss—Jordan elimination to solve
the non-homogeneous systems of linear equations below.

42y —3z=-1 821 + Ty + dws = —1

(a) —3z—3y—6z=-24 (b) —2w1 + 515 + 223 =1
§x—zy—f—,z:ﬁ) r1+x2+a3=0
2 2
a3yl 2w + 4x — 2y = 8
2 25 -3z +3y=-9
© Y2ut2tw=] @ 3 5 _
3 —2u—4dv—w—"Tr=-7
6+ 120 — 6w — —4 2w + 6z — 4y = 14

EX 1.5.5. For each of the sets listed, find a system of linear equations whose
solution set is that set.

(a)
(b)
()
(d)

(1,2,3)}
(1,2,t) : t e R}
(2,20 —z—w,z) : z,z,w € R}

{
{
{
{

EX 1.5.6. Which of the 3 x 3 matrices are row echelon matrices? Which
matrices are in reduced row echelon form? What is the rank of
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each matrix?
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300 2 0 0 0 1+4 0
(a) |0 3 0 () |0 2 0 () |0 0 12i
0 0 3 00 0 0 0 0
1 0 0 05 0 1 6 0

(d) 10 0 -1 (e) |13 0 0 (f) {0 1 0
00 0 00 0 000
[1+4 0 0 000 020
g | 0o 0 0 (h) |10 0 0O G [0 10
| 0 0 1—i 00 0 0 0 0
2 1 0 20 —10 0 2 10 0
G) |0 —24+4i 0 k) |0 0 —60| (1) |0 —1 20
0 145 143 o 0 2 0 0 0

EX 1.5.7. Find the reduced row echelon form and the rank of the matrix

1 11 2 0
A=12 1 2 2 1
11 2 10
EX 1.5.8. Let
1 1 0 T 0
Ay=10 a « and consider the system A, |y| = |0],
-1 0 o? z B8

where a, 8 € R. Determine the rank of A, in terms of «. Clas-

sify the systems for all a, 5 €
consistent, indicate the number

R and, whenever the systems are
of independent variables.

Solve the systems when a = 2,8 € R.

EX 1.5.9. Discuss the solutions of the homogeneous system A,x = 0 in terms
of «, where
0 1 1 1
11 -1 1
Ao = 4 4 —a?® o
2 2 -2 «
EX 1.5.10. If possible, calculate A+ B, B+ C, 2A, AB, BA, CB, tr B, and
tr C' for
1 -2 1 V3 0 6 0 0
A=1|14 1 B=1]2 -1 1 C=10 -4 0
V2 3 ™ 2 -1 0 0 10



EX 1.5.11.

2)
b)

EX 1.5.12.

A
B
C

)
)
)
D)

Matrices

Let A and B be the matrices
1 0 1 -1 0 -1
A=|2 -7 1 B=|1 -1 1
-1 -1 1 1 1 -1

Find the entry-(23) and the second column of AB.

Calculate (A — B)T and its trace.

Let A, B,C, and D be matrices such that
A isa 1 x 3 matrix B isa 3 x 1 matrix
C isa 1x 3 matrix D is a 3 x 3 matrix

Choose the correct assertion.

The size of (A4 C)Ais 1 x 3.
The trace of A might be zero.
(5CB)T =5CTBT.

D(CBA+ C)T'is a 3 x 1 matrix.

51

EX 1.5.13. Find the 3 x 3 anti-symmetric matrix A = [a;;] such that, for all

EX 1.5.14.

EX 1.5.15.

EX 1.5.16.

J <t
aij =17 — j
Find a rank one symmetric matrix A such that
2
4
8

is a column of A.
Find an expression for A™, where A = [(3 _Z} .

Fill in the entries of the matrix

such that rank (A) = 2 and (—1,—1,1) is a solution of Ax = 0.
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EX 1.5.17. Use Gauss—Jordan elimination to find the inverse, if possible, of
the following matrices.

whi ol o8]

3 1 2 -1 0 -4 2 2 2
(d |4 0 5 e) |2 0 1 f) |6 7 7
-1 3 —4 -4 0 -9 6 6 7
1 1 1 1 0 0 0 0
0 3 3 3 4 0 2 -9
5
® 1o 0 5 5 Wl g 17 5 1
000 7 -1 13 4 2
EX 1.5.18. For
1 2
A=l 1)

find A3, A=3, A2 —2A + I, and (A — I)2. Solve the equation
AT'X(A+1)2=A+ A"
EX 1.5.19. Find the elementary operation and the corresponding elementary

matrix needed to obtain the identity matrix from each of the fol-
lowing matrices.

Lo o 1000 1 0 00
10 000 1 0 1 0 0
(a)[5 1}(1))01 01 @100 1 ol Do -1 10

00 -3 2
0100 0 0 01

EX 1.5.20. Find elementary matrices F; and Fs such that the matrix

1 0 0 O
0 -5 0 -1
A= 0 0 1 0
0 0 0 1

is such that A = E1E,. Write A~! as a matrix product, using E;
and FEs.

EX 1.5.21. Let A be a 3 x 3 real matrix such that

A= FE1EsR,

where R is a rank-2 row echelon matrix, and
E1 = Dg(—l) EQ = E21(3).

Find all the correct assertions in the following list.
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I. A=FER.
II. A ia an invertible matrix.
ITI. A has a single zero row.

IV. The system of linear equations

Ax = [Eﬂ might be consistent.

A)TIelll  B)Iellelll C)IelV  D)Ielll

EX 1.5.22. Show that the only matrices which commute with all n x n ma-
trices are the n x n scalar matrices, that is, matrices which are
multiples of the identity matrix.

EX 1.5.23. Find the LU and LDU decompositions of

4 =8 20
A=1|-20 45 -105
—12 44 =79

Use the LU decomposition to solve the system Ax = b with b =
(12, —65, —56).

1.6 At a Glance

In a nutshell, this chapter is about the introduction of an object, the
matrix, and of the development of a toolkit to effectively extract knowledge
about the object, which will be put to use in the following chapters.

Matrices are crucial in the book, and several fundamental notions related
with matrices were established here and will be relied upon in the remainder
of the book, notably, the rank and the inverse of a matrix. To be determined,
both rank and inverse lean on two methods known as Gaussian elimination
and Gauss—Jordan elimination. These methods aim at finding, respectively,
a row echelon form and the (unique) reduced row echelon form of a matrix.
Gaussian and Gauss—Jordan eliminations will be used extensively throughout
the book and matrices are mostly what this book is about.

We know now how to operate with matrices (addition, multiplication by
a scalar, and multiplication) and to do elementary operations by means of
elementary matrices. In fact, invertible matrices are exactly the products of
elementary matrices.

In this chapter, matrices were applied to the solution of systems of lin-
ear equations via Gaussian elimination or Gauss—Jordan elimination. These
eliminations led to the LU and the LDU factorisations of matrices involv-
ing the products of diagonal, lower triangular, and upper triangular matrices.
Matrices of all these types will play a decisive role in what follows.
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In the previous chapter, we learned how to calculate the rank of a given
matrix. This is a remarkable number whose importance we have only begun
to unveil. It is indeed outstanding that we can use it to classify systems of
linear equations and to determine the invertibility of matrices (see Proposition
1.3 and Theorem 1.1).

Still in this trait, the present chapter is entirely devoted to another striking
number: the determinant of a square matrix. Here we shall see how to use it
to decide about the invertibility of a matrix, calculate matrix inverses and
solve systems of linear equations (Cramer’s rule). The influential role of the
determinant does not stop here however since it will be absolutely essential in
Chapter 4 and, as a consequence, will be in the background of the following
chapters.

Chapter 2 presents two approaches to calculate the determinant, either
axiomatically or through formulas (Leibniz’s and Laplace’s). The axiomatic
approach seems at first glance to be the most detached from ‘reality’. In fact, it
is quite the opposite as it boils down to using Gaussian elimination to calculate
the determinant and, in this way, being the most time-saving process.

2.1 Axiomatic Definition

As said above, we wish to assign a number, the determinant, to each square
matrix of a given size. Hence, if we fix the size of the matrices, say n x n
matrices, and A is an n X n matrix over K, we shall define the determinant,
det A, of the matrix A as a scalar in K. In other words, we have a function
defined from M, (K) to K assigning to each matrix A the number det A.

A word of advice: if seeing a function defined using axioms rather than
formulas causes some anxiety, then the reader is advised to go firstly to §2.2,

DOL: 10.1201/9781351243452-2 95
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where this function is defined in a traditional way, and then come back to §2.1.
In the end, however, it will be apparent that the easiest way of calculating the
determinant is that of the present section.

Definition 19 The determinant function

det : M, (K) — K
A det A

is the only function satisfying the following axioms:
(Az1) det I =1;
(Az2) det(Pj;A) = —det A (withi#j, 4,5 =1,...,n);

(Az3) Given a € K and i € {1,...,n},

det | ol; | = adet | 1;

I 5% L

where 1;,1; are matriz rows. The number det A is called the determinant of

the matriz A.

Notice that, in (Ax3), a may take the value 0.

Axiom (Ax1) is clear enough, it says that the determinant of the n x n
identity matrix is 1. Axiom (Ax2) tells you that if two rows of a matrix A
are exchanged then the determinant changes sign or, equivalently, det A is
multiplied by —1. Axiom (Ax3) establishes that if one has two matrices

11 ll
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whose rows coincide except possibly for row i, then one can construct a new

matrix
I;

liz_l
C =det | L+ (22)

Lt

L
whose rows coincide with those of A and B, except possibly for row ¢ which is

the sum of the corresponding rows of A and B, one has that the determinant
det C' of the matrix C' satisfies

det C' = det A + det B. (2.3)

It is not obvious that these axioms define a function or even that this
function is uniquely defined. In fact, this is the case: there exists a unique
function satisfying (Ax1)—(Ax3) in Definition 19. The existence and unique-
ness of the determinant function will be shown in due course (see Sections
2.2 and 8.2), but first we want to make clear that we can calculate the de-
terminant of any given matrix just by abiding to the rules (Ax1)—(Ax3) above.

Notation. In what follows, the determinant of A may be denoted by det A
or |A].

Example 2.1 Firstly consider the 1 x 1 matriz A = [o], where a € K. Then,
by (Az3),
det[a] = acdet[1].

It now follows from (Axl) that
det[a] = adet[l] = al = a.

Example 2.2 Now let A be a diagonal matriz. Repeatedly using (Az3),

ain O 0 e 0 1 0 0 e 0
0 a2 0 e 0 0 a2 0 e 0
det A = det 0 0 as - 0= a1 det 0 0 as - 0] =
0 0 0 Ann 0 0 0 Anpn
1 0 O 0 1 0 0
0 1 0 0 0 1 0 0
0 1 0

= Qa110a22 det = Q11022033 ...0nn det

[aw]
IS
oW
@
o

00 0 - apn o o0 o0 --- 1

Hence, applying now (Axl),
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= 111022033 ...0nn det I

= 011022033 - - - Upp 1

Hence
det A = a11a220433 . .. App-

Summarising both examples,

The determinant of a diagonal matrix is the product of its diagonal entries.

Proposition 2.1 Let A be a square matriz over K. The following hold.
(i) If A has two equal rows then |A| = 0.
(ii) If A has a zero row then |A| = 0.

(i4i) The determinant remains unchanged if one replaces row 1; of A by 1; +
ol;, where i # j,a € K.

Notice that Proposition 2.1 (iii) refers to an elementary operation and
asserts that for this particular operation the determinant does not change.
Hence now we know that, whenever doing Gaussian elimination, this type of
operation leaves unchanged the determinant of the initial matrix.

Proof (i) If A is a matriz such that its rows i and j (with i # j) are
equal, then A = P;; A and, consequently,

det A = det(P”A)
On the other hand, by Aziom (Az2), det(P;; A) = — det A. It then follows that
det A = det(P;; A) = — det A.

Hence
det A=—detA < 2det A=0<det A=0.

(i) Let 1; be a zero row of matriz A and let A’ be the matriz obtained from
A by multiplying row 1; by a = 0. By Aziom (Axz8), we have

det A=det A’ =adet A=0det A=0.
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(ii) Consider the matriz

A=|:
L
L1, |
Using Aziom (Ax83), we have
r L 7 r LA M1 ]
| P li;l i1
lLital, 1; al;
1; 1; 1,
det ol =det | Tt | +det |
lJ l‘.] lJ
L 1, L1, L 1,
-1 - rn
L1 L,
1 1
1; 1,
=det | "t | +adet |
1 1
L1, L1, |

Observing that the last matriz has two equal rows, assertion (i) of this propo-
sition yields
roL ] -1

L4 L4
1; Jral]‘ 1;

det | %t | =det | " | 40 = det A,

L ln . - ln -

which ends the proof.

If A is an upper triangular matrix, two possibilities can occur: either (1)
all diagonal entries of A are non-zero or (2) some diagonal entry of A is equal
to zero.

In the first case, the Gauss-Jordan elimination process applied to A will
yield a diagonal matrix, this being done using elementary operations of type
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(iii) only (see Definition 2). Hence

ai; a2 o Qg a; 0 -+ 0
0 as9 tee a9n 0 a29 tee 0
A = —_—
. GJE . .
0 0 - am 0 0 - am

Observe that here we stopped the Gauss—Jordan elimination before changing
all pivots to 1. By Proposition 2.1 (iii), we have now

ai1 a2 o Qip air 0 -+ 0
0 a9292 s A92n 0 a2 e 0
detA=| . . .| =det | . . .| =ar1a22 - anp.
0 0 - ap, 0 0 - apy

In case (2), let agr be the first from below zero entry in the diagonal.
Using only elementary operations of type (iii) in Definition 2 and the (non-
zero) entries apg, . .., Qk+1,k+1, We can change row k into a zero row (see the
grey rows in the matrices below).

ai; a2 - A1k ai,k+1 s A1n
0 ax -+ ax G2k41 0 G2n
A= 0 0 --- 0 a - a —
kk+1 kn OB
0 0 T 0 art1 k41 -0 Grtin
0 0 0 0 ann |
ailr a2 - Ak 0 e dip
O 0122 .« . a2k 0 e a2n
A=1 0 o --- 0 0 0
0 0 - 0 aggrpgr -+ O
L0 0 --- 0 0 o

Observing that, by Proposition 2.1 (iii), the elementary operations used do
not change the determinant,
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[a11 a1z -+ aik 0 e aip
0 a22 PRI a2k 0 PR a2n
detA=det | O o --- 0 0 0 =0.
0 0 -+ 0 agsihser - O
0 0 - 0 0 .

Hence, the analysis done of (1) and (2) above yields

The determinant of an upper triangular matrix is the product of its diag-
onal entries:

a1 a2 - QAip
0 ax - a

det . A . = 11022 " Qpn-
0 0 anp

The axioms of the determinant function together with Proposition 2.1
describe completely how the elementary operations change the determinant.
On the other hand, any square matrix can be reduced to an upper triangular
matrix by Gaussian elimination. These two observations combined, make it
clear that we have now all the knowledge required to calculate the determinant
of a matrix.

Example 2.3 Let A be the matrix

3 -3 -3

0 1 -1

-1 0 O

The determinant of A is
3 -3 -3 1 -1 -1 1 -1 -1
|[Aj]=]0 1 -1/=3{0 1 -1|=3/0 1 -1|=
-1 0 0 -1 0 0 0 -1 -1
| S—
|B|
1 -1 -1
=3[0 1 -1/=3(-2)=-6

0 0 -2
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Notice that matriz A is obtained from matriz B by multiplying row 1 by 3 (see

(Az2)).

How to calculate the determinant of a square matrix using
Gaussian elimination

Let A be a square matrix. To obtain the value of det A, we proceed as
follows.

1. Reduce A to a row echelon matrix, i.e., an upper triangular matrix,
A’ using Gaussian elimination and calculate the determinant of A’.

2. Calculate det A, keeping track of how the elementary operations in
1. force det A to differ from det A’.

Example 2.4 In this example we obtain the formula of the determinant of a
2 x 2 matriz. Let A be the matrixz over K,

a b
A= [ d} .
We shall calculate det A by considering separately the cases a # 0 and a = 0.
e a#0

By Gaussian elimination,

a b a b
c d|l L-¢h |0 d—2£b]°

Hence ) b
a a
A= d’_ 0 d—cp| =l be
ea=0
A 0 b c d
o c d Li<Lo 0 b’
We have
0 b c d
|A| = . d’_O b‘_cb—adbc.
In summary,
a b
|A| = . d‘—ad—bc.
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It is now clear what the determinants of elementary matrices will be:

o det Py = —1 (by (Ax2) in Definition 19);
o det Ejj(a) =1 (by Proposition 2.1 (iii));
e det D;(a) = « (by (Ax3) in Definition 19).

Proposition 2.2 Let A be a n X n matriz and let E be a n X n elementary
matriz. Then
|[EA| = |E||A].

Proof Let A be a square matriz. Recalling how A is changed when it is
multiplied on the left by the three types of elementary matrices, we have

|Pij Al = —|A] = [P || Al

|Eij () A| = |A] = |Eij (a)||Al,
and
|D(a)A] = afA] = [D(a)||A],
as required.
We are now able to charaterise the invertibility of a matrix in terms of its

determinant. This leads to the necessary and sufficient condition of invertibil-
ity in the next theorem.

Theorem 2.1 (Necessary and sufficient condition of invertibility
(IT)) Let A be a square matriz of order n. The following assertions are equiv-
alent.

(i) A is invertible.

(ii) |A] 0.
Proof (i) = (ii) Suppose that A invertible. Then, by Theorem 1.1, there
exist elementary matrices Fq, ..., E, such that

A=F1Es---F.
Hence, by Proposition 2.2,
| Al = [Eq[| Bzl - - | E|

and, since the determinant of each of the elementary matrices is non-zero, it
finally follows that |A| # 0.
(i) = (i) We shall prove equivalently that

A not invertible = |A| = 0.
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Suppose then that A is singular. By Theorem 1.1, we know that rank A < n
and that, consequently, the reduced row echelon form R of matriz A has, at
least, one zero row.
It is also the case that there exist elementary matrices Fn, ..., Ey, such
that
E\FEs---E,A=R.

By Propositions 2.1, 2.2, we have
|E1|[E| - |Em||A] = |R| = 0.

Since the determinants of the elementary matrices are all different from zero,
it follows that |A| = 0.

Proposition 2.3 Let A and B be square matrices of order n. Then
|AB| = |A]|B].

Proof Suppose initially that A is non-singular. Hence, by Theorem 1.1,
there exist elementary matrices Eq,...,E,, such that A = E1Es---E,,. It
follows, by Proposition 2.2, that

= |E1||Ey - EpB|
= [Er|[E2| - |Enl| B
= |E1Ey--- En||B|
= |A]|B|.

If A is singular, then its reduced row echelon form R has a zero row (see
Theorem 1.1). That is, there exist elementary matrices E1, ..., E,. such that

|EvEs -+ E,AB| = |RB| = 0,
since RB has a zero row (see Proposition 2.1 (ii)). By Proposition 2.2,
|E1Es--- E.AB| = |E4||Es| - - |Er||AB| = 0.
—_— ——
#0
Since |A| =0 (see Theorem 2.1), we have
0= |AB| = |A]|B],
as required.
An easy consequence of this proposition is the following result.

Corollary 2.1 Let A be an invertible n X n matriz. Then

A7 = A7
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Proof By Proposition 2.3,
|AA™! = [A]]A™,

from which follows that

1
1=|I| = [AATY = |A||A7Y] < |A7!| = Tl
Lemma 2.1 Let E be an elementary matriz of order n. Then |ET| = |E|.

Proof If E is an elementary matriz of the form Pi; or D;(«v), the assertion
is immediate, since these matrices are symmetric. On the other hand, if the
matriz E is of the form E;;(c), then

Eij(a)" = Bji(a)

and, therefore,
|Eij(0)T] = |Eji()] =1 = |Ey ().

Proposition 2.4 Let A be a square matriz of order n. Then
T
|47 = [A].

Proof If A is non-singular, then, by Theorem 1.1, there exist elementary
matrices Fr, ..., Ep such that A = E1Fs--- E,,. It follows, by Proposition
2.8 and Lemma 2.1, that

AT = (BrEy -+ Epn) |

= |Ey, - B3 B |
=|En|-|E5||E]
= [Ep| - |Ea|| B4
= |Er||E2| - |Eml
= |E\Es - By
=y

If A is singular, then matriz AT is also singular (see Proposition 1.12 (i)
and Proposition 1.18 (v)). Hence, by Theorem 2.1, we have

AT =0=|A].

Observe that any lower triangular matrix can be obtained as the trans-
posed matrix of an upper triangular matrix and that transposition does not
change the determinant, as seen in Proposition 2.4. This leads immediately to
the next proposition.
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Proposition 2.5 Let A = [a;;] be an n X n upper triangular (respectively,
lower triangular) matriz. Then,

i=1
An immediate corollary of Propositions 2.1, 2.5 is the following ‘column’-
version of Proposition 2.1 (i),(ii).
Corollary 2.2 Let A be a square matriz. The following assertions hold.
(i) If A has two equal columns then |A| = 0.
(i) If A has a zero column then |A| = 0.

2.2 Leibniz’s Formula

We already know how to calculate the determinant of any n X n matrix
A, albeit not having an explicit expression to do so. As seen before, basically
we just have to know the determinant of the identity matrix I (which is equal
to 1) and make a careful use of Gaussian elimination. That is, we reduce A
to an upper triangular matrix U, whose determinant is the product of its
diagonal entries, and keep a record of how Gaussian elimination changes the
determinant of U to get the determinant of A.

We have defined the determinant function axiomatically and it might seem
that we could have stopped there. However, there are two important details
that we have overlooked on purpose: the existence and the uniqueness of the
determinant function. As to the latter, we postpone its analysis to the Ap-
pendix. As to the former, the existence of a function that satisfies the axioms
(Ax1)—(Ax3) will be dealt with in this section. We give below the definition
of the determinant as a ‘proper’ function through a formula, the Leibniz’s for-
mula of the determinant. We will show that this function satisfies the axioms
(Ax1)—(Ax3). Once this is done, the existence part is settled and out of the
way.

Definition 20 Let S = (1,...,n). A permutation p: S — S of S is a(ny)
bijection from S onto itself. An n x n permutation matrix is a matriz P
such that each row and each column of P have exactly one non-zero entry
which is equal to 1.

Notice that the total number of permutations of S is n! Observe also that a
permutation matrix is what you obtain by ‘scrambling’ the rows of the identity
matrix.
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Example 2.5 Let S = (1,2,3). There are 6 = 3! permutations of S:
pP1 = (172a3)ap2 = (17372)ap3 = (25 173)7

Ps = (273’ 1),]?5 = (3> 172)7176 = (3;2,1)-

For example,

1 0 0] |1 1
0 0 1] (2] =13] =p2
0 1 0] |3 2
—_———
Py
and
01 0 1 2
0 0 1| |2 =13]| =ps.
1 0 0Of (3 1
—_——
Py

The matrices Py and P are permutation matrices. To obtain the identity I
from matriz Py, one needs to make a single row exchange between rows 2 and
3. The rows of P> must be exchanged twice to obtain I. A possibility is row 2
< row 3 followed by row 2 <+ row 1. One could also opt for row 1 < row 3
followed by row 2 <> row 3.

As this example suggests, to obtain a permutation of S, we multiply the
vector [1 oo n] T, corresponding to .S, by an appropriate permutation ma-
trix.

Definition 21 A permutation of S = (1,...,n) is said to be even if the
number of row exchanges in the corresponding matriz P required to obtain the
identity is even. A permutation is odd if the number of row exchanges in the
corresponding matrix P required to obtain the identity is odd.

The sign sign(p) of a permutation p is +1, if the permutation is even, and
is —1 if the permutation is odd.

Clearly, the definition of the parity of the permutation could be equivalently
expressed in terms of the number of exchanges between the position of the
elements in the permutation to obtain S. We saw in Example 2.5 that, in gen-
eral, the exchanges can be done in more than one way. However, it is possible
to show that the parity remains unchanged.

Let A = [a;5] be a n x n matrix and let Pg be the set of all permutations
of S. The Leibniz’s formula for the determinant of A is

det A = Z Sign(p)alp(l)agp@) -+ Qpp(n)- (24)
pEPs

Notice that each summand in (2.4) is a product of n entries such that no
column or row is shared by two different entries.
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Example 2.6 We recalculate the determinant of the matrix

3 -3 -3

A=10 1 -1

-1 0 0

of Example 2.3. We have that the permutations p1,p4, ps are even and corre-
spond to the products

aiiazzazz = 0, aj2azzas; = —3, ajzaziaze = 0.
The rest of the permutations are odd

a13a2a31 = 3, ajzaz1aszz = 0, ajjaszazz = 0.
By Leibniz’s formula,

det A= (0—3+0)— (3+0+0) =—6.

Proposition 2.6 The function defined on M,(K) by (2.4) satisfies (Ax1)-
(Az3)

Proof The determinant of the identity matriz I = [u;] is

detI = Z sign(p)ulp(l)ugp(g) o Upp(n) = FUIIUY « - Upy, = 1
pEPs

which shows that (Az1) holds.

As to (Az2), suppose that two rows of A, say, i and j are exchanged,
obtaining a new matriz A’. Hence, for each p € Ps and the corresponding
summand in (2.4), we have a new permutation associated with A’, which is

G1pr(1)@2p/(2) « -+ Qip' (3) - - - Ljp! (5) - + - Anp’ (n)>

with p'(i) = p(j), p'(4) = p(i) and p'(k) = p(k), for k # i,j5. Moreover, all
permutations p' are obtained in this way. Then,

det A/ = Z sign(p')alp/(l)aQP/(g) e aip/(i) e ajp/(j) . a’np’(n)'
p’'€Ps

But p coincides with p' except for the extra exchange between p(i) and p(j).
Consequently, the parity of the permutations change and we have

sign(p’) = —sign(p).
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It follows that

det A/ = Z sign(p/)alpz(l)agp/(g) e aip/(i) e ajp/(j) . anp/(n)
p'€Ps

Z Sign(p) a1p(1)A2p(2) - - - ip() - - - Qjp(i) - - - Anp(n)
p'€Ps

= D —sign(P)arp(1)azp(2) -~ Gip) - -+ Ajp(s) - -+ Arp(m)
p€Ps

= —det A.

Finally, we tackle (Az3). It is clear that the formula (2.4) satisfies the first
equality in (Az8). Now, let A = [a;;], B = [bij], and C = [c;;] be matrices as
in (2.1), and (2.2). Then

det C = Z 8ign(P)C1p(1)Cap(2) - - - Cip(i) - - - Cnp(n)
pPEPs

> sign(p)eip)Cap(@) - - (@ipiy + bip(i)) - - - Cp(m)

pEPs

= Z sign(p)clp(l)cgp(z) <= Qip(i) - - - Cnp(n)
pEPs

+ Z 8191(P)C1p(1)Cap(2) - - - Vip(3) - - - Crp(n)
PEPs

= Z sign(p)alp(l)azp(g) e aip(i) .. .anp(n)
pEPs

+ Z Sign(p)blp(l)bgp(g) e bip(i) R bnp(n)
pEPs

= det A + det B,

as required.

It is now clear that there exists a determinant function, i.e., a function
that satisfies (Ax1)—(Ax3). This was shown by using Leibniz’s formula for the
determinant. As said before, this way of calculating the determinant is useful,
at least to show that there exists in fact a determinant function, but is far
from being practical when it comes to actual calculations. It will never be
used in the remainder of the book, apart from proving Laplace’s formula in
the next section.
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2.3 Laplace’s Formula

In this section, we present yet another formula, the Laplace’s formula of
the determinant function. This formula is particularly useful when we need to
calculate determinants of (small) matrices whose entries have parameters (see
Chapter 4). However, due to the quantity of multiplications involved when
we deal with large matrices, this is not an effective way of calculating the
determinant.

Definition 22 Let A be a square matriz of order n. Let [A;;] be the submatriz
of A obtained by deleting row i and column j. The minor-ij M;; and the
cofactor-ij C;; are defined by

Mij = det[Aij], Cij = (71)i+jMij.

Theorem 2.2 (Laplace’s formula with expansion along row i)
Let A be a square matriz of order n and let 1; be a row of A. Then,

J=1

Proof This proof follows closely §11.3 of [13]. Given a matriz A, we know
that, by (2.4),

det A = Z 8191(P) A1p(1)A2p(2) - - - Cip(s) - - - Onp(n)- (2.6)
pEPs

Notice that, if 1; is some fixed row of A, then each summand has a single entry
from 1;.

Consider firstly the permutations p € Ps such that p(1) = 1 and denote
by P& this subset of permutations. That is to say, we are speaking of all the
summands of the form ai1azp(2) - - - Qip(i) - - - Anp(n)- In this case, the sum of all
this summands gives

Z 51gn(P)a11G2p(2) - - - Wip(i) - - - Anp(n) = G11 Z 5191(q) A24(2) - - - Ang(n)

pEPS q€SL
= a1 Mn
=ay (1) My,
=a11C11
where Sy is the set of permutations of the ordered set (2,...,n) and i =1 =

p(1) =3j.
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Consider now the general case where p(i) = j and, therefore, we have all
summands in (2.6) containing the entry a;; as a factor. Let B be the matrix

[£251] a2 te (27

ai1 a2 te A1n
B=|a;—11 ai—12 - Gi—1p
Aiy1,1 Ai41,2 0 Qi4ln
L Gn1 an2 T Qnn |

We have that det B = (—1)""1det A, since we exchanged Tows i — 1 many
times. Now exchange columns in B such that we obtain the matrix

Q5 a1 ;2 s Ain
14 a1 a12 tee A1n
/
B'= la;—1; aGi—11 Gi—12 - Gi—1n
Qi +15  Qi41,1 Q412 - Aipln
L Qnj Gnl An2 o Gnpn |

It follows that
det A= (—1)"tdet B=(-1)"'(-1)"tdet B' = (—1)"" det B'.

Notice that, since transposition does not modify the determinant, when two
columns are exchanged, as with rows, the determinant is multiplied by —1.
We have shown above that

det B' = a;; det[B;] + o,

where o is the sum of all the summands in the Leibniz’s formula for det B,
which do not have a;; as a factor and [BY;] is the submatriz of B' obtained
by deleting row 1 and column 1 of B'. Observing that

det[B1;] = M;j,
it follows that
det A = aij(—l)i+jMij +p=ai;Cij + b,

where p is the sum of all summands in (2.6) which do not contain a;; as a
factor. This ends the proof.
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Example 2.7 We apply formula (2.5) of Theorem 2.2 to find the determinant
of

1 0 2
A=13 0 -1/,
1 3 1
fixing row 3, i.e., i = 3. It follows
1 0 2
Al =3 0 —1| =a31C31 + az2Csz + azzCs3
1 3 1
0 2 1 2 1 0
— 1(_1)3+1 _1\3+2 _1\3+3
=107, J+3(D 3 J+1(1) 3 J
=0-3(1x(-1)—2x3)40
=21

As is clear in this example, (2.5) is a recursive formula that in each step
decreases the order of the minors involved until one has only 2 X 2 minors to
calculate. Moreover, given that transposition does not change the determinant,
it is only natural that a Laplace’s formula exist with expansion along a column.

Corollary 2.3 (Laplace’s formula with expansion along column j)
Let A be a square matriz of order n and let c; be a column of A. Then,

|A] = Zaijcij~ (2.7)
i=1

Proof Ezercise. (Hint: use the fact that transposition does not change the
determinant.)

Example 2.8 We re-calculate the determinant of Example 2.7 using an ex-
pansion along column 2.

110 2
Al =13 10 —1| = a12C12 + a22C22 + a32C3
113 1
3 -1 1 2
_ 142 242
=0 x (-2 1‘+Ox( 22 ) J
1 2
1\342
+3 x (—1) 3 _1‘
=04+0-3x(1x(-1)—2x3)

=21

It is clear from Examples 2.7 and 2.8 that a right choice of the row or the
column may simplify considerably the calculations.
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How to calculate the determinant of a n x n matrix A by
recursion

1. Choose a row or a column with as many zeros as possible.

2. Calculate det A using either (2.5) or (2.7), depending on your choice
of a row or a column, respectively.

3. Apply the process described in 1. and 2. to the n — 1 x n — 1 deter-
minants obtained.

4. Keep on repeating the process until obtaining 2 x 2 determinants,
which you can then calculate directly (see Example 2.4).

Definition 23 Let A be a n X n matriz. The matriz of cofactors of A is
the n x n matriz cof A defined by

cof A = [Cyjli j=1,...n-
The adjugate matriz of A is the matriz adj A defined by
adj A = (cof A)T.
Proposition 2.7 Let A be a square matriz of order n. The following hold.

(i)
AadjA = (det A)I = (adj A) A.

(ii) If det A # 0, then the inverse matriz of A is

At = thadJA

Proof (i) We calculate firstly the diagonal entries of Aadj A. The entry-ii
18

(AadjA)i; Z a;;Cij.
It then follows from Theorem 2.2 that
On the other hand, an off-diagonal entry (Aadj A);x, with © # k,
(AadjA)i, = Zaijckj =0,
j=1

since this is the determinant of a matriz whose rows i and k coincide.
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The equality (adj A)A = (det A)I can be proved similarly.
(ii) If det A # O then, by Theorem 2.1, A is invertible. The fact that in

this case
1 1

= — 1 A
det A ad]

is a direct consequence of (1).

How to calculate the inverse of a 2 x 2 matrix

Let A be the matrix A = {Z Z] , where a,b,c,d € K and det A # 0.
By Proposition 2.7, we have

1 d —b
A7t = .
ad — be {—C a ]
Hence, we have now a simple formula to calculate the inverse of a 2 x 2

square matrix which might come in handy (and actually does). No Gaussian
elimination is required!

Let Ax = b be a system of linear equations with n equations, n unknowns
and exactly one solution. As we know, this means that A is an invertible
(real or complex) matrix or, in other words, det A # 0. Cramer’s rule gives a
formula which uses the determinant to find the solution of this type of system
of linear equations.

Suppose then that we have the following system

a1 a2 ... Qin Z1 b1

ag1 a9 . aAon, Zo bg

ap1 Ap2 ... Qpp T bn

That is,
ail @12 ai; A1n by
azi @22 az; A2n bo
Ti| .| FT2| | FeeFT | L [ FF T | | =

a1 [427) Ani Ann bn

It follows, for all : = 1,...,n, that

an ai2 zia1; — by a1n 0
a21 @22 ZiG2; — by azn

o | L w4+ : toeda | L =] (28)
Qg1 k2 TiOni — by Gnn 0
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We begin by supposing that b # 0. Notice that, in this case, x # 0. Hence,
there exists r with 1 < r < n for which z, # 0. It follows from equality (2.8)

that column r of

ailr a2 ;a1 — by

a1 Q22 Z;02; — by
B=| . .

an1 an2 TiQpi — bn

Q1n
a2n

a'nn

is a linear combination of the remaining columns. In other words, using only
elementary operations of type (iii) in Definition 2, row r in BT can be trans-

formed into a zero row, yielding |B| = |BT| = 0.
ail ailz P ai; N Ain all
a1 Q22 ... Q2; ... Q2n a1

x; det — det
anl1 Gn2 ... Qnpg Ann an1

Finally, we have Cramer’s rule

Hence,

a2 e bl
a2 - b2
an?2 e bn

ar a2 ... b A1n
a1 ag9 N b2 a2,
det
2 an1  Ap2 ... bn Apn
Z' =
det A

A1n
a2n,

Ann

(2.9)

Observe that this formula also holds for b = 0, since, in this case, the
determinant in the numerator of (2.9) has a zero column and, therefore, is

null.

Example 2.9 Solve the system of linear equations

rT+y+z2=3
T—y+2z=2
20 +y—2=2

Using Cramer’s rule,

3 1 1
det [2 -1 2
2 1 -1
xr = = = —
1 1 1
det [1 -1 2
2 1 1]
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1 3 1
det [1 2 2
2 2 -1 1
v= 1 1 1]
det |11 -1 2
2 1 -1
1 1 3
det |1 -1 2
2 1 2
z = =1.
1 1 1
det [1 -1 2
2 1 -1

2.4 Exercises

EX 2.4.1. Use Gaussian elimination to calculate the determinant of

6 —12 18
A=1|-3 1 4
6 7 -1

EX 2.4.2. Let A and B be 3 x 3 matrices such that
detA=3 and detB=-3.
Complete:
det(~247%) =, det ((4B")") =,
det(Fs2(—2)D3(2)P3gA) = ____.

EX 2.4.3. Let A be a 4 x4 matrix such that |A| = —2. Consider the following

assertions.
I) The diagonal entries of A might be all equal to zero.
) |(24)71 = -1/32.
1) [(24)7Y = -1/4.
IV) [(-AT)?| =4.

The complete list of correct assertions is
A) L IO, TV B)I, 11 C)L 1, IV D) III, IV
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EX 2.4.4. Consider the matrices
3

O Q o Ut
O 0 AU N
OO O

Sy

I

|

QQ
S
|&‘—|

4
6
2

where a, b, c,d € R. Suppose that det A = 20. Find det B.

EX 2.4.5. Use Laplace’s rule to calculate the determinant of

1 2 0 1

5 2 30 1

4= 0O 0 6 7

30 60 1 29

EX 2.4.6. Consider the matrix

-2 -3 9 1
-2 5 13 3
4= 0 0 1 0
-4 -1 -4 0

and the matrix B = Ea3(—1) A E34(—5). Consider also the follow-

ing assertions.
I
II
111
v

) B is invertible.

) det(B) = 52.

) det( B)7'=-2.

) B™! = Ea3(1) A1 E34(5).

The complete list of correct assertions is
A)LII B)LII, IV C)UOL, IV D)II IV

EX 2.4.7. Determine

1 -1 -1
adilo 1 0
0 O 1
EX 2.4.8. Find the cofactor Cy4 and the entry (A~1); of the inverse matrix
of

15 3 6 —4¢
—-15 1 1 30¢
A= 15 3 7 20:
15 3 8 12
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EX 2.4.9. Use Cramer’s rule to solve the system

8$1—6]J3:—4
— T+ 3x9 —x3 = —4

21’1 — X9 = -2

EX 2.4.10. Let A, and b, g be the matrices

1 a+i 2 I}
Aa=1|-1 1 =2| byapg= (0],
0 a4+ 1 «

where «, 5 € C.

(a) Find all « € C for which A, is not invertible.
(b) With a = —i and 8 = 1, use Cramer’s rule to find the solution of
the system A,x = bg, 3.

EX 2.4.11. Let )

a
A=15
a2

QO W
o O

where a is a real number. Answer the following questions without
calculating A~', should it exist.

(a) Find all a for which A is invertible.
(b) Whenever A is invertible, find the entry-23 of A1

EX 2.4.12. Show that the determinant of a 3 x 3 matrix A satisfies Sarrus’
rule: the determinant of A is a sum of all products of entries
having the same shade in (a) minus the sum of all products of
entries having the same shade in (b).

a1
(a) az1
as1

aiil
() a1
a3
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2.5 At a Glance

The determinant is a K-valued function defined on the square matrices in
M, (K). It can be calculated either using Gaussian elimination or a formula,
Leibniz’s or Laplace’s. Easiest to calculate is the determinant of a triangular
matrix for it is the product of its diagonal entries.

Matrix multiplication is not commutative but |AB| = | BA|. Moreover, the
determinant is invariant under transposition.

The determinant can be used as a test for invertibility since invertible
matrices are those having a non-zero determinant, and the inverse can be
calculated by means of determinants.

Cramer’s rule gives an explicit formula to obtain the solution of a system
of linear equations as quotients of determinants, under the constraint that the
system has a square coefficient matrix and a unique solution.
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If one were to be asked what matrices, polynomials, and vectors have in com-
mon, the first answer to spring to mind would be ‘nothing’. This chapter is
about proving this answer wrong.

What links matrices, polynomials, and vectors is the concept of vector
space. We shall see how far reaching it is to look at these apparently far re-
moved entities through the lens of this abstract concept.

Mathematics is the art of giving the same name to different things.
Henri Poincaré

Matrices profit from being regarded as vectors but this is a symbiotic
relation: the analysis of vector spaces relies heavily on matrix techniques.
Although this chapter might look at first as totally different in nature from
the previous ones, we will see that vector spaces and matrices are definitely
entangled. This entanglement is so strong that we will introduce in §3.4 four
fundamental vector spaces associated with any given matrix . Their relevance
is such that these vector spaces will be present in all of the remainder of the
book.

To remain true to our purpose, the outstanding number in this chapter is
the dimension of a vector space, of which much of the theory revolves around.
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3.1 Vector Spaces

A vector space over K or a linear space over K is a non-empty set
V' endowed with the operations of addition + and scalar multiplication p

addition +:VxV =2V

(u,v) »u+wv

scalar multiplication w:KxV -V

(a,u) = au

satisfying, for all u,v,w € V and o, 8 € K,
i) u+tv=v+u
(i) u+ (v+w) =(u+v)+w
(iii) There exists an element 0 in V', called the additive identity, such that

u+0=u=0+u

(iv) Given u € V, there exists an element —u € V, called the additive
inverse of u, such that

u+(—u)=0=(—u)+u
(v) a(u+v)=au+av
(aB)u = a(fu)

(vi)
(vii) (a4 B)u = au + fu
)

(viil) lu =u

When K = R (respectively, K = C), V is also called a real vector space
(respectively, a complex vector space).

An element of a vector space is said to be a vector or point. Axioms
(i),(ii) say, respectively, that the addition of vectors is commutative and asso-
ciative. We can also see in (v) and (vii) that the multiplication by a scalar is
distributive relative to the addition of vectors and that the multiplication by
a vector is distributive relative to the addition of scalars.

The additive identity is unique: if 0 and 0 were additive identities, then,
by (iii) above,

0=0+0=0.
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Notice also that, given w € V', we have Ou = 0. Observe that
u=1lu=(140)u=1lu+ 0u=u+ Ou.

Adding the vector —u to both members of the equality u = u + Ou, it follows
that Ou = 0.

Similarly, the additive inverse of a vector w is unique. In fact, should there
exist vectors uy, ug such that

u+uy =0=1u-+ us,

then
u; =uy + (u+u2) = (ug +u) + ug = us.

Moreover, —u = (—1)u, since
v+ (-u=(1+(-1)u=0
Consider again the set
K" = {(a1,a2,...,a,) : a1,as,...,a, € K}

consisting of the n-tuples of scalars. We shall use throughout the following
notation for u € K™:

u = (ay,ag,...,ay) or u=

Although less frequently, we shall also use
ai
az

[u] =

anp

For all u,v € K" and a € K, define addition and scalar multiplication by

ai 2 ay + by
ag bg as + bg
ut+v=|.|+|.|= .
an |bn an + by
N N~
u v
[aay
aa9
au =

[0707%)
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(aar, aaz)

(a1 + b1, a2 + b2)

au R
I Tu+twv

< /

(a1, a2)/-~ /(bl,bQ)

FIGURE 3.1: Addition and multiplication by a scalar for R%-plane vectors.

It is easily checked that, when endowed with these two operations, K" is a
vector space over K. That is, these operations satisfy Axioms (i)—(viii). We
shall see in §3.3 that K", although being a concrete example of a vector space
over K, captures the essence of these spaces and will act as a model and a
source of insight for the general spaces.

At this point, it is worthwhile noting that the vectors of R™ are a natural
generalisation of the R2-plane vectors and the R3-space vectors. The same
applying to the operations of addition and scalar multiplication. Figure 3.1
illustrates these operations on the R2-plane.

Example 3.1 Let A be a kxn matriz over K and let Ax = 0 be the associated
homogeneous system of linear equations. The solution set S # () of this system
is contained in K™ and, together with the restriction of the addition and scalar
multiplication of K", is itself a real vector space.

To see this, we begin by showing that S is closed for the addition of vectors
and scalar multiplication, that is, given x,y,z € S and o € R, the vectors
x4y, az liein S. In fact,

A(X + y) = Ax —+ Ay = 07 A(OZZ) = oAz = O,

which shows that © + y,az € S, i.e., the vectors * + y,az are solutions of
Ax = 0.

The above ensures that addition of vectors and scalar multiplication are
well-defined in S. Notice also that 0 € K™ lies in S (Axz. (iii)) and that, for
each & € S, its additive inverse —x = (—1)x lies in S (Ax. (iv)).

It would remain to show that Axioms (i), (i), and (v)—(viii) are satisfied.
But that we know for granted, since the operations on S are the restrictions
of those in K.
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Exercise 3.1 Show that the following are real vector spaces.

a) The set My, »,(R) of real kxn matrices with the usual addition of matrices
and multiplication of a matrix by a scalar.

b) The set P, of real polynomials
p(t) = ap + a1t + -+ - + ant”, ag, a1, ...,a, €R

of degree less that or equal to n with the usual addition of real functions
and multiplication of a function by a scalar.

c) The set P of real polynomials (of any degree) with the usual addition of
real functions and multiplication of a function by a scalar.

d) The set C([a,b]) of continuous real functions on the real interval [a,b],
with a < b, endowed with the usual addition of real functions and mul-
tiplication of a function by a scalar.

Example 3.2 The solution set of the homogeneous system

i —i 0 ;1 o
—144i 1—4 0|72~ |o
x3

A

is the vector space S= {(x1,72,73) € C*® : m1 = x3}. Notice that S is con-
tained in C3, yet another vector space.

Exercise 3.2 Show that the following are complex vector spaces.

a) The set My, ,(C) of real kxn matrices with the usual addition of matrices
and multiplication of a matrix by a scalar.

b) The set P, of real polynomials
p(t) =ao+ a1z + -+ apz", ag, a1, ..., an € C

of degree less that or equal to n with the usual addition of complex func-
tions and multiplication of a function by a scalar.

¢) The set P of complex polynomials (of any degree) with the usual addition
of complex functions and multiplication of a function by a scalar.

Examples 3.1 and 3.2 outline a particularly relevant kind of subset in a
vector space V, that that together with the restriction of the operations on V'
is itself a vector space.

Definition 24 A non-empty subset S of a vector space V over K is said to be
a vector subspace or a linear subspace of V' if, together with the restriction
of vector addition and scalar multiplication on V, S is itself a vector space
over K.
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Proposition 3.1 Let S be a non-empty subset of a vector space V over K
which is closed for the vector addition and scalar multiplication in V| i.e.,
foru,v € S, a € K, the vectors u +v € S and au lie in S. Then S is a
subspace of V.

Proof Ezercise (follow Example 3.1).

Notice that with this proposition we have an equivalent definition of sub-
space. Indeed, a subspace of V' could be equivalently defined as a non-empty
substet of V' which is closed for vector addition and scalar multiplication.

Example 3.3 Ezamples of subspace of R? are
a) {(0,0)}, b) a line through {(0,0)}, c) R2.
Observe that all of the sets a)-c) contain the point (0,0).

Can you find more subspaces of R?? Try.

Proposition 3.2 Let S be a subspace of a vector space V' over K. Then the
zero vector 0 lies in S.

Proof Let uw be a vector in S (observe that, by definition, S # (). Since
S is a subspace, then Ou € S, i.e., Ou =0 € S.

A consequence of Proposition 3.2 is that any subset of V' which does not
contain the zero vector cannot be a subspace. For example, it is immediate
that the line of equation y = 2 is not a subspace of R? (see Figure 3.2).

How to see if a subset is a subspace

Let S be a non-empty subset of a vector space V.
1. Check if 0 € S. If it does not, then S is not a subspace.

2. If 0 € S, then take two arbitrary vectors w,v € S and an arbitrary
scalar o and verify whether u +v € S and au € S (as in Example
3.1). If both conditions are satisfied, then S is a subspace. If at least
one of them fails, then S is not a subspace.

We shall see further on that R? does not possess any subspaces apart from
those in Example 3.3 (cf. Example 3.13). But that requires developing further
the theory of vector spaces which, at this point in the book, is not mature
enough to answer with confidence the (apparently) simple question
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FIGURE 3.2: The straight line y = 2 is neither closed for the multiplication
by scalars nor for the addition of vectors.

Which subsets of R? are subspaces?

3.2 Linear Independence

Definition 25 Let wi,us,...,u, be vectors in a vector space V over K. A
linear combination of ui,us,...,ux is any vector which can be presented
as

a1ul + QU + - -+ apuy,

where oy, s, . ..,q are saclars.
The set span{uj,us,...,ur} consisting of all linear combinations of
{uy,us,...,u;} is called the span of the vectors ui,us,...,ug, i.e.,
span{ui, ug, ..., ur} = {aqu; + asus + - - + apup: ap,q,. .., € R}
Proposition 3.3 Let uy,uq,...,u; be vectors in a vector space V over K.
Then the set span{uy, ua,...,u;} is a vector subspace of V.
Proof We must show that span{ui,us,...,ur} is a (non-empty) set

closed under vector addition and scalar multiplication. We start by showing
that span{uy, ua,...,ur} is closed for vector addition.
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Let u,v be wvectors in span{ui,us,...,ur}, i.e, there exist scalars
ay,Qo, ..., and B, Pa, ..., Br such that

U= a1u; + a2 + -+ - + Qpuy,

and
v = frug + Baug + - - + Brug.

Hence, using the properties of the operations + and p,
u+v=(1us + aug + - + agug) + (b1ur + Baus + -+ - + Bruyg)
= (a1 + 1) us + (g + Bo) ug + - - + (g + Br) ug.
—— —— S——

71 2 Tk

Consequently, there exist scalrs 1,72, ...,k Such that

U+ v =7+ Yeu2 + - YU,

from which follows that w + v lies in span{uy, usa,...,ur}t. In other words,
span{ui, g, ..., ur} is closed under vector addition.

Now let o be a scalar and let u = ayug + s + - - - + apur be a vector in
span{uy, g, ..., ur}. Then, using once again the properties of the operations
+ and p,

au = a(aiu; + agus + -+ - + agug)
= a(aqur) + alasus) + - - - + alapuy)

= (aar)ug + (aa)us + -+ - + (@) ug.

Hence, au is a linear combination of wuy,us,...,ur. Hence au €
span{ui, g, ..., ur}, as required.

Example 3.4 The span of each of the sets below is R?:

a) {(1,0),(0,1)};

b) {(1,1),(=1,0)};

¢) {(1,1),(=1,0),(2,3)}.

This is clear for the set in a). We show now that the span of the set in
b) is R2.

We must prove that any vector (ay,az) € R? is a linear combination of
(1,1),(=1,0). That is, there must exist a, 3 € R such that

] ==+ o]
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This equality corresponds to the system of linear equations whose augmented
matrizc s

ami= 1y | )
e rank(wb])ﬂaﬂk(ﬁ o ZiD:”nk(A)

this system is consistent, that is, (ay1,as) lies in span{(1,1),(—1,0)}. Solving
the system, we get the unique solution o = as and 8 = as — ay.
In ¢), the linear combination in question is

] = bl e [o] - ]

corresponding to the augmented matriz
ai
a9 ’

1 -1 2
b=} 3
This system is consistent but no longer does it have a unique solution. In fact,
all linear combinations of (1,1),(—1,0),(2,3) with coefficients « = —y + a1 —
as, B = —v+ a2,y € R coincide with (a1,as).

Exercise 3.3 Show that the span of each of the sets in Example 3.4 is C2. Is
this surprising?

A set {wy,us,...,ui} of vectors in a vector space V is said to span V or
to be a spanning set for V if

V = span{ui,ug, ..., ux}.

The sets in Example 3.4 are spanning sets for R2. In a similar vein, it is
easily seen that

{(1,0,...,0),(0,1,0,...,0),(0,0,1,0,...,0),...,(0,...,0,1)}
is a spanning set for R (and also for C").

Example 3.5 The straight line in R3 defined by the equations y = —x,z = x
is spanned by the single vector {(1,—1,1)}.

On the other hand, the plane S in R3 with equation y = x needs two vectors
to be spanned. For example, a spanning set for this plane is {(1,1,0),(0,0,1)}.
In fact, any vector w in S is of the form u = (a, a,b), for some a,b € R. Hence,

w=a(1,1,0) + b(0,0,1).

Given a vector space V', we have seen that it is possible to have several
sets which span V. Moreover, as suggested by Example 3.4, some spanning
sets are minimal. The sets in a) and b) span R? in a more ‘economical’ way
than the set in ¢). This set has one vector too many.

At this point, we are left with some questions.
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(i) Can one always find a spanning set for V7
(ii) How does one select the minimal spanning sets (avoiding redundancy)?

(iii) If, say, two vectors span V', do any two vectors span V7

Question (iii) has a clear No for an answer. Already we can see this in the
discussion above. For example, to span a plane in R? (containing (0,0,0)) we
need two vectors but they must not be colinear. To span R3 we need three
vectors but none of them can be in the plane (or the line) spanned by the
other two, i.e., the three vectors must not be coplanar.

The point seeming to be that, when selecting a spanning set, we must be
sure not to include a vector which is already in the space spanned by the
remaining vectors (as this vector does not bring anything new to the set of
linear combinations of the other vectors). This still vague idea is conveyed
precisely by the notion of linear independence.

Definition 26 A subset {uy,us,...,ur}t of a vector space V over K is said
to be a linearly independent set, or that the vectors wy,us,...,u are
linearly independent, if

oqul Fasus + - Fapur =0 = or=ay=---=q;=0. (3.1)

In the definition, we could have used an equivalence instead of the implication.
In fact, if we set ay = ag = -+~ = o, = 0, it is clear that

arug + asug + -+ apup = 0.
It is evident from the definition that
any subset of V' containing the zero vector cannot be linearly independent

because the linear combination whose coefficients are all equal to the scalar 0
except for that of the vector 0, which can be any given non-zero number, will
coincide with 0.

Why condition (3.1) conveys the idea that span{wi,us,...,u;} loses
something if any single vector is removed from the set might not be clear at
first. However, before illuminating this part (postponed until Theorem 3.1),
we shall explore firstly linear independence per se.

Example 3.6 The vectors (1,0,1),(0,—1,1),(1,1,1) € R3 are linearly inde-
pendent. In other words,

1 0 1 0
a; [0 +as [—1| +a3 [1| = |0
1 1 1 0
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only when a; = ag = ag = 0. This means that the homogeneous system

1 0 1| | 0
0 -1 1| |ag| = |0
1 1 1] |as 0

1 0 1
rank 0 -1 1
1 1 1

must be equal to 3 which is the case. Hence the vectors (1,0,1),(0,—1,1),
(1,1,1) are linearly independent.

Exercise 3.4 Show that the sets in Example 3.4 a), b), and Ezercise 3.3 a),
b) are linearly independent and that the set in c) of the same examples is not
linearly independent. Check that removing any single vector from the sets in
Ezample 3.4 ¢) and Exercise 3.3 ¢) makes the new set a linearly independent
set which still spans R? or C2, respectively.

Definition 27 A subset {ui,usq,...,ur} of a vector space V which is not lin-
early independent is called linearly dependent or the vectors wy, us, ..., uy
are called linearly dependent vectors.

The vectors in Example 3.4 ¢) are linearly dependent.
The next proposition generalises the ‘behaviour’ appearing in Example 3.6
and Exercise 3.4.

Proposition 3.4 Let ui, us, ..., ur be vectors in K™. The vectors ui, ua, . . .,
uy are linearly independent if and only if

rank ([ur | w | ... | w])=k
Proof Let
aq
Qs
A=[ur | u ) w, X =
€73
The vectors wy,us, ..., u are linearly independent if, and only, if the equa-

tion Ax = 0 admits the trivial solution only. That is, if and only if the corre-
sponding homogeneous system has a unique (trivial) solution. Consequently,
Ui, Us, ..., ug are linearly independent if and only if

rank ([ur | w | ... | w])=k

An important consequence of this proposition is the next corollary.
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Corollary 3.1 Let wy,us,...,u; be vectors in K™. If k > n, then the vectors
U1, U, ..., u, are linearly dependent.

Proof The rank of the matric A= [uy | uy | ... | | can never
be k, since rank A < n < k. It follows from Proposition 3.4 that wy,us, ..., uy
are linearly dependent.

How to find if a set of vectors in K” is linearly independent or
linearly dependent

Let wy,us, ..., u; be vectors in K.
1. Build the matrix whose columns consist of these vectors, i.e.,
A= [ul | we | ... | uk],
and use Gaussian elimination to find its rank;

2. If rank A = k, then the vectors are linearly independent, otherwise
they are linearly dependent.

Theorem 3.1 Let V' be a vector space and let wi,us,...,ur be vectors in
V. The vectors uy,us, ..., u are linearly dependent if and only if one of the
vectors is a linear combination of the others.

Proof We show firstly that, if some vector in {uy,us,...,ur} is a linear
combination of the others, then wi,us, ..., ug are linearly dependent.

Suppose, without loss of generality, that there exist scalars as, . .., o such
that wy is a linear combination of the other vectors, i.e.,

UL = QUg + - - + QpUg.

Then
(=) uy + agug + -+ + apug = 0,
~—~—
#0
which shows that wi, s, ..., u, are linearly dependent.
Conversely, suppose now that wy,Us, ..., u, are linearly dependent, i.e.,
for some scalars aq, ..., ax, not all equal to zero,
aiul + asus + - - + apug = 0. (3.2)

Suppose, without loss of generality, that ay # 0. It follows from (3.2) that

(&) af
u1:_7u2_..._7

. 3.3
o o (3.3)
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Hence, wy is a linear combination of the other vectors, which ends the proof.

Suppose that u; is a linear combination of uo, ..., u; and let v be a vector
in the space span{uy, us, ..., ui}, i.e., for some scalars 1, B2, ..., B,

v = Bius + fouz + -+ + Brug.
Using (3.3), we have

(6 AL
pfrur + Paug + - + Brug = 1 <—a2u2—"'—auk> + Bauz + -+ + Brug
1 1

« «
= (—251 + 52) us + -+ (—kﬁl + 51«) U,
(o1 ag
from which follows that

span{uy,usg, ..., u} = span{us, ..., ux}. (3.4)

Hence the span remains unchanged if one eliminates from the spanning set
a vector which is already a linear combination of the others. In other words,
if one is to choose a minimal set to span a vector space, one needs to focus
on linearly independent sets. The next section is devoted to this kind of sets,
those linearly independent sets that span a vector space V.

3.3 Bases and Dimension

A crucial notion is that of a basis of a vector space. Intuitively, a basis
can be thought of as a system of coordinate axes with respect to which the
vectors are described, much like what happens in R? or R3, for example.
Roughly speaking, the number of axes in the system is the dimension of the
space.

Definition 28 A basis B of a vector space V is a (any) linearly independent
set that spans V.

Example 3.7 Here are some examples of basis of R2.

a) The set & = {(1,0),(0,1)} is a basis of R?, said the standard basis
of R?.

b) The set B={(1,1),(—1,0)} is another basis of RZ.
c¢) Another basis of R? is By = ... (find one).
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FIGURE 3.3: The coordinate vectors of u

= (2, 3) relative to the standard
basis and relative to B = (by, bz) with by = (1,1)

,bo = (—1,0).

Exercise 3.5 Express the vector (2,3) as a linear combination of the vector
of the basis B in b) above.

Solution. One wants to find oy, s € R such that

1 n -1 |2
(5] 1 [6%) 0 = 3|
This leads to solving the system whose augmented matrix is
1 -1 2
1 0 3’
yielding a1 = 3 e ag = 1 (see Figure 3.3).

The subset &, = {(1,0,...,0),(0,1,0,...,0),...,(0,...,0,1)} of R™ is the
standard basis of R".

Example 3.8

a) The set B = {(1,—i),(1,2i)} is a basis of C2. Since

1 1
rank [—i 21} =2,

A
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by Proposition 3.4, the vectors (1,—1i),(1,2i) are linearly independent.
Moreover, given (a,b) € C2, the system

a3 =)

is clearly consistent, showing that {(1,—i),(1,2i)} spans C2.
b) The set E3 = {(1,0,0),(0,1,0),(0,0,1)} is a basis of C3.

More generally, the set &, = {(1,0,...,0),(0,1,0,...,0),...,(0,...,0,1)}
is the standard basis of C".

Theorem 3.2 Let B = {by,ba, -+ ,br} be a basis of a vector space V over
K. Then every vector in V is uniquely expressed as a linear combination of
the vectors of the basis B.

Proof Let uw € V and let ay,as,...,ak, B1, B, ..., Bk scalars such that
u = arby +asbs + -+ + aby,

and
u = B1by + Baby + - - + Biby.

Subtracting the corresponding members of the equalities above, we have
0=u—u=oa1b; +azby + -+ arby — (B1b1 + B2ba + -+ + Brby).
Hence, using the properties of the operations + and p,

(a1 — B1)bi + (a2 — B2)ba + -+ - + (o — Br)br = 0.

Since the set {b1,ba, - ,bx} is a basis of V, the vectors by,ba, - by are
linearly independent and, therefore,
ar—Pr=az—fe=-=ap— B =0,
i.e.,
041:51’0@:523 BRI Oékiﬁk,
as required.
Let B = (by,ba, -+ ,bg) be an ordered basis of a vector space V and let

u = a1by + asbs + - - - 4+ aibg
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be a vector in V. Then the coordinate vector of u relative to the basis B is
the vector up (ou (u)g) in K* defined by

up = (0617012,"' aak)'

Whenever writing the coordinate vector of u as a column, we shall adopt the
notation

(€3] (&5

Q2 Qa2
usz = | . or [ulp =

(73 (673

Example 3.9 The coordinate vectors of (2,3) € R? relative to the basis B =
((1,1),(=1,0)) and to the standard basis €3 = ((1,0),(0,1)) are, respectively,
(2,3)8=1(3,1) e (2,3)e, = (2,3). What about (2,3)p, for By in Example 3.7
c)?

How to calculate the coordinates of a vector in K" relative to a

basis
Let (by,ba,...,b,) be a basis of K", and let  be a vector in K". To
calculate the coordinate vector g = (a1, as,...,a,) of x relative to the

basis B, i.e., to calculate the coefficients of the linear combination
w:a1b1+a2b2+~-+anbn
1) Solve the system whose augmented matrixis [by by ... by | x];

2) The coordinate vector xp = (a1, as,...,q,) € K" is the (unique)
solution of the system in 1) above.

Example 3.10 Find a basis for the subspace of R?
S =span{(1,1,0),(0,0,1)}.

Find also a vetor equation, parametric equations and cartesian equations for
S.

By Proposition 3.4, we know that the vectors in S are linearly independent
if and only if
1
1
0

Since the rank of the matriz is indeed 2, we can conclude that the vectors are
linearly independent. That is, the set S = {(1,1,0),(0,0,1)} is a basis for S.

rank

0
0 =2
1
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Hence, the vectors (x,y,z) in S are linear combinations of the vectors in
the basis of S. In other words, the vectors (x,y,z) of S satisfy the vector
equation of S

(z,y,2) =t(1,1,0) + (0,0, 1), (3.5)

where t,s € R.
The parametric equations of S can be immediately obtained from (3.5):

rx=t
y=t
Z =S

where t, s are real parameters.

Cartesian equations can be obtained in the following way. Let (x,y, z)
be an arbitrary vector of S. This vector is a linear combination of the basis
vectors of S and, therefore, the set

{(1,1,0),(0,0,1), (z,y,2)}

is linearly dependent (cf. Theorem 3.1). That is, (z,y,z) € S if and only if
the matriz

1 0 =z
A=1|1 0 y
01 =z

has rank less than 3. (Hence rank A must be equal to 2.) Keeping this in mind,
we reduce A to a row echelon form using Gaussian elimination:

1 0 =« 1 0 T 1 0 T
10 y| — |0 0 —z+y| — [0 1 z
01 2 " o1 2 | P o0 —xty

Observe that A must be the augmented matriz of a consistent system. In fact,
when consistent, it has a unique solution, given the linear independence of
the two first columns of A. It follows that —x 4+ y must coincide with 0.
Hence we obtain the cartesian equation x = y for the plane S. In this very
simple example, this equation could be obtained just by ‘looking at’ the set
{(1,1,0),(0,0,1)}. However, it served to illustrate a general method to solve
this kind of problem.

Proposition 3.5 Let B = (by,ba, - ,bg) be a basis of a vector space V' over
K. Given any vectors w,v € V and a scalar a, then

(u+v)p=ug+vp (au)p = aup. (3.6)

Moreover, the function T: V — K*, defined by T'(u) = ug, is bijective.
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Proof The proof of (3.6) is left as an exercise. The function T is surjective
because, given a vector (aq,qa,...,ax) € K*, the vector w € V defined by
u = a1b1 + asby + -+ - + ap by is such that

T(u) =ug = (a1, Q9,...,q).

Suppose now that u,v € V are such that T(u) = T(v). Then, by (3.6), we
have

T(u)=T(w) e T(u—v)=0gs < T(u—v)=(0,0,...,0).

——
k
Hence
T(U—’U) = ('U/—’U)B = (0507"'30)7
——
k
from which follows that
u—v=0b; +0by +---+ 0b;, = 0y
Consequently, u = v. Thus it has been shown that
T(u)=T(v) = u=mwv,
that is, T s injective.
Given a basis B = (b1,ba, - ,bg) of a vector space V over K, let T be
the function defined by
T:V — K"
U — up

which sends each vector w € V to its coordinate vector upg relative to the
basis B. By Proposition 3.5, T transforms vector sums in vector sums and
transforms scalar multiplication in scalar multiplication.

Functions between vector spaces having this two properties are called linear
transformations and will be the subject of Chapter 5.

Proposition 3.6 Let B = (by, by, - ,bx) be a basis of a vector space V

over K and let uy,...,u, be vectors in V. The vectors uy,...,u, are linearly
independent if and only if the vectors (u1)s,...,(uy)s in K¥ are linearly
independent.

Proof Since the function u — wug is bijective (cf. Proposition 3.5),

a1Uq + -+ apup = OV (37)
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if and only if
(a1u1 + -+ apup)g = Ogx .

By Proposition 3.5, we have

al(u1)3—|—~-~+ozp(up)5 = Okr . (38)
It follows that (3.7) has a unique solution (i.e., an = --- = o, = 0) if and only
if the same applies to (3.8). Hence, uq,...,u, € V are linearly independent
if and only if (u1)g,- .., (up)s € R* are linearly independent.

3.3.1 Matrix spaces and spaces of polynomials

Up to this point and although our definitons are general, in practical terms
we have been focusing on K™. It is now the time to see what we get when
addressing these concepts in more general vector spaces.

The ordered standard basis of the space My, (K) of the k x n real matri-
ces is the ordered set consisting of the real k£ x n matrices having all entries but
one equal to zero which takes value 1; the ordering is such that the non-zero
entry in the first matrix is entry-11 and it ‘circulates’ along the lines from left
to right.

For example, in the case of Mz (K), the standard basis is

w= (o o o o [0 3o 3]):

Given a matrix A = [a;;], we have

_ a1 a1z _ 1 0 0 1 0 0 0 0
R e R R i R R
Hence it is clear that A is a linear combination of the vectors, i.e., of the
matrices, in Be. It is also easy to see that B, is a linearly independent set. In

fact,
10 01 0 0 0 0] [0 0
0‘1[0 0]*“2[0 0}+0‘3[1 0}4“0‘4[0 1]_[0 0]’

yields a; = as = a3 = a4 = 0, which shows that B, is linearly independent.

We see that B, is a basis of My(K) and that, for a matrix A as above, the
coordinate vector Ap, of A relative to the basis B, is (a11, ai2, o1, asz) which
lies in K*. We have then that any matrix

Ao [an a12:|

has an image in K* according to
T: My(K) — K*
A Ap = (a11, a12, az1, azz).

Observe that Proposition 3.5 guarantees that T is bijective.
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Example 3.11 Find a basis B for the subspace S of Ma(R) spanned by the

matrices
1 1 1 1 0 0
B O e

Find also the coordinate vector Ap of A relative to the basis B.

We need to decide whether the set {A, B,C} is linearly independent be-
cause, if this were the case, {A, B,C} would be a basis, i.e., a linearly in-
dependent set which spans the space. On the other hand, we know that a set
of matrices in Ma(R) is linearly independent if and only if their coordinate
vectors relative to the standard basis is a linearly independent set in R* (cf.
Proposition 3.6). Hence we shall see if the vectors

Ag, = (1,1,1,1),  Bg,=(1,1,1,0),  Cs. =(0,0,0,-5)

are linearly independent. We wuse Gaussian elimination to reduce
[[A48.] [Bg.] [Cg.]] to a row echelon matrix:

11 0 1 1 0 1| 1 0
11 0 N 0 0 0 . 0/ =1 -5
1 1 0 0 O 0 0 O 0
1 0 =5 0 -1 -5 0 O 0

We see that Ag = (1,1,1,1), Bg = (1,1,1,0) are linearly independent, whilst
Cp = (0,0,0,—5) lies in the span{Ap, Bg}. Consequently, a basis of S is
B = (A, B).

The coordinate vector Ag is

([ 4,00

Notice that no calculations are required to obtain this coordinate vector since

A=1A+0B.

Observe that to solve this problem, we transferred it to a problem in R*,
a ‘copy/ mirror image’ of My (R) obtained using the coordinate vector of each
matrix relative to the standard basis. A crucial fact is that this copy is 1-to-1
and onto.
This is a trait of the book: whenever possible, we shall convert problems in
some general real vector space (respectively, complex vector space) having a
basis with n vectors in problems in R™ (respectively, C") using Proposition
3.6. That is to say, transferring the problem from the space to its space of
coordinate vectors relative to the given basis.

Let P,,, and let
p(t) = aptrart+ast> +- - +a,_1t" " a,t”, Aoy Q1,02 .y Gp_1,0n € R.

denote the generic polynomial.
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The standard basis of P, is the ordered set P, = (1,¢,...,t"). As
we have seen for matrix spaces, each polynomial p(t) = a, + ait + ast? +
-+ ap_1t" '+ a,t™ has an image in R” consisting of the coordinate vector
(ao,a1,a2,...,an_1,a,) of p(t) relative to the basis P,,.

Example 3.12 Find a basis for the subspace S of Ps spanned by X =
{L 1+t 1+t +t2 1+t + 2+ 3}

Similarly to Example 8.11, we shall resort to the coordinate vectors of the
polynomials relative to the basis P3. We obtain the matriz

1 1 11
01 11
0 0 11
0 0 01

which is already a row echelon matriz having rank 4.
Hence the set X is linearly independent and, therefore, a basis of S. We
shall see later that this forces S to coincide with Ps (see Theorem 3.5 (i)).

3.3.2 Existence and construction of bases

Lately we have seen how important bases are: they act as a ‘system of
coordinates’ with respect to which the space is described. This even allows for
treating any space having a basis with n vectors like K™ (cf. §3.3.1).

One might ask however whether this is always possible. Given a space,
does it always have a basis? And if it has two bases, say, is there a relation
between their cardinality?

The next two theorems answer these questions for spaces having a spanning
set. But before going into that, it should be pointed out that not all spaces
have a spanning set, that is, a finite set whose span coincides with the space.
For example, if one considers the set P of real polynomials, it is impossible to
find such a set for P. (Why?)

Theorem 3.3 FEwvery vector space over K with a spanning set has a basis.

Here we adopt the convention that the empty set () is a basis of V = {0}.

Proof The case V = {0} holds trivially. Let V # {0} and let X be a span-
ning set of V. We show next that X contains a maximal linearly independent
set Y, that is, any other subset of X which contains Y properly is linearly
dependent.

Let y1 be a non-zero vector in X, and observe that {y1} is linearly inde-
pendent. Now two situations can occur: either (a) every other vector of X lies
in the subspace spanned by yi, or (b) we can find yo € X such that {y1,y2}
is linearly independent.
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In the case (a), Y = {y1}. In case (b), one keeps adjoining vectors of X
to {y1,y2}, one at a time, until obtaining a linearly independent set Y which
cannot be enlarged, either because there are no more vectors in X, or because
all the remaining vectors in X\Y lie in spanY (see Theorem 3.1).

Let now Y C X be a maximal linearly independent set. It follows by the
above reasoning that every x € X is a linear combination of the elements of Y.
Hence, we have that each element of V' is a linear combination of the elements
of X, which are in turn all linear combinations of the vectors in Y. It follows
that Y spans V' (see (3.4)) and, being linearly independent, is a basis of V.

Theorem 3.4 Let By e By be bases of a vector space V- over K. Then By and
By have the same cardinality.

Proof Suppose, without loss of generality, that
k=#B1 < #Bs =n.

Since every vector in Bs is in the span of B1, one can construct a k X n matriz
A whose columns are the coordinate vectors of the vectors in By relative to
basis By. It follows that rank (A) < k < n. Hence, by Propositions 3.4 and
3.6, Bs is a linearly dependent set, yielding a contradiction.

The dimension of a vector space V', denoted by dim V, is the cardinality
of a (any) basis of V.

For example, the standard basis &, of R™ has n vectors, from which we
see that dim R™ = n. Obviously, we have also dim C" = n.

Going back to the examples in §3.3.1, we have that dim M>(R) = 4,
dimP,, =n+ 1, and dim .S = 2, where S is the subspace in Example 3.11.

Now we know that any vector space with a spanning set has always a
basis but also that not every vector space has a spanning set. We make here a
distinction between these spaces: a vector space with a spanning set is called
a finite dimensional vector space, whilst those vector spaces without such
a set are called infinite dimensional. In the sequel, all vector spaces are
supposed to be finite dimensional unless stated otherwise.

Recapping: now that we know that a finite dimensional vector space always
possesses a basis (and, therefore, infinitely many basis, if V' # {0}), it would
be desirable to have a way to find it (them). This will be accomplished in
Theorem 3.5 below which gives a way of obtaining bases from subsets of
vectors in V.

We begin with the following lemma.

Lemma 3.1 Let X = {uy,us, -+ ,ur} be a linearly independent set of K*.
Then X is a basis of K*.
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Proof It is enough to show that X spans K*, i.e, to show that, for all
v=(c1,c,...,c1) € KK, there exist ay, an, ..., ap € K such that

V= QiU + Uz + -+ QpUE.

But the system of linear equations

a1 C1
Q2 C2
[y | ug o lw] | =]
73 Ck
is consistent (and has a unique solution), sincerank ([uy | uz | -+ | wy]) =

k (compare with Proposition 3.4).
It has thus been shown that each vector v € R¥ is a linear combination of
Uy, Uz, UL, i.e., X spans KF.

Theorem 3.5 Let V' be a vector space over K of positive dimension k.
(i) Any k linearly independent vectors span V (i.e., form a basis of V).
(i1) Any subset of V' containing m vectors, with m > k, is linearly dependent.

(#ii) Any linearly independent subset of V' consisting of p vectors, where p <
k, is contained in a basis of V.

(iv) Any subset spanning V' contains a basis of V.

Informally, we can say that (iil) asserts that any linearly independent sub-
set of V' can be ‘augmented’ to yield a basis of V. Similarly, it is stated in (iv)
that any subset that spans V' can be cut down in order to obtain a basis of V.

Proof Let B = (by,ba, - ,by) be a basis of V.

(i) Let X = {uq,ua, - ,ug} be a linearly independent set of vectors in
V. By Proposition 3.6, the set {(u1)p, (u2)s, -, (ug)g} is a linearly inde-
pendent subset of K¥. Hence, by Lemma 3.1, the set

{(u1)s, (u2)5, -, (uk)s}

is a basis of KF.
Let v = a1 by + asbs + -+ - + ag by, be a vector of V. We want to show that

v lies in span X. Then, since ((u1)g, (u2)g, -, (ur)p) is an ordered basis
of KF, the vector (ay, s, ..., a;) € K¥ is a linear combination of the vectors
(u1)87 (’U’Z)Ba Tty (uk)B' That iS,

vg = (a1, 00,...,a;) = Bi(ur) + P2(u2)p + - - + Br(uk)s.
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Hence, by Proposition 3.5,

v = P1(u1)s + B2(uz)s + - + Br(ur)s
= (Bruy + Bouz + - + Brug)s

Using Proposition 3.5 again, we have
v = frug + Pauz + - + Bruk,

as required.

(i) Let X = {uq,uz, - ,um} be a subset of V and suppose that X is
linearly independent. It follows that X = {u1,ua, - ,ur} is also linearly
independent.!

Assertion (i) of this theorem guarantees that Xj is a basis of V, from
which follows that all vectors w41, ..., Um lie in the span of the basis Xj.
Consequently, by Theorem 3.1, the set X is linearly dependent, contradicting
the initial hypothesis of X being linearly independent. We have thus shown
that X is a linearly dependent set.

(iii) Let X consist of a linearly independent subset of V' having p vectors
and let B be a basis of V. Let {uy,...,u,} be a mazimal subset of vectors in
B such that {uq,...,u.} UX is linearly independent.

We claim that r = k — p. Observe that, if this is the case, then
{u1,...,u.} UX is a linearly independent set of k vectors which, by (i) of
this theorem, spans V. In other words, {uy,...,u,} UX is a basis of V.

We show now that r = k — p. Clearly r < k — p, since otherwise, by (ii)
above, {uq,...,u,} UX would be linearly dependent.

Suppose that v < k — p. Then the cardinality of {uy,...,u.} U X is
less than k. It is also the case that, by Theorem 3.1, B\{u1,...,u,} C
span({u1,...,u,} UX). Hence, as in (3.4),

V =span({ui,...,u,} UX),

from which follows that dimV = r < k, yielding a contradiction.

(iv) Let X be a subset of V' which spans V. We claim that there exists a
linearly independent subset Y of X with k elements. Observe that, since Y is
linearly independent then, by (ii) of this theorem, it cannot have more than k
elements.

Suppose that this was not the case, i.e, any linearly independent
set Y C X has less than k elements. Let r = max{#Y:Y C
X, Yis linearly independent} and let Y, be a linearly independent set con-
tained in X consisting of r elements. It follows that any other element of X
lies in spanY, and, therefore, spanY, = span X = V. Hence, Y, is a basis of
V', which contradicts the hypothesis of dimV =k > r.

Proposition 3.7 Every subspace of a vector space V. with dimV = k has
dimension less than or equal to k.

1Observe that any subset of a linearly independent set is necessarily also lineraly inde-
pendent because, if it were not then. .. (Exercise).
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Proof Let S be a subspace of V. If S = {0}, then the assertion holds
trivially.

Suppose now that S # {0}, and let y1 € S be a non-zero vector. Then the
set yy is linearly independent. Two situations can occur: either (a) every other
vector of S lies in the subspace spanned by y1 or (b) we can find yo € S such
that {y1,y2} is linearly independent. Now we only have to continue mimicking
the proof of Theorem 3.8 to get the desired conclusion. Notice that, by Theorem
3.5 (i), any linearly independent subset of S contains k vectors, at most.

Example 3.13 We are now in a position to classify the subspaces of R2.
Since dimR? = 2, we know, by Theorem 8.5 (ii), that any linearly independent
subset of R? has, at most, two vectors. Hence, given a subspace S of R?, its
basis can have zero vectors, one vector or two vectors, being S, respectively,
{(0,0)}, a straight line through (0,0), or R%. Notice that, by Theorem 3.5 (i),
any two linearly independent vectors span R2.

Example 3.14 This example is an application of Theorem 3.5 ().
Find a basis of the subspace S of R® spanned by

X ={(1,2,6),(1,1,1),(2,3,7),(0,1,5)}.

The wvectors (1,2,6),(1,1,1),(2,3,7),(0,1,5) are linearly dependent be-
cause, since the dimension of R® is equal to 3, any set with four vectors cannot
be linearly independent (cf. Theorem 3.5 (ii)). Observe that, if these vectors
were linearly independent, the dimension of R® would have to be greater than
or equal to 4, which is impossible.

Since X spans S, Theorem 3.5 (iv) guarantees that the set

{(1,2,6),(1,1,1),(2,3,7),(0,1,5)}

contains a basis of S. We must then find a mazximal linearly independent
subset of X, in the sense that it is not strictly contained in another linearly
independent set contained in X .

Hawving in mind Proposition 3.4, we reduce the matrixz

1120
2 1 3 1 (3.9)
6 1 75

to a row echelon matriz. We have then

11 2 0 1 1 2 0 1 1 2 0
213 1| —-1{0 -1 -1 1| — 0/ -1 -1 1
6 1 7 5 0 -5 -5 5 0 O 0 O

Observing that the pivots (in grey) are located in the first and second columns,
Proposition 3.4 yields that (1,2,6), (1,1,1) are linearly independent.
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On the other hand, using the row echelon matriz above, we know that the
homogeneous system associated with the matriz (3.9) has two free variables.
Denoting by («, 8,7, ) the elements of the solution set of this system, we have
that the free variables are v and 6.

If, for example, we let v =1 and § = 0, then there exist ay, 51 € R such
that

a1(1,2,6) + £1(1,1,1) +(2,3,7) + 0(0,1,5) = 0.
Hence
o1(1,2,6) + B1(1,1,1) + (2,3,7) = 0,

which shows that (2,3,7) is a linear combination of (1,2,6),(1,1,1).
Analogously it could be shown that (0,1,5) is a linear combination of
(1,2,6),(1,1,1), being enough to set v =0 and 6 = 1.
We conclude thus that the set {(1,2,6),(1,1,1)} is a basis of S.

It follows from the solution of this problem that a vector equation for S is
(,y,2) =1(1,2,6) +s(1,1,1),

with t,s € R, and that parametric equations of S are

r=1t+s
y=2t+s
z = 6t + s,

with t,s € R. Find a cartesian equation of S (see Example 3.10).

Example 3.15 This is an example of application of Theorem 3.5 (iii).
Show that it is possible to obtain a basis of R* containing {vi,vs,v3},
where

vy =(1,-1,-2,2) vy =(-3,5,5,—6)  wy=(1,-1,0,2).

We begin by reducing the matrixz [Vl | vo | V3] to row echelon form:
1 -3 1 1 =3 1 1 -3 1
-1 5 -1 . 0 2 0 02 0
-2 5 0 0 -1 2 0 0 |2
2 -6 2 0 0 0 0 0 0

By Proposition 3.4, we see that the vectors {v1,va,vs} are linearly indepen-
dent. Theorem 3.5 (i) guarantees it is possible to add vectors to this set in
order to construct a basis for R*.

Having in mind the location of the grey pivots, we see that, for example,
adding ey of the standard basis of R? to the set {v1,v2,v3}, we shall have a
matric

1 -3 1 0
2 -6 2 0
-1 5 -1 0
-2 5 0 1
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whose rank is necessarily 4. Notice that, in the above Gaussian elimination,
all elementary operations used leave the fourth column unchanged.

Now by Proposition 3.4 and Theorem 3.5 (i), we have immediately that
{v1,v9,v3,e4} is a basis of R,

3.4 Null Space, Row Space, and Column Space

Although this book has been written in the spirit of binding together
matrices and any other concept developed, it might be the case that this
section shows it like no other. Here we shall define four fundamental subspaces
associated with each matrix, definitely ‘entangling’ matrices and vector spaces.
These are the null space, the row space, and the column space of a matrix
and the null space of its transpose.

Definition 29 The null space N(A) of a k x n matriz A over K is the
solution set of the homogeneous system of linear equations Ax = 0.

We proved in Example 3.1 the following proposition.
Proposition 3.8 Let A be a k x n matriz over K. The null space
N(A) ={x e K": Ax =0}
is a vector subspace of K™.

Example 3.16 Part I: The null space of A.
Consider the matrix
11 2 2
A=11 2 1 1
2 3 3 3
To find the null space N(A), we must solve the homogeneous system Ax = 0.
Reducing A to a row echelon matriz through Gaussian elimination, one has

1 172 2 1 1 2 2 1 1} 2 2
1 21 1{—-(0 1 -1 -1 —= (0 1 -1 -1
2 3.3 3 01 -1 -1 0 070 0

The solution set of Ax = 0 is then
N(A) = {(z,y,2,w) ER*: ¥ = 32 — 3w,y = z + w}.
Since, for all (z,y,z,w) € N(A), we have

x 3z — 3w 3z —3w 3 -3
Y zZ4w z w | |1 1
z| z Tz + 0|~ %N tw 01|’
w w 0 w 0 1
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it follows that N(A) = span{(3,1,1,0),(-3,1,0,1)}. Hence, a basis of N(A)
is {(3,1,1,0),(-3,1,0,1))}, since this set is linearly independent. We have
now that dim N (A) = 2.

Notice that the way we constructed the spanning vectors of N(A) makes
them automatically linearly independent due to the ‘strategic’ placement of
zero in each vector. In fact, the only way to span the zero vector is by mak-
ing z = 0 = w. Hence, when finding a basis for N(A), if the method above
is used, then one does not have to verify whether the spanning vectors are
linearly independent: they always are.

We can extrapolate from this example that, given a matrix A, the dimen-
sion of N(A) coincides with the number of independent variables of the system
Ax = 0.

The nullity nul(A) of a matrix A is the dimension of its null space.

Definition 30 Let A be a k x n matriz over K. The row space L(A) of A
is the subspace of K™ spanned by the rows of A. Supposing that A is presented
in terms of its rows, i.e.,

1

A= .1, a1 ek,

we have
L(A) = {allrf—f—Oéng‘i‘ +akl£ 0,0, .., 0 € K}

The column space C(A) of A the subspace of KF by the columns of A.
Supposing A presented in terms of its columns, i.e.,

A=lc1 | ea | -+ | ca (c1,¢a,...,c, €KY) |

then
C(A) = {Blcl +/82C2 +- +ﬁnc’n : Bhﬂ?a"'?ﬂn € K}

Proposition 3.9 Let A be a k xn matriz over K and let B be a matriz which
is obtained from A through a single elementary operation. Then the row space
of B coincides with the row space of A.

Proof Consider the matriz

1

A= | . araf, . 1l ekm),
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The row space L(A) of A is the subspace of K™ spanned by the wvectors
17T, 1 e R?, e,

L(A) = {aal] + ol + -+ gl oy, 00, .., ap € K}
If B is obtained by exchanging two rows of A, e.g., ; <> 1;, it is obvious that
L(A) = L(B).
Suppose now that B is obtained by multiplying row 1; of A by the scalar
a#0, ie.,

A —— B.

al;

A linear combination of the rows of B is a vector of the form
all + ool + -+ ai(all) + -+ oyl
from which follows that

alll + ool + - 4 () + - 4 oydF

= Oéllf—kaglg-‘r"'—‘r (ozza)lf—l— —|—a;€l£. (310)

It is now clear that (3.10) is also a linear combination of the rows of A. Hence
we showed that L(B) C L(A).
Conwersely, let x be a vector in L(A). That is,

x=ll +aold + -+l + -+ oyl
Howewver,
arlf +aoly + - +ol! 4l
:a111T+a21§+~-+%(alf)+m+ak1{, (3.11)

which shows that L(A) C L(B), since the vector (3.11) lies in L(B).
Finally, suppose that B is obtained from A by replacing row 1; by 1; + olj,
where i # j and a is a scalar. Observing that

oanlf + ol +- + (1] +all) + -+ ayl] + -+ oglf
=l] Fooly +---Foll + -+ (aF+op)l] +-- -+ gl

and using a reasoning similar to that above, it is easy to see that L(A) = L(B).

Proposition 3.10 The non-zero rows of a row echelon matriz are linearly
independent.
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Proof Let R be m x n row echelon matriz which we supposed presented in
terms of its rows, i.e.,

L
I T 1T T
R=|"1|. 1717, 17 e K

lTYL
and consider the equality
a111T+a212T+~~~+04k1£:0, ap,Q2,...,0 €K7 (312)

where k < m is the index of the bottom most non-zero row of R. If ay; s
the first non-zero entry of 11, since R is a row echelon matriz, we have that
ag; = agj = -+~ = ag; = 0 (i.e, all entries of R in the j column are zero).
Hence, for (3.12) to hold it is necessary that oy = 0. Thus we obtain

Oéglg+"'+akl£:0> ag,...,af € K (313)

The submatriz consisting only of the rows la, ..., 1 is also a row echelon
matriz to which we can apply again the preceding reasoning, concluding that
as = 0. Repeating this procedure sufficiently many times, we have

ar=ag=--=qa=0
and, therefore, the rows of R are linearly independent.

Example 3.17 Part II: The row and column spaces of A.
Consider again the matriz

11 2 2
A=11 2 1 1
2 3 3 3

and its reduction to a row echelon matriz done in Part I (see Example 3.16).
By Proposition 3.9, the row space of A and the row space of any matrix
obtained from A using elementary operations coincide. Hence the row space of

11 2 2
01 -1 -1
00 0 O
is the row space L(A) of A. Observing that, on the other hand, the non-zero

rows of a row echelon matriz are linearly independent (cf. Proposition 3.10),
we have that the set {(1,1,2,2),(0,1,—1,-1)} is a basis of L(A).

The set consisting of the columns of A corresponding to the dependent vari-
ables (i.e., the columns corresponding to pivots) is linearly independent. Notice
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that, if one considers the matriz A’ obtained by removing the grey columns of
A, this matriz is a row echelon matrixz. Hence, since the number of columns is
equal to the number of pivots, the homogeneous system A’x = 0 admits only
the trivial solution. Since A’x is a linear combination of the columns of A’, it
is mow clear que that the columns of A’ are linearly independent.

On the other hand, if one adds any of the grey columns to the columns of
A’, i.e., any columns corresponding to an independent variable, this new set
is linearly dependent. In fact, these columns form an augmented matriz of a
system which is consistent and has a unique solution, showing that this grey
column is a linear combination of the columns of A’. We can now conclude

that {(1,1,2),(1,2,3)} is a basis of C(A).
We have finally that
dim L(A) = number of pivots = rank (A) = dim C(A)

dim N (A) = number of independent variables
= number of columns — number of pivots

= number of columns — rank (A),

from which follows that
dim N(A) + dim L(A) = number of columns.

A common mistake. When choosing the columns in the basis of C(A), one
must go back to the original matrix. One has to choose the columns in matrix
A corresponding to those having pivots in the row echelon matrix. It is a
common mistake to select those of the row echelon matrix. This is wrong.

How to find bases for the spaces associated with a matrix

Let A be a k x n matrix over K.
1. Use Gaussian elimination to reduce A to a row echelon matrix R.

2. The set of the rows of R having pivots is a basis of the row space
L(A).

3. The set of the columns of A corresponding to those in R having pivots
is a basis of C'(A).

4. Solve the system Rx = 0. Find a basis for this solution set (cf.
Example 3.16). This is also a basis of N(A).

One has only to reduce A to a row echelon matrix!
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In 2., above, alternatively, one could go back to A and choose the corre-
sponding rows. However, this might be tricky if row exchange was involved
in the Gaussian elimination. Moreover, the rows of A are more ‘complicated’
than those of R, since the latter have more zero entries, in general. Hence,
there is nothing to be gained from going back to A. Why do it then?

Proposition 3.11 Let A be a k x n matriz over K. Then,
(i) dim N(A) = n — rank (A4);
(i1) dim L(A) = rank (A);

(#ii) dim C(A) = rank (A).

Proof (i) The dimension of the null space is the number of independent
variables in Ax = 0 and, consequently, coincides with n — rank (A).

(i) This is a consequence of Propositions 3.9 and 3.10.

(#ii) Removing from A the columns corresponding to those without pivots
in the row echelon matriz, we obtain a matriz A’ whose columns are linearly
independent, since he system A'’x = 0 has only the trivial solution. It is also
the case that these columns correspond exactly to the mazximum number of
linearly independent columns in A, yielding dim C'(A) = rank (4).

The next theorem is an immediate consequence of this proposition.

Theorem 3.6 (Rank-nullity theorem) Let A be a k x n matriz over K.
Then,

n =dim N(A) 4+ dim L(A) = nul(A) + rank (A) (3.14)

Example 3.18 Find the spaces N(A), L(A),C(A), and check that Theorem
3.6 holds for )
A [ 1 4 0

—i 1 2]

We begin by finding N(A). Solving the homogeneous system Ax = 0, we

have )
1 ¢ 0 1 4 0
A= {—i 1 2@} i |00 2] (3.15)

The null space is, therefore,
N(A) = {(:Z?l,zg,xg) e C3: T = —1T2, T3 = O}
Hence, every vector (x1,22,x3) € N(A) can be written as

(21,29, 23) = (—ix2,22,0) = x2(—14,1,0)



Vector Spaces 113

from which follows that
Byay = {(=i,1,0)}
is a basis of N(A). Consequently, dim N(A) = 1.
Using (3.15), we see that

and that bases for these spaces are

BL(A) = {(17 ia 0)7 (Oa 07 22)}7 BC(A) = {(13 77;)7 (07 27’)}
Hence, dim L(A) = 2 = dim C'(4).

We see now that Theorem 3.6 holds, since

number of columns of A = dim N(A) +dim L(A).
3 1 2

Corollary 3.2 Let A be a k x n matriz over K. Then,
k = dim N(AT) + dim C(A),
rank (A) = rank (A7), and
n—k =dim N(A) — dim N(AT).
Proof Applying Theorem 3.6 to AT, we have
k = dim N(AT) + dim L(A") = dim N(AT) + dim C(A),

since L(AT) = C(A). The remaining assertions are immediate, since, by
Proposition 3.11, dim L(A) = rank (A) = dim C'(A).

The next example shows how the row space of a matrix can be used to
obtain a basis of a subspace of K".
Example 3.19 We want to show that the vectors

v; = (1,2,-1,-2,1), wvy=(-3,-6,5,5,-8), w3 =(1,2,—1,0,4)

are linearly independent and to find a basis of R® containing these vectors.

The vectors v1,v2,v3 are linearly independent if and only if the rows of
the matriz
1 2 -1 -2 1
-3 -6 5 5 -8
1 2 -1 0 4
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are also linearly independent. Using Gaussian elimination,

1 2 -1 -2 1 1 2 -1 -2 1
-3 -6 5 5 =8| =0 0 2 -1 -=5],
1 2 -1 0 4 00 O 2 3

R

from which follows that vy, vs,vs are linearly independent and, therefore, the

set
{(17 27 _]-7 _27 1)) (0707 27 _]—v _5)3 (0,0707 23 3)}

w1 uz us3

is a basis of span{vy,va, v3}. Notice that here we applied Proposition 3.9.
Since the pivots of R are situated in the columns 1,3, and 4, it is

clear that {ui,us,us,(0,1,0,0,0),(0,0,0,0,1)} is a basis of R5. Hence,

{v1,v2,v3,(0,1,0,0,0),(0,0,0,0,1)} is also a basis of R.

How to find a basis for the space spanned by a set of vectors
using the row space of a matrix

Let wq,us, ..., ux be vectors in K",

1. Construct the matrix whose rows consist of these vectors, i.e.,

T
u;

T
u;

A =

uy,
Observe that the vectors are column vectors and that to obtain row
vectors one has, therefore, to use transposition.

2. Use Gaussian elimination to reduce A to a row echelon matrix R.

3. A basis of span{uy,us,...,ur} = L(A) = L(R) is formed by the
rows of R with pivots.

Alternatively, we could use Proposition 3.4 to find a maximal subset of
linearly independent vectors of {wuy,us,...,ux}, that is, beginning with a
matrix B whose columns are w1, us, ..., ux (see also Example 3.10). But this
is more complicated inasmuch as we have always to go back to the initial
matrix B to get our answers. Again, why complicate things?

The next theorem characterises matrix invertibility in terms of the its null
space, row space, and column space.
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Theorem 3.7 (Necessary and sufficient conditions of invertibility

(II1)) Let A square matrixz of order n with entries in K. The following asser-
tions are equivalent.

(i) A is invertible.

(i1) N(A) = {0}.

(#ii) The rows of A are linearly independent.

(iv) The rows of A are a basis of K™.

(v) dim L(A) = n.

(vi) The columns of A are linearly independent.
(vii) The columns of A are a basis of K™.
(viii) dim C'(A) = n.

Proof The equivalence (i) < (ii) has already been proved (cf. Theorem
1.1).

(ii) < (v) The null space N(A) coincides with {0} if and only if the
homogeneous system Ax = 0 is consistent and has a unique solution. Hence
N(A) = {0} if and only if rank A = n and, therefore, if and only if dim L(A) =
n.

The equivalences (iii) < (iv) < (v) are immediate. Observing that
L(AT) = C(A) and that A is invertible if and only if AT is invertible (cf.
Proposition 1.18 (v)), it is obvious that(i) < (vi) < (vii) < (viii).

3.41 Ax=DbD

Let A be a matrix over K of size k x n. Let x¢ be a solution of the ho-
mogeneous system Ax = 0 and let x, be a particular solution of the system

Ax = b. In other words, we are supposing that x¢, x, are vectors in K" such
that

Axg =0 Ax, =b.
Example 3.20 Consider the system of linear equations
1 -1 o | [1
-2 2 0] |" 7 |2
————— |3
A

The solution set of Ax = 0 is {(w1,22,23) € R® : 21 = x2}. Hence, for
example, xg = (3,3, —17) is a solution of Ax = 0.
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Check that x, = (1,0,3) is a solution of the non-homogeneous system.
The vector x = x¢ + X, is a solution of Ax = b because

Ax = A(xo + xp)
= Axo + Ax,
=0+b
=b.
Conversely, it is easy to see that any solution of Ax = b has this form. In fact,
if x1 is a solution of Ax = b, we have
A(x1 —xp) = Ax; — Ax,p
=b-b
= ()7
from which follows that x(, = x1 —x,, is a solution of the homogeneous system

Ax = 0. Hence, we have once again that x; = X{, + X, that is, x; is the sum
of a solution of the homogeneous system with the particular solution x, of
Ax = b.
We can thus conclude that the solution set S of Ax = b can be presented
as
S =xp+ N(4),

where
xp + N(A) :={xp +x:x € N(A)}
(see Figure 3.4).
Proposition 3.12 Let A be a k x n matriz over K and let b be a k x 1

vector. The system Ax = b is consistent if and only if b € C(A). Moreover,
if Ax = b is consistent, then its solution set S is

S =xp+ N(4),
where xp a particular solution of Ax = b.

Proof Since Ax is a linear combination of the columns of A, that is, Ax
lies in C(A), it is clear that the system is consistent if and only if b lies in
C(A).

The remaining assertion has just been proved above.

3.5 Sum and Intersection of Subspaces

In this section we construct new spaces out of old ones.
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x3

FIGURE 3.4: The solution set S is obtained adding the particular solution
x, = (1,0, 3) to the solution set of the homogeneous system.

Definition 31 Let U and W be subspaces of a vector space V' over K. The
sum of the subspaces U and W, denoted U + W, is defined by

U+W={x+y:xcUNnyecW}

Proposition 3.13 Let U and W be subspaces of a vector space V. Then U+W
and U NW are vector subspaces of V.

Proof Notice that U+W and UNW are non-empty sets. Let a be a scalar
and let z € U+ W. Then there exist x € U and y € W such that z =x +y
and

az =a(x+y) =ar+ ay.
Since ax € U and ay € W, it follows that az € U + W. Hence, U + W s
closed under scalar multiplication.
To see that U + W is closed for vector addition, let z; and zo be vectors in

U+ W. Then there exist x1,x2 € U and y1,ys € W such that z1 = 1 + Y1
and zo = xo + yo. Hence

zitz=x1+y1 +tx2+ Y2
= (1 +®2) + (Y1 + Y2),

which shows that U + W is closed for the operation +.
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As to showing that UNW is a subspace, we begin with the scalar multipli-
cation. If € € UNW then ax € U, ax € W and, therefore, U NW is closed
under scalar multiplication.

Letx,y c UNW, thenx+y € U andx+y € W. Hence, x+y € UNW,
from which follows that U N'W s closed for vector addition.

Example 3.21 Find bases for U + W and U N W, where U 1is the plane
x+2y+2z=0 and W =span{(1,—1,1),(0,0,1)}.
Solution. The cartesian equation of U leads to

=y |1l |+2|0],

IS IS

from which follows that a basis for U is

By=<|1],]0

Hence U+ W = span{(1,-1,1),(0,0,1), (-2,1,0),(-1,0,1)}. To obtain a ba-
sis of U+W | we only have to find a maximal set of linearly independent vectors
contained in span{(l,—1,1),(0,0,1),(-2,1,0),(—=1,0,1)}. It is easy to see
that we can find three linearly independent vectors and, therefore, U+W = R3.

A cartesian equation for W is x +y = 0 and, consequently, UNW consists
of the vectors in R3 such that

r+2y+2=0
z+y=0

Hence, a basis for UNW is Byaw = {(—1,1,—-1)}.

Theorem 3.8 Let U and W be subspaces of a finite dimensional vector space
V. Then
dimU 4+ dim W = dim(U + W) + dim(U N W).

Proof Let Bynw be a basis of the intersection. Then, by Theorem 3.5 (iii),
we can find bases By and By such that Bynw C By, By . Hence, By U By
is a basis for Bysw. It is clear that By U Bw is a spanning set for U + W.
We show now that By U By is linearly independent. Let

BUUBW :{ul,...7ur7’l)1,...,'Um7’U)1,...'LUk}7

where {wy,...,u.} CU\NUNW), {v1,...,v0} CUNW, and {wy,... wi} C
WA\(UNW).
If

r m k
Doty Bty mw =0, (3.16)
i=1 j=1 =1
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then
r m k
Z o + Z Bjvj = — ZWWh
i=1 j=1 =1

from which follows that — Zle yw; € U. Consequently, Zle yw, e UNW

is a linear combination of {v1,..., vy}, yielding that Zle vw; = 0, since
the set {v1,...,Vm,w1,... wg} is the linearly independent set Byy. It now
follows that all scalars in (3.16) are 0 and, therefore, By U By is linearly
independent.

Notice that
#Byiw = #Bv + #Bw — #Bunw,

since the vectors in Byaw appear twice in # By ++4# Bw . Now, it is immediate
that
dimU 4+ dim W = dim(U + W) + dim(U N W).

Definition 32 Let V be a vector space and let U,W be subspaces of V. The
space V' is said to be a direct sum of U and W if V=U+W and UNW =
{0}. We denote by

V=UopW

the direct sum of U and W.

The sum U + W = R? in Example 3.21 is not a direct sum. However, if U
is the plane z = 0 and W is the straight line z = y = z, then R* = U @ W.

Example 3.22 Prove that, in a direct sum'V =U ®@ W, each x € V decom-
poses uniquely as * = u + w, with u € U,w € W.
Solution. Suppose that € = u+w and x = u' +w'. Then, u +w = x =
u' +w’. It follows that
u—u =w-—w

and, consequently, u—u' =0 =w —w', sincc UNW = {0}. That is, u = u’
and w = w'.

3.6 Change of Basis

Sometimes a problem becomes more tractable if one chooses an appropriate
basis for the space in question. In the problem tackled in Example 5.12 of
Chapter 5, we will see that it is more convenient to use a particular basis of
R? and then go back to the standard basis. Is there, however, an easy way to
relate the coordinate vectors in both bases? The answer is yes. We will justify
our answer in this section.
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Let V be a vector space over K of dimension k, let B; and By be bases
of V and let u € V be a vector. One might ponder whether there exists a
relation between the coordinate vectors ug,,us, € K* of u relative to B
and Bs, respectively. We shall see that there exists a matrix linking these two
coordinate vectors making it easy to ‘pass’ from one basis to the other.

Consider the bases By = (bl, by, - ,bk) and By of V. We have that

u = a1by + asbs + - - - + abg.
Hence, by Proposition 3.5,

(u)B, = (b1 + bz + - -+ + b)),
= (1b1)B, + (2b2)p, + -+ + (akbi)s,
a1(b1)s, + a2(b2)s, + - + i (br)s,-

This equality can also be written in a matrix form as

aq
Qo
up, = [(bl)Bz | (b2)5’2 | ce | (bk>62]
Qg
That is,
usp, = [(bl)Bz ‘ (bZ)Bz | s | (bk)Bz] ug, .
Mp, 8B,

The matrix whose columns are the coordinate vectors of the vectors of
basis B; relative to the basis B is called the change of basis matrix from
basis B; to basis Bs, and is denoted by Mg, 5,. Hence,

uBQ = MBz(—Bl u81 .

Example 3.23 Consider the basis B = ((1,1),(—1,0)) and the standard ba-
sis £ = (e1,ez) of R2. Use the change of basis matriz Mg, ¢, to find the
coordinate vector (2,3)p (cf. Figure 3.3).

We have just seen that

EL = [(e1)s (e2)s] [3} :

—
Mpeg,

Hence we have to find the coordinate vectors (e1)s, (e2)s, that is, solve the
systems whose augmented matrices are
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Since the coefficient matrices are the same, to save time we shall solve them
simultaneously. Then, using Gauss—Jordan elimination, we have

1 -1 1 0 1 -1 1 0 1 0 0 1
1 0 0 1 Io—1; 0 1 -1 1 I1+12 0 1 -1 1|

We have now that

from which follows that

o= BB

The next proposition asserts that the change of basis matrix is unique.
More precisely,

Proposition 3.14 Let V be a vector space over K of dimension n and let
B1, By be bases of V. Then, there exists uniquely a matrix M such that, for all
zcV, xp, = Mxg,.

Proof We prove the uniqueness part, since the existence has been taken
care of in the discussion above.
Suppose that, for all x € V,

/
X82 = Z\4XB1 = MX81~

1t follows that (M — M")xp, = 0.

Choosing g, = (1,0,...,0), we see that the first column of M and M’
coincide. Letting xp, be any vector in £y, we will obtain the uniqueness of the
change of basis matriz.

Example 3.24 Consider the ordered basis B = ((O7 1,0), (1,0, 1), (2, 1,0)) of
R3. Find the change of basis matriz from the standard basis of R® to the basis
B.

Setting E3 = (e1, ea, e3), the change of basis matric Mp g, is

Mg g, = [(e1)s | (e2)s | (e3)s].

We must find the coordinate vectors of ey, es, and es relative to B. That is,
we will solve three systems of linear which we will do simultaneously, as above.
Hence,

01 2 1 00 1 0 1 01 0
1 01 01 0]—=1]0 1 2 1 0 0] =
0 1 0 0 01 010 0 01
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1 0 1 0 1 0 1 0 0 -1/2 1 1/2
—- 10 1 2 1 0 0f—1(0 1 O 0 0 1 |—...
0 0 -2 -1 0 1 0 0 -2 -1 0 1
100 -1/2 1 1/2
-—= (0 1 0 0 0 1
0 0 1 1/2 0 -1/2
It follows that
-1/2 1 1/2
Mpeg, = 0 0 1
1/2 0 -1/2

How to find the coordinate vectors after a change of basis
Let V be a vector of dimension k£ over K and let B; = (bl, by, - ,bk)
and By = (ul,uz, cee ,uk) be a basis of V.

1. Find the change of basis matrix Mp,. i, as follows:

(a) for each vector by, with ¢ = 1,... k, determine the scalars
agz), .. ,a,(;) € K such that
b; = ali)u1 +o 4+ Ol;(:)uk§

(b) the coordinate vector (b;)g, of each b; relative to basis By is

of)
(bi)g, = | + |;
of?
(c) build the change of basis matrix
Mg, = [(b1)s, | -+ | (bu)s,]-
2. If x is a vector in V, then
xg, = [(bi)s, | - | (bu)s,] x5,
Mpy B,

Given a vector space V with dimV = k and two bases Bi,Bs of V,
the change of basis matrix Mg, 5, is always non-singular. In fact, since
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rank (Mp,«pB,) = k (cf. Proposition 3.4 and Proposition 3.6), this matrix
is invertible. Hence, using the equality

uBz = MBzHBl UB1 9

we have L
up, = (M82<—Bl) up,.

By Proposition 3.14, we obtain
M81<—Bz = (MBz(—Bl)_l'

Example 3.25 Consider the ordered basis B = ((0,1,0),(1,0,1), (2, 170)) of
—— —

by bo bz
R3. Find the change of basis matriz from B to the standard basis of R3.

The matriz Mg, 1s

Me,ep=[(b1)e, | (b2)e, | (bs)e,]

0 1 2
=11 0 1
01 0

Observe that we can now easily obtain Mp.¢g,. Indeed, we need only to cal-
culate the inverse of Mg ¢,, that is, Mp. g, = (Me,og)~* (compare with
Ezample 3.24).

When calculating a change of basis matrix between two bases, one should
ponder which change of basis matrix is the easiest to obtain. If there is one,
then find that change of basis matrix first and calculate its inverse, if neces-
sary.

3.7 Exercises
EX 3.7.1. Which vectors are a linear combination of u = (0,—1,1) e v =
(—1,-3,1)?

(a) (1,1,1)
(b) (—6,—2,-10)
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(c) (0,2,3)
(d) (0,0,0

EX 3.7.2. Consider the vectors u = (%,3,3), v = (3,3,1) and w =
(1,2,3). Write each of the following vectors as a linear combi-

1’393

nation of u, v, and w.

(a) (—=3,—%,-5)

(b) (2, %, )

(c) (0,0,0)

() (%, % 3)

EX 3.7.3. Let

vy = (-3,1,-5,-2) vy = (—2,0,4,2) vg = (6,3,0,9)
be vectors in R*. Find which of the vectors below lie in
span{vy, va, v3}.

(a) (=2,-3,7,-3)

(b) (O 0,0,0)

(c) (2,2,2,2)

(d) (-6,3,-6,1)

EX 3.7.4. Find which of the subsets of R?,R?, and R* below are vector sub-
spaces when endowed with the vector addition and multiplication
of vectors by scalars induced by those of the relevant vector space.

(a) {(0,a): a € R}
(b) {(a,1): a € R}

(c) {(a,b,c) ER3:b=a—c}

(d) {(a,b,c) € R3: a,b,c € N}

(e) {(a,b,c,d) ER*: b=a—c+d}

EX 3.7.5. Find which of the subsets below are vector subspaces when en-

dowed with the vector addition and multiplication of vectors by
scalars induced by those of the relevant R™.

(a) span{(—1,0, )} U{(x,y,2) eR®: 2z —y = 2}
(b) span{(—1,0,1)} U{(z,y,2) eR3 12 —y = —2}
(¢) {(z,y,2) ER3:z+2=3+y}
(d) {(z,y,2) e R? : 22 = 0}

) {(z,y,2) ERP:x=yAz+a=2}

)

vy, zw) ERY iz +22 —w=0A2 -2y —w=0}

e

{
{
{
f) {

(
(
(e) {(z
() {(
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EX 3.7.6. Show that M}, ,(R),P,,P, and C|a,b] (with a < b) are real vector
spaces and My, ,,(C) is a complex vector space.

EX 3.7.7. Consider the following subsets of the space Py of the real polyno-
mials of degree less than or equal to 2:

) {3at? —at + 3a: a € R}
b) {—5at? — 3t> + 3a — 4: a € R}
) {at? —2at? + 3a: a € R}
) {-Bat+3a—1:a R}
Which of the subsets above are vector subspaces of Py?

EX 3.7.8. Suppose that C? is endowed with the operations
o (v,y)+ (@.y) = (x+a',y+y) for (z,y), (2',y') € C?
e a(z,y) = (ay, —ax) for (z,y) € C?> and a € C

Is C? a vector space together with this operations?

EX 3.7.9. Which of the sets below are linearly independent? Find a basis for
the subspace spanned by each of the sets.

(a) {(1,1,0),(0,0,2)}
(b) {(2 4 12) ( 1 _17_1)a(274712)7(0a135)}
(c) {(1,2,3,4),(0,0,0,0),(0,1,1,0)}

(d) {(1+474,26,4—1),(2+ 24,4i,8 — 20)}

(e) {(1,2,6,0),(3,4,1,0),(4,3,1,0),(3,3,1,0)}
EX 3.7.10. Consider the subspace

W = {(z,y,2) €R®: x — 2y + 32 = 0}.

(a) Find an ordered basis B for W and dim W.

(b) Show that the vector v = (—4,—1,2) lies in W, and determine the
coordinate vector (v)p of v relative to B.

EX 3.7.11. Consider the subspace of C*
W= {(z,y,z,w) €EC*: ~dy+2=0 Az —y+z=wAz=mw}

(a) Find an ordered basis B of W. What is dim W?

(b) Does the vector v = (1,0,0,1) lie in W? If it does, find the coordi-
nate vector vg of v relative to B.
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EX 3.7.12. Let W be the subspace of R? spanned by the vectors u =
(1,0,0,1), v = (2,2,0,1), and w = (4,2,0,3).
(a) Show that S = {u, v, w} is not a basis for W.
(b) Determine a basis By for W and its dimension.

(¢) Find vector, parametric and cartesian equations for W.

EX 3.7.13. Add a vector of the standard basis of C3 to the set S =
{(—i,2i,3i),(1,-2,—2)} to form a basis of C3.

EX 3.7.14. Consider the vectors v; = (1,0,—-2,1),v5 = (=3,0,2,—1) in R%.
Add vectors of the standard basis of R* to S = {v1,v2} in order
to form a basis of R*.

EX 3.7.15. Let A be the matrix

1 1 -1 1
0 -1 3 0
A= -1 0 -2 0
0o -1 3 1

(a) Determine bases for the null space, the row space, and column space
of A.

(b) Verify the solution (a) using the Rank-nullity Theorem.

(¢) If C is an invertible 4 x 4 matrix, what is the dimension of the
null space of CAT? What is the dimension of the column space of

CAT?

EX 3.7.16. Determine a basis and the dimension of each of the spaces
N(A),L(A), and C(A) where

1 1 0

-3 ¢ O

A= 0 0 0
1 -1 0

EX 3.7.17. Let A be a real square matrix such that its column space is
C(A) ={(z,y,2) eR* x+y+2=0 Az —y =2z}

(a) Is the system

consistent?
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(b) Suppose that B is a square matrix whose null space is
N(B) =span{(1,1,1),(1,-1 —1)}.

If (1,2, 3) is a particular solution of

what is the solution set of this system?

(¢) Consider the matrix B above. What is the minimum value of
dim N (BT B)?

EX 3.7.18. Consider the subspaces of R*
U = span{(6,6,2,—4),(1,1,1,0)},
V={(z,y,2,w) € R*: —x =2y}
(a) Find a basis Byny for the subspace U N V.
(b) What is the dimension of R* + (U NV)?
EX 3.7.19. Let U and W be the subspaces of C*
U = span{(0,0,3 —4,0), (1 — 2,0,0,1 — 2i)},

W={(z,y,z,w) €ER* iz + 2y — 2z —iw=w—z Az —w=0}.
Find a basis and the dimension of each of the subspaces U N W
and U + W. Verify that the formula

dimU + dim W = dim(U N W) 4+ dim(U + W)
holds.

EX 3.7.20. Write the polynomial 5+ 9t + 3t? + 5t2 as a linear combination of
pr=2+t+t2+4,py=1—t+3t3 and p3 = 3 + 2t + 5¢3.

EX 3.7.21. Find if the subsets of polynomials are linearly independent or lin-
early dependent.
(a) {1+ 2t,12 —1+¢,t}.
(b) {14+t —t2+13,2t + 23,1+ 3t — t* + 3t3}.
(c) {t° —t*, 12,43 —2}.
EX 3.7.22. Let B = (1 — it, %+ + 2t) be an ordered basis of the vector space

Py of the real polynomials of degree less than or equal to 1. Find
the coordinate vectors (3 — 2t)z and (3 — 2t)p, .
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EX 3.7.23.

EX 3.7.24.

EX 3.7.25.

EX 3.7.26.

A =

IP—‘U'”OODHOOH

Linear Algebra

Let B= (t3,1+t,t+ 12,2 — 2t) be a basis of P3 and let S be the
subspace of P3 tal que

{(p®))5: p(t) € S} = {(z,y,2,w) ER* 1w +y + 2 =0},

where (p(t))p is the coordinate vector of the polynomial p(t) rel-
ative to B.

Find a basis Bg for S and the coordinate vector (3 + 2 — 2t%)5..

(-9 —7

4 0
as a linear combination of

2 1 1 -1 3 2
ALL 1}’ B7_3 2}’ 0[5 0]'

Consider the matrices

-1 1 2 0

3 2 4 1|

5 2

Find which matrices are a linear combination of the matrices
above.

Write
M =

-8 6
-8 -1

0

0

6

3

-1

7

Find the coordinate vectors of

C[1-2 142
A_{—l—i 2}

relative to the basis B = (A1, Aa, Az, Ag) of My(C) where

—i 11 0 0 0 0
[0 0}’ AQ_{O 0}’ A3_{1+z‘ 0]’ A4_[o l—i]’
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s= ([ S0 4 o 9

be a basis of M5(R). Let S be the subspace of Ms(R) such that

EX 3.7.27. Let

{Ag: Ae S} ={(z,y,z,w) ER*: x + 2z —w = 0},

where Ap is the coordinate vector of matrix A relative to B. Find
a basis Bg for S.

EX 3.7.28.

(a) Find the change of basis matrix Mg, ¢, from the standard basis of
R? to the basis B = ((—3,0),(—3, 3)). Find the coordinate vector

(la I)B
(b) Find the change of basis matrix Mg, 5 from the basis B’ =
((3,1),(~1,3)) to the standard basis.

(¢) Use the matrices above to obtain Mp. 5.

EX 3.7.29. Let B = ((0,3,0),(3,0,1),(1,4,0)) be an ordered basis of R®.

’ 9 27V 9 ’ 9
(a) Find the change of basis matrix Mp, ¢,.

)
(b) Use the matrix above to find v such that vg = {52}.
)

(C Find MB'<—57 where B’ = ((_%7Oa _%)) (17 %70)? (05 %,O))

(d) Use the two change of basis matrices to determine Mp/ g,.

EX 3.7.30. Let B be an ordered basis of the space P; consisting of the real
polynomials of degree less than or equal to 1. Let

3 1
MB<—7)1 = |:_1 5:|

be the change of basis matrix from the standard basis P; to basis
the B.

(a) Find (1 —t)5.
(b) Determine the basis B.
EX 3.7.31. Let S be the subspace of the space V' consisting of 2 x 2 upper
triangular real matrices having zero trace. Find a basis Bg of S

and a basis B of V' containing Bg. Determine the change of basis
matrix Mp, B, where B; is the basis of V'

s= ([ 5 3o 8)
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3.8 At a Glance

A vector space over the field of scalars K is a non-empty set endowed
with two operations, addition and scalar multiplication, satisfying some fixed
axioms. Examples of vector spaces are R, C"*, My, ,,(K), and P,,. Elements of
a vector space are called vectors.

In EX 3.7.8 we give an example of a set which satisfies all but one of these
axioms imposed on the operations. Although the property that is not verified
seems innocent enough, the ending result is that we do not have a vector space
in this case. In other words, all axioms matter.

Important subsets of a vector space are its subspaces, that is, non-empty
subsets that are closed under addition and scalar multiplication.

Two crucial concepts pervade the theory of vector spaces: linear combina-
tion and linear independence. Some vector spaces have a spanning set, that is,
a finite subset of vectors such that every vector in the space is a linear combi-
nation of those vectors. Some vector spaces do not have a spanning set, e.g.,
the space P of real polynomials. These are called infinite dimensional vector
spaces, as opposed to the former which are called finite dimensional
vector spaces. In the book, we deal almost exclusively with finite dimensional
vector spaces.

Minimal spanning sets must be linearly independent and they are called
bases of the vector space. All bases of a vector space have the same number
of vectors called the dimension of the space.

The dimension classifies finite dimensional vector spaces in the sense that
an n dimensional vector space over K can be essentially identified with K",
from a purely algebraic point of view. More precisely, vectors can be given by
their coordinates relative to a basis, thereby allowing for an ‘identification’ of
an n dimensional vector space over K with K".

Each matrix has four vector subspaces associated: its null space, row space,
and column space, and the null space of its transpose. These spaces are fun-
damental in the analysis of the properties of the matrix. The Rank-nullity
Theorem gives a formula relating the dimensions of these spaces. The general
solution of a system of linear equations is obtained in terms of a particular
solution and the null space of the coefficient matrix of the system.

In a vector space, coordinates relative to two different bases can be related
through the so-called change of basis matrix.
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This chapter is about the spectrum of a matrix. The spectrum is a set of
numbers, called the eigenvalues, each of which has an associated eigenspace
containing the eigenvectors. The so-called generalised eigenvectors allow for
establishing a similarity relation between the matrix in hand and a particular
upper triangular matrix which, in some cases, is in fact diagonal. By means
of this similarity relation, both matrices share many properties which might
be easier to come by analysing the triangular matrix instead of the general
matrix we started with.

The spectrum of a matrix is extremely important in applications such as
Quantum Mechanics, Biology, or Atomic Physics, to name a few. The appli-
cations in Chapter 7 will be mostly related with the spectra of matrices.

4.1 Spectrum of a Matrix

Definition 33 Let A be a square matriz in M, (K). A non-zero vector x € K"
is said to be an eigenvector of A if there exists A € K such that

Ax = Ax. (4.1)

Under these conditions, X\ is called an eigenvalue of A associated with x.
The spectrum of A, denoted by o(A), is the set of eigenvalues of matriz A.

DOL: 10.1201/9781351243452-4 131


https://doi.org/10.1201/9781351243452-4

132 Linear Algebra

To find the spectrum of A, it is necessary to solve the equation (4.1) or,
equivalently, to solve
(A—X)x=0. (4.2)

Since we want to find A € K for which there exist non-zero vectors x
satisfying (4.1), the homogeneous system (4.2) must have non-zero solutions.
Hence, the coefficient matrix A — Al must be singular. By Theorem 2.1, this
holds if and only if the determinant det(A — M) is equal to zero.

The polynomial p(A) = det(A — M) has degree n and is called the char-
acteristic polinomyal of A. The equation

det(A — ) =0 (4.3)

is the characteristic equation. The eigenvalues of matrix A are, therefore,
the roots of the characteristic polynomial of A.

Given an eigenvalue A, the eigenspace F()\) associated with the eigen-
value A is the solution set of (4.2). In other words, E()) is the null space of
A— ), e,

E(A\) =N(A-)\).

Example 4.1 Find the spectrum and bases for the eigenspaces of

0 -1 0
A=1|-1 0 0
0 0 -1

We begin by finding the eigenvalues of A. The characteristic polynomial of A
18

A -1 0 -
p(\) =det(A— M) =|—-1 —\ 0 =(—1—)\)‘
0 0 —1-2)\

=(=1=AMN=1)=(=1-X1*1-N).

The roots of p(\) = (—=1—N)2(1—=\), that is, the solutions of the characteristic
equation (4.3) are Ay =1 and Ay = —1, being the latter a double root. Hence,
the eigenvalues of A are \y = 1 and Ao = —1, and the spectrum of A is
o(A)={-1,1}.

The eigenspace E(1) consists of O and the eigenvectors corresponding the
eigenvalue \y = 1 and, therefore, E(1) is the null space N(A—1) of A —1.
Using Gaussian elimination to solve the corresponding homogeneous system,
we have
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z

FIGURE 4.1: Vectors u and v in the eigenspaces E(—1) and E(1), respec-
tively, and the vectors Au and Av.

The eigenspace E(1) is the solution set associated with the matrix A — I and,
therefore,

E(1) = {(z,y,0) € R®: 2 = —y}.

The eigenspace E(1) is, consequently, the straight line satisfying the equations
z =0, x = —y. Observe that E(1) is the solution set of a consistent system
having a single independent variable.

The eigenspace E(—1) consists of (0 and) the eigenvectors associated with
the eigenvalue Ay = —1, i.e., E(—1) = N(A+ I). Similarly to what has been
done above, we have

1 -1 0 1 -1 0
A+T=1]-1 1 o]l =lo o ol,
0O 0 0 0 0 0
yielding
E(-1) = {(z,y,2) € R*: 2 = y}.

The eigenspace E(—1) is the plane x = y corresponding to the solution of a
consistent system having two independent variables (see Figure 4.1).

If X\ is an eigenvalue, then the eigenspace E(\) is always the solution set
of a consistent system with, at least, one independent variable. Indeed, E())
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is the solution set of a homogeneous, hence consistent, system. On the other
hand, by the very definition of eigenvalue, the system (4.2) must have non-zero
solutions, that is, (4.2) has infinitely many solutions (cf. Proposition 1.3). It
follows, that there exists, at least, one independent variable.

Definition 34 Let \ be an eigenvalue of a square matriz A of order n over
K. The algebraic multiplicity m,(\) of A is the multiplicity of X as a root
of the characteristic polynomial p(X). The geometric multiplicity my(\) of
A is the dimension of the eigenspace E()).

In Example 4.1, we have

A=1 1
Ay =—1 2

Eigenvalue | mg(A) | mg(X)
1
2

Although in this example the algebraic and geometric multiplicities of each
eigenvalue do coincide, this is not the case in general (see Example 4.4).

Proposition 4.1 Let A be an eigenvalue of a matriz. Then, the geometric
multiplicity of \ is less than or equal to its algebraic multiplicity.

We will discuss the proof of this in Corollary 4.6 (see §4.4).

4.2 Spectral Properties

Proposition 4.2 Let A be a square matriz of order n over K, let
p(N) =ag+ a4+ a1 A" (—=1)"A"

be the characteristic polynomial of A, and let A1, ..., \, be the eigenvalues of
A (possibly repeated). The following hold.

(i) |A] = MAz -+ M.
(ii) an_1 = (=1)""Ltr A.
(i) tr A=3" \;.
Proof (i) Let
PAA) = A =AMz =A) - (An = A) (4.4)

be the characteristic polynomial of A (where the roots may not be all distinct).
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Observing that
p(0) = [A— 01| = |4

and letting A = 0 in (4.4), we have
[Al = A1 de -+ Ay

(i) This will be shown by induction. For n = 1, the statement is clear.
Suppose now that n > 2 and that the assertion holds for n — 1. Let A = [a;j]
be an n x n matriz and let p(\) = |A — M| be its characteristic polynomial.
Hence, using the Laplace’s expansion along the first row, we have

p(/\) ((111 — )\I) det[ A )\I 11 Zalelj

Recall that [(A — X)11] is the n — 1 x n — 1 matriz obtained by deleting the
first row and the first column of A — M. It then follows from the induction
hypothesis that the coefficient corresponding to A" 1 is

all(—l)"_l - (_1)n—2 tI‘[All] = (—1)n_1tI‘A.

Assertion (iii) follows immediately from (4.4) and assertion (ii).

A useful fact to keep in mind is that, for an n x n matrix A over K with
characteristic polynomial

PA) = (A1 =) (A2 = A)2 - (Ae = A)™, (4.5)
where A1, Ao, ..., A\p are all distinct, we have
r+ro+---+rr=n.
Before the next proposition, we need to make a definition.

Definition 35 Given a k x n complex matriz A, define the k x n matriz A
by A” = A;;. In other words, the entries of A are the complex conjugates of
the entries of A.

Example 4.2 Let A be the matrix

O [14i -2 543
A‘[ 76 12@‘}

The matriz A is
i 1-7 -2 —-5-—3i
I 6 1424
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Proposition 4.3 Let A be a square matriz of order n and let p be a positive
integer. Then, the following hold.

(i) The characteristic polynomial of A coincides with the characteristic poly-
nomial of AT

(i) If X € 0(A) and x is an eigenvector associated with X, then AP € o(AP)
and x is a eigenvector associated with \P.

(ii) If A € My (C) is a matriz with real entries, then A € o(A) if and only
if A € 0(A). Moreover,

E\) ={z : zc E(\)}.
Proof (i) Let par()\) and pa()\) the be characteristic polynomials of AT

and A, respectively. Since the determinant remains unchanged by transposition
(cf. Proposition 2.4), we have

par(A) = [AT = M| = [(A = AD)T| = |[A = M| = pa(V),

as required.

(i) Let X\ be a eigenvalue of A and let x be a vector in the eigenspace E(N).
The result is trivially true for p = 1. We shall prove the remaining cases by
induction.

Suppose then that (ii) holds for p—1, with p > 2, that is, AP 1x = \P~!x.
Then,

APx = A(APT1x) = AP 1x) = AP Ax = MPx.

(iii) Given A € K, x € K", we have A = Ax if and only if

Ax = Ax.

But A\x = AX and, since the entries of A are real numbers,

Ax = Ax = Ax.

It follows that A = Ax if and only if
Ax = AX.

Moreover, for each A € o(A),

E\) ={z:z € E(\)}.

Assertion (iii) above can be expressed in an informal (but catchy) way
as ‘complex eigenvalues of matrices with real entries always come in pairs: a
number and its conjugate’.
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Definition 36 A complex square matriz A = [a;;] is said to be a hermitian
matriz if A= AT,

The diagonal entries of a hermitian matrix are real numbers.

Proposition 4.4 Let A be a hermitian matriz. Then, the spectrum o(A) is
a subset of R.

Proof Let A be an eigenvalue of A and let ® = (x1,22,...,2,) be an
eigenvector of A associated with A, that is, Ax = A\x. Then

(Ax)" = (x)" =
(Ax)T =T =
T4 ==
Since A is hermitian, we have
x'A=Xx".
Multiplying both members of this equality by x on the right,
T Ax = MxT'x =
' (Ax) = x'x =
X x=x&'x=
N2+ a3+ +22) = N2? + a5+ +22).
Hence
A=X) (2} + a5+ +a3) =0,
#0
from which follows that A = X, that is, A € R.

An immediate consequence of this proposition is the following result.

Corollary 4.1 The spectrum of a real symmetric matriz is a non-empty sub-
set of R.

Example 4.3 When A is a real matriz, there is no guarantee that the char-
acteristic polynomial has a factorisation over R as that of (4.5). For example,
the characteristic polynomial of

0 -1
=]
is p(\) = A2 + 1 which has no real roots. This matriz has no real eigen-
values (see EX 5.8.13).



138 Linear Algebra

How to find the spectrum and eigenspaces of a matrix

Let A be an n X n matrix. To obtain the spectrum o(A) and the
eigenspaces proceed as indicated below.

1. Find the roots of the characteristic polynomial |A — AI|. In other
words, determine a factorisation

A= M| =1 = A" Ag = A (A — A

The spectrum o(A) = {A1, A2, ..., Ax}. The algebraic multiplicity of
each \;, fori=1,... k, is r;.

2. For each A;, with i« = 1,...,k, find the null space N(A — \;I), that
is, solve the homogeneous system A — \;I = 0. The eigenspace F()\;)
is this solution set.

3. For each \;, find a basis Bg(y,) of E()\;). The geometric multiplicity
mg(A;) of the eigenvalue A, is dim E(\;), that is, mg4(A;) is the number
of vectors in Bgy,)-

The invertibility of matrices has been characterised in every chapter so
far and this chapter will not be an exception. The next theorem provides a
necessary and sufficient condition for a matrix to be non-singular in terms of
its spectrum.

Theorem 4.1 (Necessary and sufficient conditions of invertibility
(IV)) Let A be a square matriz over K. The following assertions are equiva-
lent.

(i) A is invertible.
(1) 0 ¢ o(A).

Proof By Theorem 8.7 (ii), A is non-singular if and only if N(A) = {0}.
Since N(A) = N(A — 0I), it is immediate that A is non-singular if and only
if 0 ¢ o(A).

It is worth noticing that, whenever 0 is an eigenvalue of a matrix A, that
is, whenever 0 € o(A), the null space of A coincides with the eigenspace E(0):

E(0) = N(A — 0I) = N(A).

This simple (albeit important) fact, already implicit in the proof above, is
strangely often overlooked. The reader ought to keep it in mind.
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4.3 Similarity and Diagonalisation

We begin here the discussion of similarity mentioned at the beginnig of
this chapter.

Definition 37 Let A and B be real (resp., complex) n xn matrices. B is said
to be similar to A if there exists an invertible matrix S such that

B=5S"1AS

or, equivalently, if
SB = AS.

It is easy to see that B is similar to A if and only if A is similar to B. Con-
sequently, to simplify one says simply that A and B are similar matrices.

Theorem 4.2 Let A and B be n x n similar matrices.
(i) |Al = |B].
(ii) A is invertible if and only if B is invertible.

(iii) The characteristic polynomial pa(X\) of A coincides with the character-
istic polynomial pp(\) of B.

(iv) tr A =tr B.

(v) o(A) = o(B) and the corresponding algebraic multiplicities (respectively,
geometric multiplicities) of each eigenvalue coincide.

(vi) dim N(A) = dim N(B).
(vii) rank A = rank B.

Proof (i) Since A and B are similar, we have |B| = |S™1AS|. Hence, by
Propositon 2.3 and Corollary 2.1,

Bl = [S7H|AlIS| = AllSTH|S] = |A].

(i) By (i), we know that |A| # 0 if and only if |B| # 0. Hence, A is
invertible if and only if B is invertible.
(iii) We have

p(A) = |B = M| =|ST'AS — \I| = |S7tAS — A\S'IS].

Hence
pe(A) =[S (A= AD)S| = |A = | = pa().

(iv) This is a direct consequence of (iii) and Proposition 4.2 (ii).
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(v) By (iii), it is clear that o(A) = o(B). It is also clear that the algebraic
multiplicities coincide.

As to the geometric multiplicities of A € o(A) = o(B), notice that, if x is
a vector such that Bx = Ax, i.e., X is a eigenvector of B associated with the

eigenvalue A, then
Ax = Bx = S71ASx.

Hence,
ASx = ASx,

which shows that Sx is an eigenvector of A associated with A. In fact, x is
eigenvector of B associated with X\ if and only if Sx is an eigenvector of A
associated with the eigenvalue .

It follows that

EsN) ={yeK"y=5x,x€ Eg(\)}.

Here Eo(X) and Eg(\) are the eigenspaces of A and B, respectively, corre-
sponding to the eigenvalue \.

It is easy to see that a subset B = {x1,X2,...,Xx} of Eg()\) is linearly
independent if and only if the subset B’ = {Sx1,S%a,...,5%;} of Ea()) is
linearly independent. It now follows that B is a basis of Eg(X\) if and only if B’
is a basis of Ea(\), which proves the equality of the geometric multiplicities,
as required.

(vi) By (v), 0 € o(A) if and only if 0 € o(B). Hence, if both matrices are
invertible, then N(A) = {0} = N(B).

The only other possibility, is 0 being an eigenvalue of both A and B. In
this case, letting E4(0) and Eg(0) denote, respectively, the eigenspace of A
and B corresponding to 0, by (v), we have

dim N(A) = dim E4(0) = dim Ep(0) = dim N(B).

(vii) This follows immediately from (vi) observing that, by Theorem 3.6
and Proposition 3.11,

rank (A) =n — dim N(A) = n — dim N(B) = rank (B).

Exercise 4.1 Let D be the diagonal matriz over K

d 0 0
D=1]10 d2 O
0 0 ds

Find the eigenvalues and eigenspaces of D. (Take into account that the diag-
onal entries in the matriz might not be all distinct.)
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As it can be extrapolated from the exercise above, the spectrum of a diag-
onal matrix D can be easily determined: it consists of the diagonal entries of
D. Although finding the spectrum of a general matrix A is not usually easy,
it sometimes helps knowing when A is ‘comparable’ with a diagonal matrix.

Definition 38 An n x n matrix A over K is said to be diagonalisable if
there exist a diagonal matriz D and an invertible matriz S such that

D=S"1AS
or, equivalently, if
SD = AS.

Under these conditions, S is said to be a diagonalising matrix for A.

As one can see from the definition, A shares many features with D, for
example, the characteristic polynomial and, hence, the spectrum (see Theorem
4.2).

Theorem 4.3 Let A be a square matriz of order n over K. The following are
equivalent.

(i) A is diagonalisable.
(i) A has n linearly independent eigenvectors.
(iii) There exists a basis of K™ consisting entirely of eigenvectors of A.

Before embarking in the proof of the theorem, it is worth taking some time
to ponder its statement. Assertions (i) and (iii) are clear enough, however as-
sertion (ii) might cause some misunderstanding,.

A common mistake. Assertion (ii) does not mean that A has exactly n
eigenvectors which are linearly independent. It says that, amongst the eigen-
vectors of A, one can extract a linearly independent subset having n eigen-
vectors.

An n x n matrix over K has either no eigenvectors in K" (e.g., Example
4.3) or infinitely many (Why?).

Example 4.4 The spectrum of the matriz

is 0(A) = {i} and the corresponding eigenspace is E(i) = {(z,0): z € C}.

Obviously, this matrixz has infinitely many eigenvectors but any two eigen-
vectors are linearly dependent. In other words, this matrix does not satisfy the
conditions of Theorem 4.3.
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Exercise 4.2 Find two linearly independent eigenvectors for
—i 1
0 4’

We prove Theorem 4.3 next.

Proof We show firstly that (ii) implies (i). Suppose that A has n linearly

independent eigenvectors vi,va,..., vy, in K™, Let S be the non-singular ma-
triz
S:[Vl | Vo | | Vn].
Then
AS:A[vl | Vo | | vn]:[Avl | Avsy | | Avn}:
A 0 0 0 0
0 X O 0 0
= [Vl | Vo | | Vn:I - SD?

0 0 O 0 A\,

as required.
We show now that (i) implies (ii). Suppose then that A is diagonalisable.

It follows that AS = SD, where
| vl

S = [Vl | Vo

Observe that, since S is invertible, its columns are linearly independent vectors
in K*. We have

A 0 0 0 O
0 X O 0 0
AS: [Vl | Vo | Vn]
0 0 0 0 A,
<~
Alvi | vy | ovn] = [Ave | Aeve | | Anva)
<~
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Hence,
AV1 = )\1V1, AV2 = )\2V2, ey AVn = )\nVn,

from which follows that A has n linearly independent eigenvectors.
The equivalence between (i) and (iii) is obvious (see Theorem 3.5 (i)).

We are now able to identify which matrices are diagonalisable and which
are not. For example, Theorem 4.3 gives us a clear answer: the matrix in Ex-
ample 4.4 is not diagonalisable whilst that in Example 4.2 is a diagonalisable
matrix.

Example 4.5 We shall show that

is diagonalisable and shall see how this helps calculate the power A2920,

A simple calculation yields that the eigenvalues of A are +1:

eigenvalue | mq(X) | mg(X)
A=1 1 1
Ay =—1 1 1

The eigenspace E(1) is the straight line x = —y and the eigenspace E(—1)
is the straight line © = y. Choosing two linearly independent vectors, say,
vy =(—1,1) € E(1) evs = (1,1) € E(—1), Theorem 4.3 guarantees that A is
diagonalisable and that

1 0] _[-1 117 o —1][-1 1
0 -1 |1 1] |-1 of[1 1]
—— ——
D S-1 A S

The proof of Theorem 4.3 is constructive and, for that reason, provides a
way of constructing S. One has just to find the required number of linearly
independent eigenvectors and build a matrix whose columns are those vectors,
in no particular order. However, having done that, one has to be sure that, in
each column of D, the diagonal entry is the eigenvalue corresponding to the
eigenvector in the same column of S.

The diagonalising matriz S is a possible solution amongst many others,
since S depends on the chosen eigenvectors.

To find A%°20 we begin by calculating A?:

A?=(SDS ™2 =8SDS 'SDS !t =8D*S™ 1.
N——
I
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Generalising this process, it is easily seen that A%0?0 = §D20295=1 Hence,

o0 _ [~1 1)1 0 0207 9 1!
1 1o -1 11

=LAl el [0 3

|11 0 (=1)20200 | 1/2  1/2
S D S—1
[t
0 1)
This is a very simple case for which would be very easy to find A2°%0 with-
out using diagonalisation, since A = —Pjo. However, this serves the purpose

of illustrating a general process that is very useful when calculating powers of
(more complicated) matrices.

Collecting the insight given by this example:

Proposition 4.5 Let A, B be matrices over K such that A = SBS™!, for
some non-singular matriz S, and let n € N. Then,

A" = SB"S~ 1.
Proof FEzercise.

A difficulty that may occur when diagonalising a matrix is how to choose
the eigenvectors in order for them to be linearly independent, as required in
Theorem 4.3. The next proposition helps overcoming this difficulty.

Proposition 4.6 Let vy, vs,...,v, be eigenvectors of a square matriz A of
order k and let A1, Az, ..., A\, be the corresponding eigenvalues, all distinct.
Then vy, vs,...,v, are linearly independent.

Proof The assertion is trivially true forn = 1. Let 1 < n and consider the

eigenvectors vy, Vs, ..., U, and the corresponding eigenvalues A1, Ao, ..., Ay,
all distinct.

Suppose that the assertion holds for vi,vs,...,v,_1, i.e., the eigen-
vectors vy,va,...,Vn_1 are linearly independent. We want to show that
V1,V2,...,Vn_1,Uy are also linearly independent.

Suppose that, on the contrary, the vector v, is a linear combination of the
remaining eigenvectors. Observe that there is mo loss of generality with this
assumption. We have then that there exist scalars oy, s, ..., a,—1 such that

Vp = Q1U1 + QU2 + - + Qi 1Up—1-
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It follows that

Av, = \,v,
<

Aloqvr + aava + -+ iy 1Up—1) = A1 + a2va + - + @ 1Un-1)
<

@1 A1V + a2doV2 + - Q1 A1V 1 = Ap(0qv1 +agva 4 a1V 1)
Hence,
a1 A — Aoy +as( Ny — M)ve + -+ ap_1( Ay — Ap_1)p—1 =0
Since the eigenvectors vy, va, ..., V,_1 are linearly independent, we have

Oq()nn — /\1) =0
OéQ()\n - Ag) =0

an—l()\n - >\n—1) =0.

Since there exists at least one scalar o; # 0, it follows that \,, = \;, contra-
dicting the initial assumption of all the eigenvalues being distinct.

Corollary 4.2 Let A be an nxn matriz over K having n distinct eigenvalues.
Then A is diagonalisable.

Proof This is an immediate consequence of Theorem 4.8 and Proposition

4.6.
Proposition 4.7 Let A1, Aa,..., A, be eigenvalues, all distinct, of a square
matriz A of order k, and let Bg(x,), BE(x,), - -+ Be(x,) be bases of the corre-

sponding eigenspaces. Then Bp(x,) U Bgx,) U - UBgx,) 18 a linearly inde-
pendent set.

Proof Fori=1,2,...,p, let Bg,) = {051)7051')7 ... v,(»?} be a basis of the
eigenspace E(\;). We want to show that the set

B = {vgl),vél),...vg)}u {v§2),v§2),...vﬁz)} U'uu{vgp),v;p),.. v}

2 ° Tp
is linearly independent.

Suppose, without loss of generality, that v§1) is a linear combination of the
remaining vectors:

vﬁ” = ozél)vgl) 4+ 4 a%)vq) + 0452)1)%2) + aéz)vf) o+ ag)vg) +

uy uz

4ot agp)vgp) + aép)vép) 4t a(p)%(};) .

p

Up
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where, for some i = 2,...,p, the vector u; is non-zero. Observe that, other-
wise, vgl) would lie in the span of {vél), ... vfn})}, which is 1mpossible.

We have
Avgl) = Auy + Aug + - - - + Auy,
from which follows that
A(ur +Fug + -+ up) = Aiug + Aous + -+ Apup,.

Hence,
(/\1 — )\Q)UQ + -4 ()\1 — /\p)up =0. (46)

The non-zero vectors in {u1,Us,...,up} are eigenvectors corresponding to
distinct eigenvalues. It follows from Proposition 4.6 that they are linearly in-
dependent.

Since there exists in (4.6) at least one i € {2,...,p} such that u; # 0, the
eigenvalue A1 coincides with the eigenvalue \;, which contradicts the initial
assumption of all eingenvalues being distinct.

Proposition 4.8 Let A be a square matriz of order n over C. The following
are equivalent.

(i) A is a diagonalisable matriz.

(ii) For all eigenvalues A of A, the algebraic multiplicity of A coincides with
the geometric multiplicity of X.

Proof We begin by showing that (i)=(ii). Suppose that A is diagonalis-
able and that A1, e, ..., A\, are the eigenvalues of A. Then, the matriz A is
similar to a diagonal matriz D having in the diagonal the eigenvalues, repeated
according to their algebraic multiplicity (cf. the proof of Theorem 4.3). Hence,
foralli=1,2,...,p, the geometric multiplicity mq(N\;) satisfies

=dim N(D — \;I) (by Theorem 4.2)
=n —rank (D — )\, 1) (by Theorem 3.6)
=n—(n—mg(\))

= ma()\i)v

where mq(\;) is the algebraic multiplicity of \;.

We show now that (ii)=(i). Let A1, Aa,..., A, be the eigenvalues of A and
suppose that, for all i = 1,2,...,p, we have my(N;) = mq(A;) = 5. Notice
that

rt+ret+--+r,=n.
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Fori=1,2,...,p, let {vgi), 'uéi), ... v,(n?}, a basis of the eigenspace E(N\;). We
shall show that the set defined by
B:{vg),vél),...vg)}u{vf),vé) wPu U {0 o) p@)y

Tp

is a basis of K™ (cf. Teorema 4.3). Observing that B has n elements, it suffices
to show that B is linearly independent. But this follows immediately from
Proposition 4.7.

Given a matrix, as pointed out previously, the algebraic and geometric
multiplicities of an eigenvalue might not coincide. In fact, if this happens for
each of the eigenvalues, by Proposition 4.8, the matrix is necessarily diagonal-
isable.

How to diagonalise a matrix

Let A be an n x n matrix over K.

1. Find the eigenvalues and bases for the eigenspaces of A. If the sum of
the dimensions of the eigenspaces is n (meaning that A has n linearly
independent eigenvectors), then A is diagonalisable. Otherwise, it is
not.

2. If A is diagonalisable, then let Aj, A2, ..., A, be the distinct eigenval-
ues of A.

For all i = 1,2,...,p, let {UY),%),. vrb)} be a basis of the

eigenspace F()\;). Build the n x n matrix S whose columns consist of
the vectors in these bases arranged by juxtaposition, in no particular
order.

3. Build the diagonal matrix D whose diagonal entry in any column j
coincides with the eigenvalue corresponding to the eingenvector in
the column 5 of S.

4. Now we have A = SDS™ 1.

We end this section with an important result about similarity which is a
weaker version of a theorem known as Schur’s Triangularisation Theorem?.
We will prove next that any complex square matrix is similar to an upper

triangular matrix.

Theorem 4.4 (Schur’s triangularisation theorem) Let A be a k x k
complex matriz. Then, A is similar to a k X k upper triangular matriz whose
diagonal consists of the k (not necessarily distinct) eigenvalues of A.

ISchur’s Triangularisation Theorem states that any n x n complex matrix is similar to an
upper triangular matrix and the similarity matrix might be chosen to be a unitary matrix.
The definition of unitary matrix is given in Chapter 6.
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Proof We will prove the result by induction on the size of the matriz. If
n = 1, then the result holds trivially. Suppose now that the result holds for nxn
matrices. Let A be ann+ 1 x n+ 1 matriz with eigenvalues A1, ..., A, Ant1-

Let u be an eigenvector in C" 1 corresponding to the eigenvalue A\, 1 and
let B= {u,by,...,b,} be a basis of C"*! including u. Let N be the matriz
whose columns are the vectors of B, i.e.,

N=[u | b | ... | ba].
It follows that
AN=[Au | Ab, | ... | Ab]=[\wsiu | Aby | ... | Ab,],
that is -~ _
An+1 k... %
0 * ...k
NilAN: 0 [T 3 I
| O L

where the lower right hand corner B of A is an n xn matriz such that o(B) =

{1, A}
By the induction hypothesis, there exists an n+ 1 X n+ 1 invertible matrix
M such that

1 0
0 )\1 *
0 0 /\2 *
: *
10 0 O An ]
Hence,
(A1 x ok %]
a1 0 )\1 * . *
M™"N""ANM = 0 0 Ao ...
: *
| 0 0 O An ]

Finally, A= (NM)U(NM)~!, where U is an upper triangular matriz having
the n eigenvalues of A in the diagonal.
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Summing up: Theorem 4.4 states that, given a complex square matrix A,
there exist an upper triangular matrix U and an invertible matrix S such that

STtAS =U.

It is then obvious that both A and U must have the same eigenvalues which
appear in the diagonal of U. Notice also that the proof above can be done in
a way that equal eigenvalues in the diagonal of U are grouped together.

4.4 Jordan Canonical Form

Diagonalising matrices is a fine thing. It simplifies life in many ways, most
notably when calculating matrix powers. Unfortunately, not all matrices are
diagonalisable. However, we have a next best thing. The aim of this section
is to show how any given complex matrix A is similar to an upper triangular
matrix with a ‘lot’ of zero entries, said a Jordan canonical form of A, which
is ‘almost’ a diagonal matrix. To do this, we need firstly to collect some back-
ground and will do just that in the following two subsections. We will digress
through nilpotent matrices and generalised eigenvectors.

This section develops a considerable amount of theory to justify the exis-
tence of a Jordan canonical form for any given complex matrix. Notwithstand-
ing the possible ‘dryness’ of these proofs, Example 4.10 is a rather pedestrian
walk through the construction of a Jordan canonical form and gives a hands
on guide to the problem.

4.4.1 Nilpotent matrices

We want to consider here matrices which have a particular behaviour:
those for which there exists a power, depending on the matrix in hand, which
is the zero matrix. For example, if

A:

o O O

1
0
0

o = O

then you can see for yourself that A% # 0 but A* = 0. Obviously, for any
p > 3, we have AP = 0. This matrix A has many zero entries but this is not a
requirement to display this behaviour. In fact,

5 156 10
A=1|-3 -9 -6
2 6 4

is such that A2 = 0.
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Definition 39 A square matriz A over K is said to be nilpotent if there
exists a positive integer p such that AP = 0.

As we see, this is all about the null space of some power of a matrix being
the whole space. It is worth making a note of a simple fact about the null
spaces of matrix powers:

Given an n X n matrix B,

{0} = N(B°) S N(B) C N(B*) C--- C N(B?) C N(B"*!) C ...

In fact, if, for some non-negative integer p, we take any vector x € N(BP),
then
BPlx = B(BPx) = B0 = 0.

We have then that the null spaces of the powers of an n X n matrix form
an ascending chain of subspaces of K™ which grows with the exponent of the
power.

Does it ever stop? Well, it must, since none of (the dimensions of) these
null spaces can go ‘past’ (the dimension of) K™. More precisely,

Proposition 4.9 Let B be an n X n matriz over K. Then, there exists an
integer p with 0 < p < n such that, for all j € N,

N(BP) = N(BP™7) = N(B").
Proof Suppose that for all p with 0 < p <n, N(BP) # N(BP*1). Then,
dim N (BP™1) > dim N(BP) + 1.
It follows that, under these circumstances,
dim N(B"*) > n+1 > dim K"

which is impossible.
Hence, at this point, we have an integer p, with 0 < p < n, for which
N(BP) = N(BP*). We will show now that

N(BP) = N(BP*') = N(BP*?) = N(BPT3) = ...,

that is, after the power BP the null spaces of the larger powers stabilise. Con-
trarily, suppose that there exists a positive integer r such that

N(BPT™) C N(BPT1),
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Hence, there exists a vector x such that
BPY"x £0 and BPY"Tlx =0.

But then
BP(B"x)#0 and BPY'(B"x) =0,

which shows that B"x lies in the null space of BPT1 but not in the null space
of BP. This however yields a contradiction, since N(BP) = N(BPT1).

The proposition we just proved has the following immediate consequence.
Corollary 4.3 Let A be an n X n nilpotent matrixz. Then A™ = 0.

Corollary 4.4 The only eigenvalue of a (real or complex) nilpotent matriz is
zero.

Proof Let A be an n x n nilpotent matrix over K. If A =0, the assertion
holds trivially.

Suppose now that A # 0. We must show that o(A) = {0}. We begin by
showing that, if A is an eigenvalue of A, then A = 0.

Let )\ be an eigenvalue of A. Then, there exists a non-zero x € K™ such
that Ax = Ax. By Corollary 4.3, it follows that

0=A"x=\"x,

yielding that A = 0.

It remains to show that o(A) # 0, which might not happen only for real
matrices (see Example 4.3). Since A # 0 and A™ = 0, by Proposition 4.9,
there exist a non-zero vector x ¢ N(A) and a positive integer 1 < j <mn such
that

0=A"x=A'x and A"lx+#0.

But, in this case, ,
A(ATx) =0,
showing that A7~'x is an eigenvector of A with the associated eigenvalue 0.

Exercise 4.3 Let A, B,C be the block upper triangular matrices

0 A Ags Bi1 Bia Bis Cn Ci2 Cis
A=10 Ay A|, B=|0 0 B, C=|0 Ca Co
0 0 Asz 0 0 Bss 0 0 0

Show that ABC = 0. Here we suppose that the sizes of the blocks are compati-
ble for the multiplication purpose. (Solving this exercise will help you to better
understand the proof of the next theorem.)
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We prove next the Cayley—Hamilton Theorem as a consequence of Theorem
4.4. Firstly, we make a definition: for a polynomial ¢(\) = ag + a1\ + a2 \? +
-+ ap, A", given a square matrix A, define ¢(A) by

q(A):a01+a1A+a2A2+...+anAn.

Corollary 4.5 (Cayley—Hamilton Theorem) Let A be a complex square
matriz and let p(X) be its characteristic polynomial. Then p(A) = 0.

Proof In this proof, we write I for the identity matrices of any order.
Let p(A) = (A= A)" (A= X2)™ ... (A= Xp)™ , where A1, Ao, ..., A\, are all
distinct, be the characteristic polynomial of A. By Theorem 4.4, there exists an
upper triangular matriz U and an invertible matriz S such that A= S~'US.
Moreover, U can be chosen to be

U1 * .
U2 *
L Up]
where, for j = 1,...,p, the block U; is an n; x n; upper triangular matriz

whose diagonal entries coincide with \;. It follows from Corollary 4.3 that
(U; — X;I)™ = 0. Hence,

(U -\ =

ES

where the 0 in the diagonal corresponds to the block U;. Consequently, we have
p(U)= U —-MI)™"U = XD)™ ... (U= AI)" =0
(see Exercise 4.3). Since,

(A= MD™ (A=) ... (A= N, ])™
=S8N U - MI)™ (U = XoI)™ ... (U — N\, 1) S,

we have that
p(4) = S~1p(U)S = 0.
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Definition 40 A square matriz is said to be strictly upper triangular if
it is upper triangular and has a null diagonal.

A strictly upper triangular n x n matrix is nilpotent (notice that p(\) =
(=1)"A\™) but we can say more.

Lemma 4.1 A complex nilpotent matriz is similar to a strictly upper trian-
gular matriz.

Proof This is an immediate consequence of Theorem 4.4, since the only
etgenvalue of a nilpotent matriz is 0.

Proposition 4.10 A complex square matrix is nilpotent if and only if its only
eigenvalue is 0.

Proof We already know that if an n X n matriz A is nilpotent, then its
spectrum coincides with {0} (see Corollary 4.4).

Conversely, suppose that c(A) = {0}. In other words, p(A) = (—=1)"A". By
the Cayley—Hamilton Theorem (see Corollary 4.5),

0=p(4) = (-1)"A",
showing that A is nilpotent.

This result cannot be extended to real matrices.

A real matrix with the single eigenvalue 0 which is not nilpotent

The spectrum over the reals of

is {0} and this matrix is not nilpotent. In fact, APes # 0 whichever the
positive integer p (check it yourself). Here e3 = (0,0, 1) is the third vector
of the standard basis of R3, as usual.

Definition 41 Let A be an n x n matriz over K. A subspace S of K™ is said
to be A-invariant or invariant under A if, for allx € S, Ax € S.

Proposition 4.11 Let A be a square matriz over K and let p(\) be a poly-
nomial over K. Then, the null space and the column space of p(A) are A-
invariant.
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Proof Let x lie in N(p(A)). Then,
p(A)Ax = A(p(A)x) = A0=0

and, consequently, Ax € N(p(A)).
Suppose now that x € C(p(A)). Then, for some vector 'y in K",

Ax = A(p(A)y) = p(A)(Ay) € C(p(4)).

We turn now to ponder over the column space of an n x n matrix A.

Given an n X n matrix A,

K" =C(A%) D C(A) D C(A*) D ---DC(AP) D C(APT) D ...

Observe that, fixing some non-negative integer p and any given vector
y € C(APT1) there exists x € K™ such that
= APtlx = AP( Ax).
y x (Ax)
That is, y = APz and, therefore, lies in C'(AP).
Does this descending chain of subspaces stabilise? Yes, of course. Why?
Well, {0} is a lower bound, obviously! But, we can say more. On one hand we
have, by the Rank-nullity Theorem (see Theorem 3.6),

n = dim N (AP) + dim C(4P),

on the other hand we have a smallest non-negative integer p such that
N(AP) = N(A™). That is, p is the smallest integer stabilising the null spaces
of the powers of A and, consequently, the formula above ‘freezes’ the dimen-
sion of C(AP) and of the column spaces of powers beyond. Hence, we have
established a counterpart of Proposition 4.9 for column spaces.

Proposition 4.12 Let A be an n x n matriz over K. Then, there exists an
integer p with 0 < p < n such that, for all j € N,

C(AP) = C(APH)) = O(A™).

Notice that the smallest numbers p for which Proposition 4.9 and
Proposition 4.12 hold are the same.
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Suppose that A is such that N(4) N C(A) = {0}, then, by Theorem 3.8,
dim(N(A)+C(A4)) =dim N(A)+dim C(A) —dim(N(A)NC(A)) =n—0=n.
Under this circumstance, it follows that
K" =N(A)® C(A).

However, it is not always the case that N(A)NC(A) = {0}. A simple counter-

example is
1 1
A

N(A)=C(A) ={(a,—a): a € R}.

There is however a way of bypassing this.

for which

Proposition 4.13 Let A be an n x n matriz. The following hold.
(i) N(A")nC(A™) = {0}.
(i) N(A™) @& C(A") =K".
Proof (i) Suppose that on the contrary there exists 'y # 0 such that
A"y =0 and y = A"x,
where x is some vector in K". Hence,
0=A"y = A>"x

from which follows that x lies in the null space of A%™ but not in N(A™). But
this is impossible, since it contradicts Proposition 4.9.
(i) This is a consequence of (i), as discussed above.

The splitting of K” by the null space and the column space of a
power of a matrix

Given any n X n matrix A,

N(A™) & C(A™) = K™,
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4.4.2 Generalised eigenvectors

Suppose that B is an n X n matrix. Did you notice that Proposition 4.9
forces the existence of a subspace of vectors x € K" to satisfy B"x = 0, for
some non-negative integer r which depends on x? (We are referring to the
subspace N(B™).) Surely it suffices to impose r = n. But we may find that
this holds for » < n, depending on the vectors x in N(B™). Hence, given a
non-zero x € N(B™), should it exist, there is a smallest r such that

B'x=0 and B !'x+#0.
Hold this thought when reading the next definition.

Definition 42 Let A be an nxn matriz over K and let A € K be an eigenvalue
of A. A non-zero vector x € K" is said to be a generalised eigenvector of
A associated with X if there exists k € N such that

(A= AX)Fx = 0. (4.8)

The order of the generalised eigenvector x is the smallest k € N such that
x € N(A - D)k,

Notice that (4.8) is the same as requiring that x lie in the null space
N(A — XI)* of the matrix (A — AI)* and, consequently, in all the null spaces
of higher powers of A— AI. Hence the definition of the order of the generalised
eigenvector as the smallest k for which (4.8) holds. In other words, x is a
generalised eigenvector of order k of A, associated with A, if

(A-XDfx=0 and (A= XD 1x #£o0. (4.9)

It follows that, in these conditions,

e x is a vector in N((A — AI)*) but not in N((A — AI)F1).

e (A— \I)*!x is a eigenvector of A associated with the eigenvalue \.

The vector sequence
(A= ADFx, (A= ADF2x,... (A= \)x, x (4.10)

is called a Jordan chain of length k associated with A. Denote by C(x, \)
the set consisting of the k vectors of the Jordan chain (4.10), i.e.,

C,A) = {(A=A)F 1%, (A= AP 2x,..., (A - )J)x,\)i_/}.

g

up uz Ug—1
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Example 4.6 We are going to determine a generalised eigenvector x of order
2 of the matrix

A:

o O N

1
2
0

—

and the corresponding Jordan chain. Calculations similar to those done pre-
viously in this chapter yield that the characteristic polynomial of A is

P = (2= A1 =)

Consequently, the spectrum of A is o(A) = {1,2}. Both eigenvalues have geo-
metric multiplicity equal to 1, and it is easy to see that bases for the eigenspaces
are Bg) = {(1,0,0)} and Bg—1) = {(0,—1,1)}.

We want to find a generalised eigenvector x of order 2, i.e., to find an
eigenvalue \ (which will be 1 or 2) such that

111:(A7>\I)X U2 = X.

Hence, u; must be an eigenvector but uy cannot be an eigenvector. The only
possibility corresponds to the eigenvalue 2. In other words, we have to solve
the equation

1
(A-2D)x= |0
0

(What would have happened if you were to choose uy = (0,—1,1)2 Try it.)
The solution set of this non-homogeneous system consists of the vectors

1 0
x=1t|0] + |1 (t €R). (4.11)
0 0

Choosing, for example, t = 0, we have that (0,1,0) is a generalised eigenvector
of order 2.
We have now that the Jordan chain is

(1,0,0), (0,1,0)

and that, therefore, C((0,1,0),2) = {(1,0,0),(0,1,0)}.
Notice that the set of generalised eigenvectors {(1,0,0),(0,1,0),(0,-1,1)}
is a basis of R3.

Given a matrix A € M, (K), let G(A\) be the set consisting of 0 and all
the generalised eigenvectors (of any order) of A associated with A. This set is
in fact a subspace of K™ called the generalised eigenspace of A associated
with the eigenvalue A. (It is an easy exercise to show that G()) is closed under
vector addition and scalar multiplication. See EX 4.5.9.)
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A clarifying reminder:

An eigenvector is a generalised eigenvector of order 1.

The eigenspace E(\) and the generalised eigenspace G(\) correspond-
ing to a given eigenvalue X satisfy E(\) C G()).

Hence, we have here a slight abuse of notation: when the generalised eigen-
vectors consist only of eigenvectors proper (as was the case for A = 1 in Ex-
ample 4.6), then G(\) is what we called E()\) in Section 4.1. But once we keep
this in mind, there will be no source of confusion.

Another question is how are we to find a method to determine the gener-
alised eigenspaces? Or Jordan chains? In Example 4.6, we were advised from
the start about the order of the generalised eigenvector. What if we were not?
Do two distinct generalised eigenvectors in the same generalised eigenspace
have necessarily the same order?

These are important questions that need to be answered. Proposition 4.14
below is a first but crucial step towards the answers.

Proposition 4.14 Let A be a square matriz of order n over K and let A € K
be an eigenvalue of A. Then

GA) =N({(A-=XD").
Moreover, if x € G()) is a generalised eigenvector of order k, then 1 <k <n.

Proof Let x # 0 lie in N((A—AXI)™). Then, there exists a positive integer
k for which (A — XI)*x = 0. Indeed, it suffices to take k = n. Hence, X is a
generalised eigenvector in G(A).

Conversely, suppose that x € G(\). Then, x lies in the null space of some
power of A — X. Hence, by Proposition 4.9, x € N(A — \I)™.

By the definition of order of a generalised eigenvector, we have finally that
this order must be at most equal to n.

Observe that, by Propositions 4.11 and 4.14,

Any generalised eigenspace of a matrix A is A-invariant.

Example 4.7 Let us revisit Example 4.6 under the new light of this proposi-
tion. We have that

0 1 0
(A=20*=10 0 1| =10
0 0 0
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and 5
1 11 1 3 3
(A-IP=10 1 1| =10 1 1
000 0 0 0
Hence,
G(2) = N(A-2I)? = {(2,y,0): x,y € R}
and

G(1)=N(A—-1)3={(0,-2,2): z € R}.

Observe that G(1) must consist of eigenvectors only because it has dimension
1 and that the generalised eigenvectors (of order higher than 1), therefore, lie
all of them in G(2). Compare with what we found in Example 4.6.
Notice also that
G(1)NG(2) ={o}

and
G(1) +G(2) = R®.

In other words,

G(1)® G(2) =R®.

A way of determining the generalised eigenspaces

Let A be an n x n matrix over K. To obtain its generalised eigenspaces:
1. Find the spectrum o(A) of A;

2. For each A € o(A), determine the null space N(A — A\I)™;

3. The corresponding generalised eigenspace is G(A) = N(A — AI)™.

Now we have sorted out a way to find the generalised eigenspaces. We
have then answered the question ‘How can we find the generalised eigenvectors
systematically?’ Answer: proceed as indicated above. It so happens that we do
not want to find the generalised eigenvectors per se, we want rather use a well-
chosen few Jordan chains to complete our program of ‘almost’ diagonalising
every complex matrix.

One of the questions still pending about the order is ‘Do two distinct
generalised eigenvectors in the same generalised eigenspace have necessarily
the same order?’ This is a No.

For example, consider the matrix

(4.12)

OO OO -
[ NeNel
OO R OO
O = = OO
= _-0 O O
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Its only eigenvalue is 1. A basis for the eigenspace is
BE(I) = {(lﬂ 0, 07 07 0)3 (07 07 13 03 0)}

We can verify that (1,1,1,0,0) is a generalised eigenvector of order 2 and that
(1,1,1,1,1) is a generalised eigenvector of order 3.
But even more obvious than this example is that

all vectors in a Jordan chain are generalised eigenvectors, each one having
a different order.

Exercise 4.4 Find the Jordan chains of the generalised eigenvectors above.
Verify that the set consisting of these Jordan chains is a basis of R°.

4.4.3 Jordan canonical form

As seen in Example 4.6, we found a basis of R?® consisting only of gen-
eralised eigenvectors. In particular, the vectors in each of the Jordan chains
in the example were linearly independent. In turns out that this is a general
result.

Proposition 4.15 Let A be a matriz in M,,(K), let A € K be an eigenvalue
of A and let x be a generalised eigenvector of order k of A associated with the
eigenvalue X. Then, the vectors in the Jordan chain

(A=XDF'x, (A-XD)F"2x, ..., (A-XDx, x
are linearly independent.

Proof Let k and x be as above and let

(A=AXDF1x, (A-XD*2x, ... (A-\)x, _x
—_— =
up u2 Ug—1 Uk

If k = 1, then the set {u;} is linearly independent, since uy # 0. Hence,
the proposition is proved for k = 1.

Let now k > 1, let p be an integer such that 1 < p < k and consider the
set S, = {uy,...,u,}. Observe that, if p =1, it can be shown similarly to the
above paragraph that Sy is linearly independent. We wish to show that, fizing
p and assuming that S, is linearly independent, then

SP"t‘l = {ula -+, Up, up+1}

is also linearly independent.
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If{uy,...,up, upy1} were linearly dependent, then there would exist scalars
Qt, ..., 0, i1, not all equal to zero, such that

ajuy + -+ apuy + apriupye = 0.

Notice that, under these conditions, ap11 # 0, since otherwise {uy,...,u,}
would be linearly dependent, contradicting the hypothesis.
Hence, we have

apt1(A—ADPupr1 = —an (A — A)Pug — -+ — ap(A — AI)Pu,.
Observe that, for 1 < j <p,
(A= XD)Pu; = (A= MP(A = XD)*Ix = (A — A)F+P=)x = 0,
since k4 (p — j) > k (compare with (4.9)). Moreover,
(A= XD)Puyyy = (A= APy — (A — XD)F"1x #£0

(see (4.9)). It follows that

apt1 (A= ADPupy = —a1 (A= AD)Puy — - -+ — ap (A — A)Puy,
#0 = ~

which cannot be.

In fact, generalised eigenvectors corresponding to different eigenvalues are
also linearly independent. To be precise:

Lemma 4.2 Let x;,X2,...,X, be generalised eigenvectors of a square ma-
triz A of order n and let A1, Az, ..., A, be the corresponding eigenvalues, all
distinct. Then X1,Xa,...,X, are linearly independent.

We had already a similar result for eigenvectors. Compare this lemma with
Proposition 4.6.

Proof Let oy, az, ..., be scalars such that
a1X1 + agXg + - +apX, = 0.
Let ky be the order of the generalised eigenvector x1. Then, we have

0=a;(A— MDA - D)™ .. (A= )\1)"xy
+ OéQ(A — )\1[)]6171(14 — AQI)TL [P (A — )\pI)nXQ
ot ap(A =MD THA = X D)™ (A= N D)%,

Observing that all the matriz powers commute, it follows from Proposition
4.14 that

0=oa;(A=DD)" ... (A= XND)" (A= MD" "% +04---+0. (4.13)
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Notice that
(A= MI)(A-MDM 1% =0,

from which follows that

A(A =MD = M (A= D1k,
Consequently, given any non-negative integer r and A € K,

(A=AD"(A= DM Ix = (A = A)"(A= D)1k,
Using this in (4.13),
1M1 —X)™ . (A = A" (A= M) ix = 0.
T

Hence, a; = 0. Repeating this reasoning sufficiently many times, we will have
that oy, aa, ..., ap =0, as required.

We begin here a series of results which will lead us to reach our aim of
showing that any given complex matrix is similar to some Jordan canonical
form.

Proposition 4.16 Let A be a matriz in M, (C), let A, Aa,..., A, € C be all
the distinct eigenvalues of A and let

PA) =AM = A" A =A™ (A=A

be its characteristic polynomial. Then, for all j = 1,...,p, dimG(A;) = n;
and, for any generalised eigenvector x € G()\;), the order of x is less than or
equal to nj. Moreover,

C" = G(A) B G) @ - B G(A) (4.14)

In (4.14), we are taking a direct sum of finitely many subspaces. This is a
generalisation of our definition in Chapter 3 of the direct sum of two subspaces.
For details, see Section 8.3 of the Appendix.

Proof It is clear that, once we prove that dim G(\;) = n;, any generalised
eigenvector x € G(\;) must have order at most nj, since its Jordan chain
consists of linearly independent vectors. We prove now that dim G(\;) = n;.

We know, by Proposition 4.14, that G(\;) = N(A — X\;I)™. On the other
hand, as in (4.7), we know that (A — \;I)™ is similar to the upper triangular
matrix

(Ul—)\jf)n * *
(U—)\]I)n = (Uj —Ajf)n * * N

Up =X 0)"
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Notice that (U — A\jI)™ has all diagonal entries different from zero, except for
the nj diagonal entries of (U; — \;I)™, which are equal to 0. Since the strictly
upper triangular matriz U; — A\;1I satisfies

0= (U; —\I)™ = (U; — NI,

it follows that the null space of (U — A\;I)"™ has dimension n;. Hence, by The-
orem 4.2 (vi),

dim G()\J) = dim N(A — )\jI)n =n;.
Since Z§:1 dim G(\;) = n, by Proposition 8.3 (ii), it suffices to show that
with n > 1 the only vector lying in any given generalised eigenspace G(\;)
and also in the sum of the other generalised eigenspaces is 0. That is, we
must show that, given any j =1,...,p,

G X Gy ={oh
1e{1,2,....p}\ {5}

To simplify the notation, we prove only for j = 1, but the proof is easily
generalised for any j. Let x1 € G(\1) be such that

X1 =Xo+ -+ Xp,

where xXg + -+ 4+ x, € 216{1,2,___,p}\{j} G();). Re-writing the above equality,
we have
X] —Xg— - —X,=0.

It now follows from Lemma 4.2 that all these vectors must coincide with 0.

We can now make the following note:

Algebraic multiplicity versus geometric multiplicity

The algebraic multiplicity of an eigenvalue A coincides with the dimen-
sion of the corresponding generalised eigenspace G(A).

The geometric multiplicity of an eigenvalue A coincides with the dimen-
sion of the corresponding eigenspace E()).

Now we are finally able to prove Proposition 4.1 for complex matrices.

Corollary 4.6 Let A be a complex matrix with an eigenvalue \. Then the
algebraic multiplicity of \ is greater than or equal to its geometric multiplicity.

Proof Let A be a complex matriz. By Proposition 4.16,

mq(A) = dim G(A) > dim E(X) = mg(N).
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Example 4.8 Let x € K" be a generalised eigenvector of order k of an nxn
matriz A associated with the eigenvalue \ and let

(A=XDF1x, (A=AD*2x, ..., (A-X)x, _x .
—_— =
ui uz Ug—1 Uk

be the corresponding Jordan chain. Since, for all j = 2,...k,
uj—l = (A — AI)LI]'
= AUj — )\Uj,

we have
Auj =u;_; + Auj. (4.15)

If, for example, x were a generalised eigenvector of order n, then

A [ul\u2| .. |un] = [Au1|AuQ| e |Aun] (4.16)
(A 1 0 0]
0O X 1 .0
Aluthug.. Ju,] = [uifug].. . |us] [ o ol (4.17)
- S
0 0 0 A

Jn(N)
where Jp(N) is an n x n matriz. The matriz J,(\) is said to be o Jordan
block of degree n. (If n =1, Ji(\) =[)].)
If S = [uifuy|...|uy], then (4.17) becomes
Ju(A) = STLAS, (4.18)

since, by Proposition 4.15, S is invertible.

An n x n matrix J is said to be a Jordan canonical form if

Jnl (>‘1)
J — an ()\2) , n1+n2+. . .+np =n,

In, (Ap)

where the positive integers nq,ns,...,n, may not be all distinct and the
scalars A1, Az,..., A, may also be repeated.
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Example 4.9 The matrix

[l oo Raoll S
OO O =
OO = OO
O = = OO
= =0 OO

of (4.12) is a 5 x 5 Jordan canonical form consisting of two Jordan blocks

and

of degree 2 and degree 3, respectively.

It is worth making a note of the following facts.

The spectrum of a Jordan block J,,(\) consists of the single eigenvalue
A whose algebraic multiplicity is n and geometric multiplicity is 1.

Exercise 4.5 Consider the Jordan block

A
Js(\) = |0
0

S >
> = O

Which vectors in C® are generalised eigenvectors of order 32 Can a single
Jordan chain be a basis of C3? If yes, find such a basis.

Solution. We are looking for a vector x = (a,b,c) for which (J3 — \I)?*x #
0. (Notice that (J3 — A )3 = 0.) Calculations yield that the generalised eigen-
vectors of order 3 are {(a,b,c) € C: ¢ # 0}. Consider, for example, the vector
(1,1,1). Its Jordan chain is

(1,0,0),(1,1,0),(1,1,1),

which is a basis of C3. In fact, the Jordan chain of any generalised eigenvector
of order 3 consists of three linearly independent vectors and, consequently,
forms a basis of C3.

Equality (4.18) is reminiscent of the diagonalisation of matrices. In fact,
it amounts to saying that, in this particular case, A is similar to the Jordan
block J, (). It is not always true that a given matrix A is similar to a single
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Jordan block. However, we will see that any complex matrix A is similar to a
Jordan canonical form.

In Proposition 4.16, we saw that, given an n x n complex matrix, C™ is the
direct sum of its generalised eigenspaces. This hints (at the very least!) at the
possibility of C™ having a basis consisting entirely of generalised eigenvectors.
But even better, we can have a basis consisting of Jordan chains only. We are
going to prove this, starting with nilpotent matrices.

The proofs of the next two results are inspired by those in [4].

Lemma 4.3 Let A be an m x m nilpotent complex matriz. Then there exist
generalised eigenvectors x1,Xa, ...,X, such that

B=C(x1,0) UC(x2,0)U---UC(x,,0)

is a basis of C™.

Proof We prove this by induction on the size n X n of the matriz. If
n = 1, then A is the 1 x 1 zero matriz and, therefore, the result is obvious
since E(0) = C.

Assume now that the lemma holds for all sizes less than or equal to n. Let
A be a square matriz of order n+ 1, and suppose that A # 0. (If A =0, then
E(0) = C"*! and, hence, the result would hold trivially.)

Let By be a basis of the column space of A and let B be a basis of C*H!
containing By (see Theorem 3.5 (iii)).

Let S be a matriz whose first columns are the vectors of By followed by the
remaining vectors of B. Since C(A) is A-invariant,

B C
AS =S {0 D] ,
where B is a v X r nilpotent matrixz such that 1 < r <n. Notice that r is the
number of vectors in B .
By the induction hypothesis, there exist vectors yi1,y2,...,yp € C" such
that

CB(yl,O)UCB(YQ7O)U"'UCB(yp,()) (419)

is a basis of C". Here the subscript B emphasises the fact that these Jordan
chains are taken with respect to matriz B. Consider the vectors wi,wa, ..., Wy
in C(A) such that

[Wl]&:)’h [W2]81:YQa ceey [Wp]&:}’p-

In other words, for each i=1,2,...,p, we have

w; =S [ﬂ . (4.20)
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Notice that, given a positive integer k,

e asfi-of 5 B 40

Consequently, for all i = 1,2,...,p, we have that wy is a generalised eigen-
vector whose Jordan chain C(w;,0) has the same length of Cp(y;,0).
Since, for all i = 1,2,...,p, the vectors w; lie in the column space of A,

there exists x; € C™t1 such that w; = Ax;. Moreover, since the set (4.19) is
linearly independent, it is easily seen using (4.20) that

C(w1,0) UC(wq,0)U---UC(wp,0) (4.21)

is also linearly independent. Consider, for alli=1,2,... p, the Jordan chain
C(x;,0), whose length is that of C(w;,0) plus 1.
We prove next that the union of the Jordan chains

C(x1,0) UC(x2,0)U---UC(x,,0) (4.22)

is a linearly independent set. Consider a linear combination of these vectors
equal to 0. Multiplying this linear combination by A on the left, one gets a
linear combination of (4.21) , which forces all the coefficients in the former
linear combination to be equal to 0, except possibly the coefficients of

k k k
A"rxq, A xg, ., AP,

where, for for all i = 1,2,...,p, the number k; is the order of the chain
C(w;,0). However these coefficients correspond to the set consisting of

ARy ARy, Akp_lwp,

which is linearly independent, since (4.21) is linearly independent.
Let
C(Xl,O) U C(XQ,O) U---y O(Xp, O) @] {Zl, Zo, ..., Zl} (423)

be a basis of C"*1 (see Theorem 8.5 (iii)). Notice that there exist vectors v;
in the span of (4.22) such that, for each j =1,2,...,1,

AZj = AVJ',
since the set (4.21) spans C(A).
Forall j =1,2,...,1, define upy; by up,i; = 2z; —v;, and observe that
Aup+j =0.

In other words, each of the vectors upy; is an eigenvector of A. Moreover,
C(x1,0) UC(x2,0) U+ UC(x,0) U{ups1,upya, ..., upp}

is a linearly independent set which spans C"t1, since its cardinality is that of
(4.23). This ends the proof.



168 Linear Algebra

Theorem 4.5 (Jordan canonical form) Let A be a matriz in M,(C).
Then, A is similar to a Jordan canonical form

Iy (p11)

J = J’nz (/J/Q) , ni+ns+---+n; = n,

Jm (Ml)

where {1, po, ..., w} = o(A).

Notice that the positive integers ni,no,...,n; might not be all distinct
and the scalars pq, po, ..., 4 might also be repeated.

Proof Let A1, Mg, ..., A, be the (all distinct) eigenvalues of A. By (4.14),

C"=GM)BG2) @ B G(Ny),

and, by Proposition 4.11, each of these summands is A-invariant. Conse-
quently, if one constructs a matrixz S whose columns are formed by the juzta-
position of the bases of these summands, then

AS = SM,

where M is a block upper triangular matriz where the size of each block in M
equals the dimension of the respective generalised eigenspace. It follows that

(A= \I)S = S(M — M\I).

If x € G(Ay), then

- nsf] - anlg] -5 ]

where By is the basis of G(\1) formed by the columns of S lying in G(\1),
and M is the block of M corresponding to this generalised eigenspace. Here,
to simplify the notation, we denote by I the identity irrespective of the size of
the matriz in hand.
It follows that My — A1 is a vy X r1 nilpotent matriz. By Lemma 4.3, there
exists a basis of C™ consisting of Jordan chains associated with My — A\ 1.
Notice that, if

(M — M DM, (M — M DR, (M — M\ Du, u, (ueCm)
is a Jordan chain associated with My — A1, then

(A=MDPIx (A= D" 2x, .. (A= \Dx,x
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is a Jordan chain for A, where

XZSB]

A reasoning similar to this can be applied to each of the generalised
eigenspaces, leading to the construction of a basis of C™ consisting of Jordan
chains. Let S be the matrix whose columns are formed by the juztaposition of
these chains associated with the matriz A. As in Example 4.8, we have that
AS = SJ, where

Jnl (/J’l)

J = an(uQ)

Jnl (HZ)

{p1,p2, .- s} =o(A), and ny 4+ no + - - -+ ny = n. The proof is complete.

Notice that an eigenvalue appears in the diagonal of the Jordan canonical
form as many times as its algebraic multiplicity.

Exercise 4.6 Find a Jordan canonical form of the matriz in Example 4.6
and the corresponding similarity matrix.

Solution. We already know that (0,1, 0) is a generalised eigenvector of order
2 whose Jordan chain is uy = (1,0,0),us = (0,1,0). Hence, A = SJS™! with

0 10 0
ol, S=10 1 -1
1 00

2
J= 10
0 1

SN =

Example 4.10 Find a Jordan canonical form and a corresponding similarity
matriz for

1 00 0 O
110 0 O
A=|1 0 0 -1 0
-1 01 2 O
0 1 0 1 1

It is easily obtained that the characteristic polynomial of A is p(A) = (1—\)®.
Calculations will yield that a basis for the eigenspace E(1) = N(A —1I) is

Bpa) = {(0,-1,-1,1,0),(0,0,0,0,1)}.

Since the the geometric multiplicity is 2 and the dimension of the eigenspace
of any Jordan block is 1, we have that the Jordan canonical form must have
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two Jordan blocks. Hence, the only two possibilities are

10 0 0O 1 1.0 00
01 1 00 01 00O
J=10 0 1 1 0 or J=10 0 1 1 0},
0 00 11 0 00 11
0 00 01 0 00 01
apart from the relative position of the Jordan blocks. Since we have

0 00 0O
0 00 0O
(A—I)2: 0 00 0O
0 00 0O
0 01 10

and (A —1)® =0, it follows that we have a Jordan chain of length 3. Conse-
quently,

110 00
01 0 00O
J=10 0 1 1 0
00 0 11
0 0 0 01

is the only possibility.

To construct a Jordan chain of length 3, we need a vector in the null space
of (A—1I)3 that does not lie in the null space of (A —I)?. On the other hand,
to get a Jordan chain of length 2, we need a vector in N((A — I)?) which is
not an eigenvector.

We start by finding a basis of N((A — I)?). We choose a basis contain-
ing Bpay = {(0,-1,-1,1,0),(0,0,0,0,1)} to make things easier. Hence, a
possible basis is

Bn(a-n2) = {(1,0,0,0,0),(0,1,0,0,0), (0,-1,-1,1,0),(0,0,0,0,1) }.

Picking a(ny) vector from the basis which is not an eigenvector, for example,
x =(1,0,0,0,0), we have the Jordan chain of length 2

ulz(A—I)x:(O,l,l,—l,O), UQ:(L0,0,0,0).

Choosing now a vector which is not a linear combination of the vectors of
By ((a-1)2), for example, y = (0,0,0,1,0) = v3, we have

vo=(A-1)y=1(0,0,-1,1,1), v1=(A—-1)v2=(0,0,0,0,1).

Hence,
0 1.0 0 O
1 00 0 O
S=|11 0 0 -1 0
-1 0 0 1 1
0 01 1 0
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Finally,
0O 1 0 0 O 1 1 0 0 O 0O 1 0 0 O -t
1 0O 0 0 O 0 1 0 0 O 1 0O 0 0 O
A=8JSt'=|1 0 0 -1 0ol]o 0o 1 1 0 1 0 0 -1 0
-1 0 O 1 1 0 0 0 1 1 -1 0 0 1 1
0 0 1 1 0 0 0 0 0 1 0 0 1 1 0
4.5 Exercises
EX 4.5.1. Consider the matrix
1 2 -3
A=|0 -1 1
-1 -1 2

Find which of the vectors below are eigenvectors of A. For those
that are, find the corresponding eigenvalue.

a) (57 _17 _4) b) (L _17 _1) C) (07()’0) d) (17 _170) e) (_L _17 _1)
EX 4.5.2. Verify if A =12 is an eigenvalue of

10 4 16
-6 0 14
0 0 6

If it is, find a corresponding eigenvector.

EX 4.5.3. Determine the characteristic polynomial, the spectrum, and a ba-
sis for the eigenspace for each of the following matrices.

. 10 0 2
a) [_3’ Q} by | 2 20
2 0

-8 1

EX 4.5.4. Which matrices are hermitian? For those which are, determine
their spectrum (use technology).

. s 10 0 1+i 2 342 1
a) {—8 ; ] by] 0 2 3 | c¢cA=|-3-2i -1 1
1—4 3 7 1 1 -5
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EX 4.5.5.

EX 4.5.6.

EX 4.5.7.

EX 4.5.8.

I
I
II1

)
)
)
V)

Linear Algebra

Diagonalise
1 2 2
A=|-1 -2 -1

and calculate A2!.

Let v be an eigenvector of an invertible matriz A corresponding
to an eigenvalue A. Show that the same vector v is an eigenvector
of A~ corresponding to the eigenvalue A~'.

Let A be a matrix with an eigenvector v corresponding to an
eigenvector A. Show that A3 is an eigenvalue of A3 and that v is
an eigenvector of A3 corresponding to A3.

Consider the matrix

1 b
= 4]

where b is a real number. Suppose that 0 € o(A) and that B is a
2 x 2 matrix. Consider the following assertions:

dim N(A) = 1;
0 € o(BA);
A is diagonalisable;

A is not invertible.

Select all the correct assertions.

A)ILIOI  B)LIV  C)LILIV  D)LILIV

EX 4.5.9.

EX 4.5.10.

EX 4.5.11.

Let A be a square matrix and let A be an eigenvector of A. Show
that G()) is closed under vector addition and scalar multiplication.

Prove directly that (J,(A) — AI)™ = 0. Do not use any properties
presented in Section 4.4.

Determine which matrices are
a) a Jordan block b) a Jordan canonical form.

51 0 0 00
051 0 0O
00 5 0 0O
00 0 -2 10
000 0 40
00 0 0 0 2
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510 0 0 0
051 0 0 0
005 0 0 0
000 -2 0 0
000 0 -2 0
000 0 0 4
(ii)
510 0 0 0]
051 0 0 0
005 0 0 0
000 -20 0
000 0 4 0
000 0 0 -2
(iv)
3100
0310
0030
000 1

EX 4.5.12. Determine all Jordan canonical forms whose characteristic poly-
nomial is

P = (=2 = A1 - N).

EX 4.5.13. Find a Jordan canonical form J and an invertible matrix S such
that J = S~1AS for each of the matrices A below.

2 2 3 101 g ? 11

a) A= b)yA=10 3 2| ¢ A=
-2 -2 00 1 0 0 31
0 0 0 3

4.6 At a Glance

The spectrum o(A) of a square matrix A consists of the roots of its char-
acteristic polynomial p(\) = |A — AI|. These roots are called the eigenvalues
of A.

The eigenspace E(\) corresponding to the eigenvalue A is the solution set
of the homogeneous system of linear equations (A — A\I)x = 0. The non-zero
vectors in F(\) are eigenvectors of A.
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The algebraic multiplicity of an eigenvalue A is, by definition, the multi-
plicity of that eigenvalue as a root of the characteristic polynomial of A. The
dimension of E()) is called the geometric multiplicity of A.

A matrix A is diagonalisable if it is similar to a diagonal matrix, that is,
A = SDS™!, for some diagonal matrix D and invertible matrix S. A complex
matrix is diagonalisable if and only if the geometric and algebraic multiplicities
coincide for each eigenvalue. If this is the case, then it is very easy to calculate
any power of A, for in these circumstances, A = SD"S~1.

Not all matrices are diagonalisable but, given a complex matrix A, it is
always possible to find an upper triangular matrix J similar to A. That is,
A = SJS™! where J is a Jordan canonical form of A.

The columns of the similarity matrix S are juxtapositions of correspond-
ing Jordan chains. A Jordan chain corresponding to some eigenvalue con-
sists of the so-called generalised eigenvectors. The dimension of a generalised
eigenspace equals the algebraic multiplicity of the corresponding eigenvalue.
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The most significant functions between vector spaces are those which respect
the linear structure inasmuch as they map sums of vectors to sums of their
images and scalar multiplication of a vector to scalar multiplication of its
image. These are the so-called linear transformations.

Linear transformations are intrinsically bound together with matrices. As
will be shown in the sequel, once we fix bases both in the domain and the
codomain of a linear transformation, there exists a one-to-one correspondence
between linear transformations and a space of matrices. This runs so deep
that one can think of linear transformations as matrices and vice-versa. This
interchanging might come in very handy: linear transformations will benefit
from our accumulated knowledge of matrices and, conversely, the theory of
matrices might also gain from perceiving them as linear transformations.

The most relevant numbers here are the dimensions of the null space and
the image of a linear transformation. The formula linking these dimensions is
a very important result called the Rank-nullity Theorem (Theorem 5.2).
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5.1 Linear Transformations

Definition 43 Let U and V be vector spaces over K. A function T : U — V
is called a linear transformation if, for all x,y € U and o € K,

T(x+y)=T(x)+T(y), (5.1)
T(ax) = oT(x).

In other words, a function T : U — V is a linear transformation if it is
additive (5.1) and homogeneous (5.2). As usual, U is the domain of T" and V'
is its codomain.

Proposition 5.1 Let U and V be vector spaces over K and letT : U — V be
a linear transformation. Then

T(0y) = Oy,
where Oy is the zero vector in U and Oy is the zero vector in V.
Proof Let x be a vector in U. Hence, by (5.1),
T(x)=T(x+0y)=T(x)+T(0py),
from which follows that T(0y) = Oy .

Example 5.1 Find which of the following functions are linear transforma-
tions.

a) T : R? = R2 is a reflection relative to the x-awis.
b) T :R3 — R3 is an orthogonal projection on the xy-plane.

c) T : R? — R? is a translation by the vector u = (1,0).

The function T in a) is defined, for all * = (z1,x2) in R2, by
T(zl,xg) = (xl, 7(132).

Checking whether this is a linear transformation consists of verifying if both
equalities (5.1) and (5.2) hold. Beginning with (5.2), let « be a real number
and let (x1,72) be a vector in R?. Then,

T(a(z1,22)) = T(azy, axs)
= (az1, —axs)
= a(x1, —x2)

= aT(x1,22),

which shows that (5.2) holds.
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Now let © = (z1,72),y = (y1,y2) € R%. We have

T((z1,72) + (y1,92)) = T(z1 + y1, 72 + y2)
= (21 +y1, — (22 + y2))
= (21, —22) + (Y1, —¥2)
=T(z1,22) + T(y1,y2)-

Hence,(5.1) holds, yielding finally that T is a linear transformation on R2.

Observing that the function T in b) is defined, for all € = (x1, 2, 23) € R3,

by
T(x17x27x3) = (.T17.’L'2,0)

and proceeding analogously to a) above, it is easy to see that T is a linear
transformation.

In case ¢) the analytic expression of T is T(x1,22) = (x1 + 1,23), from
which we see that T(0,0) = (1,0). Hence, T(0,0) # (0,0), contradicting
Proposition 3.2. Consequently, the function T is not a linear transformation.

Example 5.2 The image of a line segment.
Consider the triangle whose vertices are a = (0,0),b = (1,1), and ¢ = (2,0).
We are going to see how this triangle is mapped through the linear transfor-
mation T : R? — R? satisfying T(b) = (2,1) e T(c) = (1,0) (see Figure
5.1).

Let x be a point lying in the line segment with end points b and c. Then,

r=c+alb-oc), a €[0,1], (5.3)
from which follows that

T(x) =T(c) + a(T(b) — T(c)), a€[0,1].

Hence, every point in this line segment is mapped by T onto the line segment
connecting the images T'(b) and T'(c). Similarly, it is easily seen that the same
holds for the two remaining line segments connecting a and b and a and c,
respectively. It now follows that the image of the triangle is a triangle whose
vertices are (0,0),(2,1), (1,0). Observe that, by Proposition 3.2, T(a) = (0,0).

A comment is in order: at this point is not clear why fixing the image of
the two given points b = (1,1) and ¢ = (2, 0), we have a linear transformation
satisfying these data, or indeed whether it is unique. However, there exists a
unique linear transformation which satisfies these requirements as we will see
later (see §5.2).
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T(a)=a c
T(c)

FIGURE 5.1: The image of a triangle.

What we saw in (5.3), allows for us to conclude that:

A line segment connecting two points is mapped through a linear trans-
formation onto the line segment which connects the images of those points.

Example 5.3 Show that the function T: My(C) — C defined, for all A €
Msy(C), by T(A) = tr(A), is a linear transformation.

As before, we must verify that (5.1) and (5.2) hold. Let A, B be matrices
in My(C). Then, by Proposition 1.13 (i),

T(A+ B)=tr(A+B)=trA+tr B=T(A) + T(B).

Hence,(5.1) holds. Considering now (5.2), let & € C and let A be a matriz in
Ms(C). Then, by Proposition 1.13 (ii),

T(aA) = tr(ad) = atr A = aT(A),

which concludes the proof that T is a linear transformation.

How to find if a function is a linear transformation

Let U and V be vector spaces over K and let T: U — V be a function.
To see whether T is a linear transformation take the following two steps.

1. Check whether T(0y) = Oy. If this is not true, then T is not a
linear transformation and you can stop here. On the other hand, if
T(0y) = Oy, then one cannot conclude anything: 7" might or might
not be a linear transformation. Proceed to step 2 below.

2. Verify, as in Examples 5.1, 5.3, if (5.1), (5.2) hold. If both hold, then
T is a linear transformation. If at least one of them fails, then T is
not a linear transformation.
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Exercise 5.1 Let A be a k x n matriz over K. Show that the function
T: K* — KF defined, for all x € K* by Tx = Ax is a linear transforma-
tion.

5.2 Matrix Representations

Let T: K" — K* be a linear transformation and let &, = (e, ea,...,e,)
be the ordered standard basis of K™ and & the ordered standard basis of K*.
Then, for x = (z1,22,...,2,), we have

T(x) =T(r1€e1 + x2€0 + -+ xne,) = 21T (€1) + 22T (€2) + -+ + 2, T(en).

Denoting by [x] the vector column version of a vector x,

T
T2

[T(z)] = [[T(e)] | [T(e2)] | ... | [Tle)]|. |- (54)
matrix associated with T’ x.n

Observe that, given a vector u € R™, we have that [u] = [u]¢,,, where

[u]g,, is the coordinate vector of u relative to the basis &,,. Hence, we can
now rewrite (5.4) as

[T(@)]e, = [[T(eD)]e, | [T(exle, | - | [Tlen)le,]lxle,  (5.5)
(Tley.€n
That is,
[T(z)]e, = [Tley e, [zle, (5.6)

where [T)g, e, is a k x n matrix called the matrix of T relative to the

standard bases of the domain K” and codomain K*. In what follows
this matrix might be denoted simply by [T].

Example 5.4 Find the matrix which represents each of the linear transfor-
mations below relative to the relevant standard basts.

a) The reflection relative to the x-axis in R? (see Figure 5.2).
b) The orthogonal projection on the xy-plane in R3 (see Figure 5.3).

¢) The counter-clockwise rotation in R? around (0,0) by an angle 0 (see
Figure 5.4). Find also an analytic expression for this linear transforma-
tion.
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FIGURE 5.2: Reflection relative to the z-axis.

FIGURE 5.3: Orthogonal projection on the xy-plane.
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FIGURE 5.4: Counter-clockwise rotation around (0,0) by an angle 6.
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The linear transformation in a) is defined on R? and, therefore, we are
looking for the matriz [Te,.c, which represents T relative to the standard
basis of R%. By (5.5),

[Tlese. = [Tlen)le, | [T(e2)le,] = [T(en)] | [T(e2)]].

We need then calculate T'(1,0) and T(0,1). The vector (1,0) is fized by T and
T(0,1) = (0,—1). Hence

11 = [0 -1

Consequently, given a vector (x,y) € R?,

T(x,y) = Ll) OJ B = [zy} : (5.7)

In (5.7) we made a slight abuse of notation as to be completely precise one
should have written [T(z,y)] instead of T(x,y). However we shall adopt this
throughout to simplify the notation.

Analogously, we have in b)

[Tleaes = [T(e)les | [T(e2)le, | [T(es)le,] =

OO =
S = O
o O O

Hence, for (z,y,2) € R3,

1
T(z,y,z)= |0
0

o = O
c oo
SRS
Il
ow r

The columns of the matriz [T] associated with the rotation T in c) are the
images of the vectors of the standard basis E5. Since T'(1,0) = (cosb,sinf)
and T(0,1) = (—sin 6, cos ), we have

7] = {COSH —sin 9} |

sinf  cos6

Hence, for all x = (x1,72) € R?,

T =17 |7

€2
__|cos@ —sinf| |z
" |sin@ cos@ | |zo
x1cosf — xosind
r18inf + x9cosf |’

An analytic expression is

T(x1,22) = (21 cosf — xosinh, xq sin 6 + x5 cos b).
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We are now ready to make a general statement about the matrix repre-
sentation of a linear transformation relative to fixed bases in its domain and
codomain.

Theorem 5.1 Let U and V' be vector spaces over K with dimU = n,dimV =
k, let By = (b1,ba,...,b,) be a basis of U and By be a basis of V and let
T :U — V be a linear transformation. Then, there exists uniquely a k X n
matriz [T)g, B, such that, for allx € U,

[T(m)]Bz - [T]B2,51X31 )

where xg, is the coordinate vector of x relative to the basis By and [T(x)|g,
is the coordinate vector of T'(x) relative to the basis By. Moreover,

[Tlg,., = [[T(b1)]5, | [T(b2)ls, | ... | [T(bn)]s,] - (5-8)

The matrix [T]s,,5, is called the matrix of T relative to the basis 5; of
the domain and the basis By of the codomain.

Proof Let x be a vector in U such that its coordinate vector (x)p, =
(a1,09,...,ay). Then

T(%) = T(Oélbl —+ C¥2b2 + 4 anbn)
and, by Proposition 3.5,

(T$)32 = T((a1b1 -+ Oégbg 4+ 4 Oénbn))gg
= a1(T(b1))s, + a2(T(b2))s, + - -+ + an(T'(bn))s,-
It follows that

aq
(6]

[Tals, = [[T(b1)ls, | [T(b2)ls, | - | [T(bu)ls] | . |,

which shows that
[T(CL‘)]32 = [T]52,51X31'
Suppose now that A is a k X n matriz such that [T (x)]p, = Axg,. Then,
foralli=1,...,n,

0= [T(bl)}32 - [T(bl)]Bz = [T]327B1 (bi)51 - A(bi)Bl = ([T]B27B1 - A) 1,
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where the entry equal to 1 in the column vector lies in row i. Hence, for all
i=1,...,n, the columns i of both matrices [T|p, B, and A coincide, yielding
that [T]BZJSI =A.

Observe that by means of Theorem 5.1, to the linear transformation
T:U -V
x— T(x)
corresponds another linear transformation
S: K" — K*
y — Ay,

where A = [Tg, B, (cf. Exercise 5.1). This linear transformation maps the
coordinate vectors of the vectors in U relative to the basis B; to the coordinate
vectors of their images relative to the basis Bs.

Example 5.5 Let T : Py — Py be the linear transformation p — Dp, where
Dp is the derivative of the polynomial p. Find the matriz associated with T
relative to the standard bases of Py and Py. Use this matrixz to calculate the
image of the polynomial p(t) = 1 — 2t + 3t.
Using (5.8),
9 01 0
[T]Pl,Pz = [(Dl)Pl (Dt)'Pl (Dt )7’1] = [(0)771 (1)'P1 (Qt)'/’l] = |:0 0 2:| .

To obtain the image of p(t) = 1 — 2t + 3t% using this matriz, we have

[T(1— 2t + 3t)]p, = {8 (1) g} _;2 _ [—2]’

from which follows that T(1 — 2t + 3t%) = —2 + 6t.

How to find the matrix of a linear transformation

Let T: U — V be a linear transformation and let B; and B be bases
of U and V, respectively.

1. Find the images of the vectors in the ordered basis B; of U.

2. Find the coordinate vectors of these images relative to the ordered
basis Bs.

3. Construct a matrix whose columns are these vectors respecting the
order of By. This matrix is [T]5, 5, -
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A comment: Now it is clear how we can guarantee the existence and unique-
ness of a linear transformation in Example 5.2 just by giving the image of two
vectors. Indeed we can because these two vectors form a basis of R2.

5.3 Null Space and Image

Definition 44 Let U and V be vector spaces over K and let T: U — V
be a linear transformation. The null space or kernel N(T) of the linear
transformation T is the subspace of U defined by

NT)={x €U : T(x)=0y}.
The image I(T) of the linear transformation T is the subspace of V' defined
by
IT)={T(x)eV : xecU}.

In other words, the null space is the subset of U consisting of the vectors
in the domain mapped by T to the zero vector of V, and the image of T is
the subset of V' consisting of the images of all the vectors in U.

Exercise 5.2 Verify that, given a linear transformation T: U — V', the sets
N(T) and I(T) are subspaces of U and V', respectively.

5.3.1 Linear transformations 7 : K* — K

We begin by finding a way of calculating the null space and image of a
linear transformation 7" : K® — K¥. We have

NT)={xz K" : T(x) = Ok« }.

Let A = [T]g, ¢, be the matrix of T relative to the standard bases of K™ and
K*. Then,
T(x)=0 if and only if ~ Ax =0.

Hence,
N(T)=N(A).

That is, the null space of T" is the null space of the matrix A which represents
T when one considers the standard bases in the domain and codomain.
As to the image I(T), we have by definition that

I(T) = {T(x) e K" : x € K"}.
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Observing that
[T(x)] = Ax,

the image I(T) is found by obtaining all the linear combinations Ax of the
columns of A, i.e.,

Hence,
I(T) =span({T'(e1),T(e2),...,T(en)}),

which shows that {T'(e1),T(e2),...,T(en)} is a spanning set for I(T), al-
though not necessarily a basis of I(T)).

Example 5.6 Find the null spaces and the images of the the linear transfor-
mations of Example 5.4.

In a), the null space of the matriz [T] is {(0,0)} and, hence N(T) =
{(0,0)}.

The image I1(T) is the subspace generated by the columns of [T]. Since this
corresponds to the vectors (1,0), (0,—1), it follows that I(T) = R2. The image
of this linear transformation coincides with the codomain R2, that is, T is a
surjective function. Indeed, it is also an injective function.

Similarly, in b) we have that N(T) coincides with the z-axis and the image
I(T) is the xy-plane, which shows that T is neither surjective nor injective.

As to ¢), observe that

det[T] = cos? § +sin® 0 = 1

and, consequently, the matriz is invertible. Hence, N(T') = N([T]) = {(0,0)}.
Maybe it is not so easy to justify that I(T) = R2. The next theorem will help.

Let T be a linear transformation. The nullity of T, nul(T"), is the dimen-
sion of its null space and the rank of T, rank (T), is the dimension of its
image.

Theorem 5.2 (Rank-nullity theorem) Let T: K" — K be a linear trans-
formation. Then
n = nul(T) 4 rank (7).

Before proving the result, we apply it to ¢) in Example 5.6. We have that
2=dim N(T) +dim I(T) = 0+ dim I(T),

yielding that I(T) is a subspace having dimension 2 within R2. Hence, the
only possibility is I(T) = R?, that is, T is surjective.
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Proof Let A be the k x n matriz of T relative to the bases £, and &y.
Then, by Proposition 3.11 and Theorem 3.6,

n = dim N(A) + rank (A)
=dim N(A) +dim C(A)
=dim N(T) +dim I(T) ,

which concludes the proof.

5.3.2 Linear transformations T': U — V

Let U and V be vector spaces over K, let By = (w1, us, ..., u,) be a basis
of U and let By = (v1,vs,...,v;) be a basis of V. Let T: U — V be a linear
transformation. We are now interested in devising a way to determine the null
space and the image of such a general linear transformation by means of its
representing matrix relative to the bases of the domain and the codomain,
as we did in §5.3.1, for the particular kind of linear transformations under
scrutiny in that part of the book.

Tackling firstly the null space of T: U — V, we are then interested in
determining the vectors @ € U such that T'(xz) = 0. If A = [T, 5, is the
matrix of T relative to the bases of the domain and codomain, we have

T(x)=0 if and only if [T(x)]g, = 0.
It follows that T'(x) = 0 if and only if
A[m]gl =0,

where this equality corresponds to determining the null space of A. Hence,
once N(A) C K™ is determined, we have the coordinate vectors relative to the
basis By of the vectors in the null space N(T') of the linear transformation T,
ie.,

N(T) = {a1u1 + asug + -+ + apuy, : (@, as,...,0,) € N(A)} CU. (5.9)
Example 5.7 Find the null space of the linear transformation of Example

5.9.

The null space of
010
7= [0 0 2]

N(T)) = {(,0,0): o € R}.
Hence, the polynomials in N(T') are those of the form

8

p(t) = a+ 0t + 0t?,

i.e., N(T) consists of the polynomials of degree 0.
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As defined before, the image I(T) of T: U — V is the subspace of V
defined by
I(T)={T(z) : € U}.

Consequently, given the matrix
[T(x)]5, = Alz]s,

of T, we want to obtain all the linear combinations A[x]|p, of the columns of
A. In other words, the set of the coordinate vectors relative to the basis Bs of
the images of the vectors in U coincides with the column space C(A). Observe
that C(A) C K*. Then

I(T) = {a1v1 + agva + - - + gy, : (a1, Qg,...,a;) € C(A)}.

Example 5.8 Find the image I(T) of the linear transformation of
Ezxample 5.5.

Now we have

It follows that

I(T) = {0[11+042t: (O[l,OéQ) S RQ} = ]P)l'

How to find the null space and the image of a linear
transformation

Let T: U — V be a linear transformation, let By, B> be bases of U and
V', respectively, and let A be the matrix representing 7' relative to these
bases.

1. Find the null space and the column space of A.

2. Find all the vectors in U whose coordinate vectors lie in N(A): this
is the null space of T

3. Find all the vectors in V' whose coordinate vectors lie in C'(A): this
is the image of T
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5.4 Isomorphisms and Rank-nullity Theorem

An isomorphism is a particularly important type of linear transformation,
the word coming from the ancient Greek: equal (iso) form (morph). An iso-
morphism between two spaces means that as linear spaces they can be thought
of as being the ‘same’. Without explicitly saying it, we have been dealing with
isomorphisms since Chapter 3. Indeed, the linear transformation which maps
each vector in a space of dimension n to its coordinate vector in K™ is an
isomorphism. And how convenient it might be replacing general vectors by its
coordinates in K", as we already experienced!

We have seen linear transformations that are injective or surjective as
functions. Now we define formally the concepts of injective and surjective
linear transformations, which amount exactly to being so as functions.

Definition 45 A linear transformationT: U — V between vector spaces U,V
over K is said to be injective if, for all x,y € U,

z+y=T(2) £ T(y)

or, equivalently, if

Notice that

if and only if
Tx—-y)=0cx—yec NT).

Hence,we see that
T(x+ N(T)) ={T(x)},

where we define  + N(T') by
z+N(T)={x+z:z€ N(T)}.

That is to say, any vector in U which differs from x by a vector in N(T) is
mapped under T to the image of .
We have proved the following proposition.

Proposition 5.2 Let U,V be a vector spaces over K and let T: U — V be a
linear transformation. Then T is injective if and only if N(T) = {0}.

Definition 46 A linear transformationT: U — V between vector spaces U,V
over K is said to be surjective if [(T) = V. If T is injective and surjective,
then T is called a bijective linear transformation or an isomorphism be-
tween the space U and V. In this case, U and V are said to be isomorphic
vector spaces.
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Example 5.9 The reflection a) in Example 5.4 is an isomorphism, the pro-
jection b) is not, and the rotation c) is an isomorphism.

Proposition 5.3 Let U be a vector space over K and let B = (by,bs,...,by,)
be a basis of U. The linear transformation T : U — K" defined by

x— (x)B
is an tsomorphism.

Proof See Proposition 3.5.

We shall now state a more general version of Theorem 5.2 valid for any
linear transformation between vector spaces.

Theorem 5.3 (Rank-nullity theorem) Let U,V be vector spaces over K,
let dimU =mn and let T: U — V a linear transformation. Then.

n = nul(T) 4 rank (7).

Proof Let By, Bz be bases of U and V, respectively, and let A = [T, 5, -
By Proposition 5.3, N(T') and N(A) are isomorphic and, hence, have the same
dimension. Similarly, I(T) and C(A) are isomorphic and, therefore, have the
same dimension.

It follows from Theorem 5.2 that

dim N(T') + dim I(T) = dim N(A) + dim C(A) = n.

Proposition 5.4 Let T : U — V be a linear transformation between vector
spaces U,V over K such that dimU = n = dim V. The following are equiva-
lent.

(i) T is injective.
(ii) T is surjective.
(iii) T is an isomorphism.

Proof We show firstly that (i ) = (ii). Suppose that T is injective. Then,
by Theorem 5.3,
n =dim N(T) + dim I(T)
from which follows that n = 0+ dim I(T"). Hence, [(T) =V, i.e., T is surjec-
tive.
Suppose now that T is surjective. Then,

n=dimN(T) +n,

yielding that dim N(T') = 0. Hence, (ii) = (iii).
The implication (iii) = (i) is clear. The proof is concluded.
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This proposition tells us that for a linear transformation T' between vector
spaces of the same dimension n, either T is both surjective and injective or
is neither. Hence, when checking if such a transformation is an isomorphism,
it suffices to determine if it is injective or surjective. It is not necessary to go
the extra length of verifying both properties.

This is not so for linear transformations between spaces of dif-
ferent dimensions.

Exercise 5.3 Give examples of linear transformations which are (i) injective
but not surjective, (i) surjective but not injective.

5.5 Composition and Invertibility

Let U, V, and W be vector spaces over K and let 7: U -V and S: V —
W be linear transformations. Let ST be the composite function defined by

ST: U —-W
xz— S(T(x)) .

That is,

Proposition 5.5 Let U, V, and W be vector spaces over K and letT: U — V
and S: V. — W be linear transformations. Then the function ST: U — W is
a linear transformation.

Proof FEzercise.

Suppose that U, V, and W are vector spaces over K whose dimensions are
dimU = n, dimV = p, and dimW =k

and let By, By, and By be bases of U,V, and W, respectively. Let A =
T8, .8, and B = [S]p, B, be the matrices of the linear transformations
T, S relative to the fixed bases in U, V, W. We have, for all x € U,

[(ST) ()] 51y [S(T(w))]
B[(T(z))]5,
= BA[x|p,
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Hence, the matrix [ST)p,, .5, of the linear transformation ST relative to the
basis By in the domain and the basis By, in the codomain is

(ST .8, = BA.
We have just proved the following proposition.

Proposition 5.6 LetU, V, and W be vector spaces over K and letT: U — V
and S: V. — W be linear transformations. Then, the matriz [ST|p,, B, of the
linear transformation ST relative to the basis By in the domain and the basis
Bw in the codomain is

[ST]BW7BU = [S]Bwﬁv [T]BV7BU'

In other words, given two linear transformations 7" and S and bases in
their domains and codomains, the matrix of the composite ST relative to the
relevant bases is the product of the matrices of 7' and S in the same order.
That is, if A = [T), 8, and B = [S]s,, .8, , then

[STB, B, = BA.

Composition of linear transformations corresponds to matrix multiplica-
tion (in an appropriate order) of the matrices associated with those linear
transformations.

In terms of the coordinate vectors, we have the scheme

Kr AL Ke [x] By —A (T(x)]B,
BA—[STlsWx lB BA—[STJBWX\ IB
K* [S(T(z))] v

Example 5.10 Let T be a reflection relative to the x-axis in R? and let S be
a counter-clockwise rotation around the origin in R? by an angle 6 = 5. Find:

a) the matriz of ST relative to the standard basis E;

b) an analytic expression for ST.

a) The matrices of T and S relative to the standard basis of R? are

S A RO
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0 —-1|(1 O 0 1
st=10 ol =0
b) As to the analytic expression of the composite transformation, we have

sren=[1 ] 1= 2.

that is, ST (x,y) = (y, x).

Hence,

Let U,V be vector spaces over K and let By, By be the corresponding
bases. Let T: U — V be an isomorphism, i.e., T is a bijective linear trans-
formation. Observe that, by Theorem 5.3, dim U = dim V. Consequently, the
matrix [T), B, is a square matrix. Under this circumstances, it is possible
to define the inverse function T—! of T by

TV -=U
Yy—x,
where y = T'(x).

Proposition 5.7 Let U,V be vector spaces over K and let T: U — V be an
isomorphism. Then T is invertible and T—' is a linear transformation.

Proof Since T is bijective, the function T~ is well-defined. In fact, T—!
is additive and homogeneous because
Ty +y2) =T H(T(x1) + T(22))
=T YT (21 + x2))
=z +as =T "(y) + T '(y2),
and
T Hay) =T aT(x)) =T T(ax)) = ax = T ' (y).

Here y,y1,y2 € V are arbitrary and such that y = T(x),y1 = T(x1),y2 =
T(x3), for some x,x1,x2 € X, and a € K.

Let B = [T7!]5, 5, be the matrix of T~ relative to the bases By of the
codomain U and By of the domain V and let A = [T, 5, the matrix of T'
relative to the same bases. We have, for all @ € U, that

(T7'T) (@), = [T~ (T2)]s,
= [T Y5y.8, [(T2)] 5,
= [T Y5y 8y T8y By [@]B,
= BA[:B]BU :

Observing that 77T is the identity Iy on U, i.e, the linear transformation
which assigns to each & € U the image Iy(x) = x, it follows that BA = I.
Hence, we have the following.
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Proposition 5.8 Let U,V be vector spaces over K and let By, and By be
bases of U and V', respectively. Let T: U — V be an isomorphism. Then, the
matriz of T~' relative to the bases By and By is

-1

[T71]5U7Bv = ([T]BV7BU) (5'10)

The matrix associated with the inverse T~ of a linear transformation T
is the inverse of the matrix associated with T.

Example 5.11 Let U be the subspace of the real polynomials Py defined by
U = {ait + ast®: a1,as € R},

and let T: U — Py be the linear transformation which assigns to each polyno-
mial its derivative. Find the matriz of T~ relative to the basis By = (t,t?)
of U and the standard basis of Py.

Solution: The matriz of T relative to this bases is

TP, .80 = Ll) g} :

Notice that we were informed that T was invertible to start with and, conse-
quently, did not have to check this. However, we can see it by ourselves now,
since [T)p, B, is an invertible matriz.

It now follows that

_ 1 0
[T I}BU,Pl = |:0 1:| )
2
yielding
_ _ b b
[T (bo + 01t)]sy = [T P |5 | = |1p, | -
b1 b1
Hence, T_l(bo + blt) = bot + %bth.
We have been integrating!
The next exercise suggests a different way of proving (5.10).

Exercise 5.4 Let T: U — V be an isomorphism between the vector spaces
U,V and consider the inverse linear transformation

TV U
y—x,

where y = Tx.
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a) Denoting by A the matriz [T)p,, B, and supposing that dimU = n, show
that A is a nxn invertible matriz. (Hint: use Theorem 8.6 and Theorem
5.3.)

b) Use a) and the equality y = Tx to write © as a function of y and
conclude that [T, B, = A7L.

5.6 Change of Basis

Sometimes we have to choose the bases carefully in order for the matrix
associated with a linear transformation to be easily determined or, at least,
as easily as possible (see Example 5.12). A change of basis might then be in
order. But how do matrices of a given linear transformation relate with each
other?

We begin to tackle this question with linear transformations on K".

Let T: K® — K" be a linear transformation and let B = (b1, ba,...,b,)
be a basis of K”.

Given a vector  in K", the coordinate vector of the image of x can be
determined both using the matrix A = [T¢, ¢, and the matrix B = [Tz 3.
We have

[T(x)e, = Alzle,,, [T(x)]s = Blz]s.

On the other hand, we can see in the scheme below that [T(x)]g, also can
be calculated using B and the change of basis matrices between &, and B. In
fact,

zle, > [T(z)]e,

Ll JA‘M%HB

— MB_<1—5nBMB<_5“ [13]8” [az}s }—B> [T(w)]B

[T(@)]¢, = Mgle, [T(@)]s

[
= Mg(l_gnB[.’B]B Mpe

Hence
A=Mg!. BMg_g,.

Example 5.12 Let T: R? — R? be the reflection relative to the straight line
whose equation is y = 2x. Find an analytic expression for T.

If you try to determine the matriz [T)g, g, of the linear transformation T
relative to the standard basis, you will be faced with difficulties. Indeed, you
will need to find the images T(1,0),T(0,1) and this is by no means immediate.
However, there are vectors whose images are particularly easy to find.
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For example, all vectors lying in the line y = 2x are unchanged by the
linear transformation. Hence, e.g., T(1,2) = (1, 2).

If one looks at the straight line that goes through the origin and is per-
pendicular to the one given before, then again we have an immediate way of
finding the images of the vectors lying in that straight line. That is the case
of the vector (—2,1), and we have T(—2,1) = (2, —1).

If we choose the basis B = ((1,2),(=2,1)) of R?, then

T)s5 = B _OJ 7

o T(1,2) = 1(1,2) + 0(=2,1),  T(-2,1) =0(1,2) — 1(~2,1).
It follows that

[T(2,y)], = Mg e, [Tl 5Mpes, m

el S

S et e
-1 6 A D
—1/5 [—4?;3::;;/]

Finally, we have that

3 4 4 3
T(z,y) = (‘595‘1' YTt 5y> :

Consider now the general case of an arbitrary vector space U endowed with
two bases By = (b1, ba,...,b,) and By = (v1,v2,...,v,) and let A = [T, 5,
and B = [Tg,,B,- A reasoning similar to that above yields

], — [T ()]s,
[T] 5, 5, = M5, 5,[T)5, 5, M, 5, I I
7 Mpy B, Mp, B,

_ —1
Mp, e, = Mg, 5,
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Hence
[T(2)]5, = Mg, g, [T(@)]5,
= MlgzleBlB[w]BQ
= Ml;21<—81 BMpg, 5, [x]s,

from which follows that

A= Mg 5 BMp, p,. (5.11)

Example 5.13 Let U be the subspace of the 2 X 2 complex matrices having
null trace, and let T: U — U be the transposition. Consider the bases of U

s=(lo Ao b))
sy 5[ 3]0 8)

Suppose that A = [T|p, B, and B = [T|g,.B,- Then,

1 0 0 1 0 O
A=10 0 1}, B=|0 -1 0
01 0 0 0 1
Check that
i 0 0] [i 0 0
A= Mgzl%lgl BMB“*BI =10 % _% B0 % _%
0 —3 —3 0 —3 —3

In (5.11), we proved the following result.

Proposition 5.9 Let U be a vector space over K, let T: U — U be a linear
transformation and let By, By be bases of U. Then, the matrices [T)|g, B, and
[T)B,.B, are similar.

To end this section, we tackle finally the general case where T: U — V' is

a linear transformation whose domain and codomain do not have to coincide.
Let U,V be vector spaces over K, let By and B be bases of U and let By

and Bj be bases of V.
Analogously to what has been done so far in this section, we have

A
[w}Bl — [T(m)}Bz
[T} Ba,B1 MB2HB'2 [T]BQ,B’IMB;eBl Msgesll IMBT—BQ

[m]B; - [T(m)]B;

where A = [T|g, 5, and B = [T]g, 5 -
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It follows that
[T(x)|5, = Mp,5,[T ()]s,
= Mp, 5, B[z]s;

= Mg, s, BMp; 5, [T]5,

Hence
A= Mp,. 5,BMp; ¢ 5,-

How to relate the matrices of a linear transformation in
different bases

Let U,V be vector spaces over K, let B; and B} be bases of U and let

By and B) be bases of V. Consider a linear transformation T: U — V. If
A= [T]BQ,Bl and B = [T]3/218/1’ then

e Determine the change of basis matrices Mp; . 5, and Mg, ;.

e We have
A= Mp,. 5, BMp . 5,

Given one of the matrices A or B, one can use this equality to obtain
the other.

e Determine one (the easiest) of these matrices, should you not have
one of them to start with. One can now obtain the other matrix using
the above equality.

5.7 Spectrum and Diagonalisation

We can extend to linear transformations what was done for matrices in
Chapter 4. Not at all a surprise! Indeed, we saw already that there exists a
bijection between linear transformations and matrices. To be precise, if By, B
are bases of U and V, respectively, and dimU = n,dimV = k, then the
mapping

T(U7 V) 5T = [T]32731 € Mk,n(K)V

where T(U,V) = {T: U — V: T is a linear transformation}, is a bijection.
In fact, this mapping is itself a linear transformation. Notice that the set
{T: U — V: T is a linear transformation} is a vector space over K.
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Proposition 5.10 Let U,V be vector spaces over K and let By, By be bases
of U and V', respectively. Let T, S be linear transformations from U to V, let
A and B be the matrices representing T and S relative to the bases By, Bs,
and let a € K. Then:

(i) T+ S and T are linear transformations;
(i1) [T+ S|B,.8, = A+ B and [aT)p, 5, = aA.

Moreover, {T: U — V: T is a linear transformation} is a vector space over
K.

Proof Ezercise. Here, for x € U and o € K, we define as usual (T +
S)(x) =T(x)+ S(x) and (aT)(x) = aT(x).

Definition 47 Let U be a vector space over K and let T: U — U be a linear
transformation. A non-zero vector @ € U, is called an eigenvector of T if
there exists A € K such that

T(x) = M.

Under these conditions, A is called the eigenvalue of A associated with x.

The spectrum of T, denoted by o (7)), is the set of eigenvalues of the linear
transformation 7'
For an eigenvalue A, the eigenspace F/(\) corresponding to the eigenvalue
A is the null space of the linear transformation T'— A\I, where [ is the identity
map on U. That is,
E(N\) = N(T - \I).

Given a basis B of U and the matrix A = [T|g  of T relative to the basis
B, we have

T(x)—Ax=0 if and only if (A= AD)[x]g=0.

Hence,
o(T) =a(A),

and
EXN ={xeU: (x)pe N(A—-A])}.
We have just proved the following.

Proposition 5.11 Let U be a vector space over K, let B be a basis of U and
let T:U — U be a linear transformation. If A = [T'|g.p is the matriz of T
relative to the basis B, then o(T) = 0(A), and

E(\) ={z € U: (x)g € N(A— )}
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Example 5.14 Find the eigenvalues and the eigenvectors of the reflection
relative to the straight line in R? whose cartesian equation is y = x.
Solution: The matriz of this reflection relative to the basis B =

((1,1),(1,-1)) of R? is
A= [(1) —01] :

Hence, o(T) = 0(A) = {=1,1}. The eigenspaces are E(—1) = {(z,—z): z €
R} and E(1) = {(z,y) € R?: y = x}.

To determine the spectrum of T, it does not matter which basis we use:
different bases correspond to similar matrices which, as we know, share a lot
of things, namely, their spectrum, the algebraic and geometric multiplicities
of the eigenvalues, and the characteristic polynomial, for example (see Propo-
sition 5.9 and Theorem 4.2).

Given the ‘identification’ of linear transformations and matrices alluded
to at the beginning of this section, concepts existing for matrices can and are
transferred to linear transformations.

We define in an obvious way the characteristic polynomial of a linear
transformation T': U — U, the algebraic and geometric multiplicities of
its eigenvalues and will not repeat ourselves.

We will however speak of the diagonalisation of a linear transformation
by means of an example. Not all linear transformations are diagonalisable but
the one below is.

Example 5.15 Diagonalise the reflection of Example 5.14. In other words,
find a basis of R? for which the matriz representing the reflection is a diagonal
matriz. Find an analytic expression for this linear transformation.

Solution: We know already from FEzxample 5.14 the eigenvalues and
eigenspaces of T'. In fact, we know also that

[T)s,5 = Ll) OJ

is the matriz of T relative to the basis B = ((1,1),(1,—1)) of eigenvectors.
According to what we saw when diagonalising matrices in Chapter 4,

L A RN O I F | A

Henee B 2] o 1] [z
Te.) = Mewes 3] = |1 o] 2]

and we have T'(z,y) = (y,x).

| [
N[ =
[
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We end this section with

A word of caution: Not all linear transformations have a non-empty spec-

trum. For

an angle # may or may not have eigenvalues. If one chooses an angle 0 = Z

example, a counter-clockwise rotation around the origin of R? by

27

it does not, but if @ = m, then the spectrum is {—1} (see EX 5.8.13).

5.8 Exercises

EX 5.8.1.

a

Q. o o

= @

)
)
)
)
)
)
)

g

EX 5.8.2.

EX 5.8.3.

EX 5.8.4.

EX 5.8.5.

Are the following functions linear transformations?

T:R? - R3 T(z,y) = 2z —y, 2,y — T)
T:C? — C3, T(z1, 22, 23) = (—iza, (5 — 3i)23 — 22,321)
T:R3 = R3 T(x,y,2) = (v,2+y+ 22z —1)
T:C? — C? T(z1,2) = (72, (2 —i)21)
T: My(K) = K, T(A) = tr(AB?), with B = Ey(-5).
T:P3 — Py, T is the derivative
T: Mys(R) — Py,
1
T(A)= Y a;+[1 1]A[1]t+ant’
i=1,2,j=1,2,3 1

Find the matrix representing T' in Exercises EX 5.8.1 a) and b)
relative to the standard bases. Find their null spaces and images.
Are they isomorphisms?

Let S: R? — R? be the clockwise rotation around the origin by
an angle 6 = 7, and let T': R? — R? be the linear transformation
such that

G I

Find the null space and the image of the composite linear trans-
formation T'S. Verify that the Rank-nullity Theorem holds. Is this
transformation an isomorphism?

Consider the linear transformation 7: R?> — R? defined by
T(z,y) = Bz 4+ y,—x + 3y). Is T invertible? If it is, find the
matrix representing 7! relative to the standard basis.

Let T: R? — R? be a linear transformation such that T'(z,y) =
(32—31y,2). Let B = ((1,-1),(1,1)) be a basis of R?. Find [T]e, 5.
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EX 5.8.6. Let T: V — R? be the linear transformation defined by T'(x,y) =
(—9x, —62), where V is the straight line 2z = y in R%. Find a
matrix representing T relative to basis of your choice. Find the
null space and the image of T'. Is T" injective or surjective?

EX 5.8.7. Let T: My(R) — My (R) be defined by T(A) = AT. Find [T)5, 5.
and, use the appropriate change of basis matrices to determine
[T)g,B, where By is the standard basis and

B 11 0 1] [0 0| [0 ©
~\{0 0|’|—=1 O|”|1 1|’|0 1|/°
EX 5.8.8. Let T': Py — M>(R) be a linear transformation such that
1 -1
1 -1
1 -1’
-1 1

TP, =

where B = (¢t — 1,t). Find the null space and the image of T.

EX 5.8.9. Let T': Py — Py be the derivative, i.e, T(p) = p’. Let B = (1+¢,t—
t?,1) be a basis of Py. Find [T'], 5 using [T]p, p, and appropriate
change of basis matrices.

EX 5.8.10. Let U and V be real vector spaces such that dimU = n and
dimV =k with n < k.

True or false?

a) A linear transformation on U is surjective if and only if it is an
isomorphism.

b) A linear transformation on V' is an isomorphism if and only if it is
injective.

¢) k —n is the dimension of the null space of any surjective linear
transformation from V to U.

d) k — n is the dimension of the null space of any surjective linear
transformation from U to V.

e) If n =k, then U and V are isomorphic.
f) If n < k, then U is isomorphic to a subspace of V.
g) If n < k, then U is isomorphic to a unique subspace of V.

EX 5.8.11. Let U be a vector space over K and let T : U — U be a linear
transformation. A subspace W of U is called an invariant sub-
space of T if T(W) C W. Show that the subspaces {0}, U and
the eigenspaces of T, should they exist, are examples of invariant
subspaces of T'.
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EX 5.8.12. Let T: R? — R3 be the orthogonal projection on the plane z = 0.
Find the spectrum and the eigenspaces of T. Find the invariant
subspaces of T'.

EX 5.8.13. Let T, 5: R2 = R? be, respectively, the counter-clockwise rotation
around the origin by an angle 67 = 5 and 05 = 7.
a) Find the spectra and the eigenspaces of 7" and S.
b) If A is the matrix that represents T relative to the standard basis,
find o(A) C C and bases for the eigenspaces.

EX 5.8.14. Consider the linear transformations 71, T5: M2(R) — M3(R) de-
fined by

At AT A— AT

T1(A) 5

(a) Find the matrices representing 77 and T5 relative to the standard
basis Bs.
(b) Find the spectra and the eigenspaces of these linear transforma-

tions.

EX 5.8.15. Show that the only linear transformation T': M,,(C) — C satisfy-
ing (i) T(AB) =T(BA), for all A,B € M,(C), and (ii) T(I) = n
is the trace.

5.9 At a Glance

A linear transformation is an additive and homogeneous function between
vector spaces. In other words, it transforms sums of vectors in sums of their
images and multiplication of vectors by scalars in multiplication of their images
by scalars.

Fixing bases in the domain U and codomain V', a linear transformation 7'
is represented relative to these bases by a k x n matrix A. Here we assume
that the dimension of the domain is n and of the codomain is k. The image
of @ € U is then calculated as [T'(x)], = Axg, -

We have thus an induced linear transformation from K" to K* given by z
Az. If we understand this transformation, then we understand T'. Moreover,
if kK = n, then the eigenvalues of A and T coincide, and A and T are only
diagonalisable simultaneously.

N(A) consists of the coordinate vectors of the vectors in the null space
N(T) and C(A) consists of the coordinate vectors of the vectors in the image
I(T). The null space N(T') is isomorphic as a vector space to N(A4), and the
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same applies to I(T") and C(A). As a consequence, T' is invertible or, in other
words, an isomorphism, if and only if A is invertible.
The fundamental formula linking these spaces is

n=dim N(T') + dim I(T).

If dimU = dimV, then T is neither surjective nor injective or is both
simultaneously.

If U =V, then N(T) and I(T) are subspaces of U. If N(T)NI(T) = {0},
then, by means of the formula above, the transformation splits U into the
direct sum U = N(T) @ I(T).

Matrices representing T relative to different bases are similar.
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Up to here we have been dealing with purely algebraic structures. For example,
we do not have just yet a notion of distance between elements of a vector
space, and implicitly we are overlooking the geometric aspects of spaces. We
will fix that in this chapter by introducing the inner product spaces. Unlike the
previous chapters where we have treated simultaneously the real and complex
vector spaces, here we treat the real and complex inner products separately.
This is because the definitions of these inner products are different in an
essential manner.

6.1 Real Inner Product Spaces

Definition 48 Let V be a real vector space. A real function

() VxV-=R
(z,y) = (z,y)

is said to be an inner product if, for all x,y,z € V and a € R,

(i) (z,y) = (y,z);
(i) (ax,y) = a(z,y);

DOL: 10.1201/9781351243452-6 205
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(iii) (@ +y,z) = (2,2) + (y, 2);
() (x,z) >0 A ((z,z)=0=2x=0).

A real vector space V' endowed with a inner product is said to be a real inner
product space.

If one considers the zero vector 0, by (ii) above,
(0,0) = (00,0) = 0(0,0) = 0.
Hence, (iv) could be equivalently replaced by
(x,z) >0 A ((z,x)=0<ax=0). (6.1)
A function f: V x V — R satisfying, for all ,y,z € V and a € R,
(a) (z,ay) = alz,y);
(b) (o, y) = afz, y);
(©) (®+y 2) = (x,2) +(y,2)

is said to be a bilinear function, meaning that it is linear separately in each
variable.

We see that an inner product is a bilinear function which, because it also
satisfies (i) in Definition 48, is said to be a symmetric bilinear function.
Condition (iv) further classifies this symmetric bilinear function as positive
definite.

Example 6.1 The usual scalar products in R? and R3 are examples of inner
products. Recall that, for vectors @ = (x1,22),y = (y1,%2) on the plane R?,
the scalar product is defined by

(@, y) = [|[|[ly[| cos 0
= T1Y1 + ZT2y2,
where 6 € [0, 7] is the angle between the vectors  and y and || - || denotes the
norm of a vector (see Figure 6.1).

If we consider now vectors @ = (x1,z2,23),y = (y1,Y2,y3) in space, then
we have

(@, y) = |zllly cos
= T1Y1 + T2y2 + T3Y3.
Here again 6 € [0,7] is the angle between the vectors ® and y in R® and
|| - || denotes the norm. It is an easy exercise to verify that all conditions of

Definition 48 are satisfied by both scalar products.
In both cases, the norm of a vector x satisfies

2] = v/ (z, z).
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xr

Yy
FIGURE 6.1: Vectors in R? or R? with an angle 6 between them.

Generalising in the obvious way the above example to R™, we define next
an inner product on this space.

Definition 49 Let € = (z1,...,2n), Y = (Y1,.-.,Yn) € R™. The inner prod-
uct (x,y) is defined by

(®,y) = T1y1 + T2y2 + - + ToYn (6.2)
or, alternatively,
(z,y) =y'x=x"y.
We shall refer to R™ together with this inner product as the real Euclidean

space R".
Analogously, to the plane and space cases, we define the norm of a vector

z by
||w||:\/m:\/x%+x%+...+x%.

Also generalising what is usual in the plane and space, the distance
d(x,y) between the points ¢,y € R™ is defined by

d(z,y) = ||z - yl|.
Exercise 6.1 Show that (6.2) is an inner product in R™.

The next example deals with an inner product on a matrix space.

Example 6.2 For A = [a;;], B = [b;;] in the space Ma(R) of the 2 x 2 real
matrices, define the inner product

(A, B) = tr(BTA)
2
= Z aijbij.
i,j=1
Observe that, for the standard basis B, of Max2(R), we have

(A, B)myr) = (AB,, BB, R4,
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1

(3,0) T

FIGURE 6.2: Ellipse depicting the points at distance 1 from (0,0) with
respect to the inner product of Exercise 6.2.

where Ap,,Bp, € R* are, respectively, the coordinate vectors of A and B
relative to the standard basis B, of Ma(R). Hence, the inner product defined
above respects the isomorphism A~ Ap_ existing between Ma(R) and R*.

It is worth noticing that, since

tr(BTA) = tr(ATB),
one could alternatively have defined the inner product by
(4, B) = tx(A"B),
as some authors do.
Exercise 6.2 Show that

(21, 22), (y1,92)) = l331y1 + ll‘gyg
9 1

defines an inner product in R? and, for this inner product, find the circle C
centered at (0,0) and with radius 1, i.e.,

C= {(1’1,‘%2) € Rz : ||(£L'1,CE2)|| = ].}

Solution. It is easily seen that this function satisfies all the conditions in
Definition 48. To find the circle C, we have to determine which points (x1,x2)
lie at a distance 1 from (0,0), that is,

1= ||(I1,.132)||2 = <(1‘1,Z‘2), (1‘1,.T2)> = %I% + %ﬂfg

Hence, the points at distance 1 from (0,0) lie in an ellipse (see Figure 6.2).

This exercise illustrates how the geometry of a space can be changed by
endowing it with different inner products. Here, the ‘usual’ circle has been
changed into an ellipse.
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Building on what is known for the Euclidean space, we define the norm of
a vector in an (any) inner product space.

Definition 50 Let V' be a real inner product space with inner product {-,-)
and let x € V. The norm of x is defined by

2] = v/ (z, z). (6.3)

The distance d(x,y) between x,y € V is defined by

d(z,y) = [z — yl.

Proposition 6.1 Let V' be a real inner product space and let the norm of a
vector be defined as in (6.3). Then the function defined by

I-1:V—>R
x|z
is such that, for all x,y € V,a € R,
(i) ||lz|| >0, and ||z| = 0 if and only if x = 0;
(ii) |az|| = |af[z] ;
(iii)
e +yl| <]+ |yl Triangle inequality (6.4)

We prove (i) and (ii) here and leave the proof of (iii) for later, as we shall use
in its proof another inequality, the Cauchy—Schwarz inequality, that will be
proved in the sequel.

Proof (i) It is clear that |x| > 0, from the very definition of norm (cf.
Definition 50). Moreover, by (6.1), we have that (x,x) = 0 if and only if
xz =0.

(ii) By Definition 48 (i), for x € V,a € R,

loz|| = oz, ax) = \/aX(z, z) = |a|\/(z,2) = |o||z|,

as required.

Exercise 6.3 Let V be an inner product space. Show that for all x,y,z € V,
(i) d(x,y) >0, and d(x,y) =0 if and only if x = y;
(ii) d(x,y) = d(y, x)

(1ii) d(x,z) < d(x,y) + d(y, 2).

Hint: use Propositin 6.1.
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In R? and R?, we have, for any vectors x,y and the usual scalar product
that,

(,y) = [=[lly] cos b,
yielding
[z, )| < llzllllyll,

since | cos 0] < 1. It turns out that this inequality holds in every inner product
space.

Theorem 6.1 (Cauchy—Schwarz inequality) Let V' be a real inner prod-
uct space and let ¢,y € V. Then

[z, ) < [yl (6.5)

and
[z, y)| = [l=[l|yl (6.6)

if and only if {x,y} is a linearly dependent set.

Proof The theorem holds trivially if y = 0. Suppose now that y # 0.
Then, fora € R and ¢,y € V,

0<(x—ay,z—ay) = (z,z) — afz,y) — aly,z) + *(y,y) (6.7)

= (z,z) — alr,y) — a((z,y) — ally[]®). (6.8)
If we set
_ (=Y
lyl?’
fhen (2,9 (@.y) (2,9)
T,y x,y .Y o
0% (me) ~ T~ T (@)~ vl
that is, < >
x,y
0<(z,x)— T (z,y).
Hence,

0 < [ll*ly]* — (z,9)*
from which follows that
(@,y)” < [l]*[lyl>.
Taking square roots,
[z, )| < llzllllyll

which proves (6.5).
We show now that

{2, u) = =]yl (6.9)
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FIGURE 6.3: Triangle inequality: the shortest distance between P and @ is
the length of the straight line segment connecting these points.

if and only if the vectors x,y are linearly dependent. If x = ay or y = ax,
a direct substitution shows that (6.6) holds. If, on the other hand, (6.6) holds
and y # 0, then going back retracing our steps from (6.9) to (6.8), (6.7), we
have that

(z,y)

- y=_9,
lyl?
which shows that x,y are linearly dependent.

Having proved Theorem 6.1, we are now ready to prove the triangle in-
equality.

Proof of Proposition 6.1 (iii). Let a,y be vectors in V. Then,

lz+y|* = (z+y.z+y)
=(z,z) +2(z,y) + (v, y)
= z|* +2(z,y) + ||
< l=|* + 2|z, y)| + |yl
< le||® + 2||z|||lyll + [lyl> ¢+ using Cauchy-Schwarz inequality
= (= + [ly])*.
Hence,
2 +yll < llzll + [lyl,
concluding the proof.

Proposition 6.2 (Parallelogram law) Let x,y be vectors in a real inner
product space V. Then,

e+ ylI* + [l — yll* = 2/l ]* + [ylI*).
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FIGURE 6.4: Parallelogram law.

Proof Forx,y € V, we have

|z +yl® +llz—yl* = (z+y,z+y) +{z—y,z—y)
= 2[|lz|* + 2[|y|1%,

as required.

Up to now, our approach to inner product spaces has been coordinate free.
It is now the time to make use of the fact that vector spaces do have bases
and see how they interact with the inner product.

Let V be a real inner product space and let B = (b1, ba, ..., b,) be a basis
of V. For @,y € V such that the coordinate vectors of & and y relative to B
are, respectively, g = (a1, o, ..., a,) and yg = (61, B2, - - -, Bn), we have

(,y) = (a1by + agby + - - - + apby,, Bi1b1 + Paba + - - + 5 by)
= f1(b1,b1)ai + Bi(ba,bi)as + ... B1(by, b1)a,+
+ Ba(b1, ba)a + Ba(ba, ba)as + ... Ba(by, ba)a,+

+ ﬁn(bly bn>al + Bn <b27 bn>a2 + ... Bn<bn; bn>an

<b1,b1> <b27b1> <bn,b1> (651
b1, by by, by by, by Q2
:[ﬂ1ﬁ2...ﬁn}<:><:>._<;>:
(b1,by) (b2,by) .. (bo,b)]| Lom

G

Hence, given an inner product on a real vector space V with dimV = n
and a basis B of V, it is possible to find an n x n real matrix
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<b17b1> <b27b1> <bn7b1>
(b1,b2) (b2,ba) ... (by,ba)
= . . . ) (6.10)

<b17bn> <b27bn> ... <bnabn>

such that
<.’D, y> = ngXB.

This matrix G = [g;;], where for all 4,5 = 1,...,n, we have g;; = (b;, b;), is
said to be the Gram matrix of the set of vectors {by, ba,...,b,}.

Definition 51 A real symmetric matriz of order n is said to be a positive
definite matrix if, for all non-zero vectors x € R™,

xTAx > 0.
The proof of the following proposition is left as an exercise.

Proposition 6.3 Let V' be a real inner product space of dimension n and let
B = (b1,bs,...,by,) be a basis of V. Let x,y be vectors in V. Then, there
exists uniquely an n X n real matrix G such that

(x,y) = ysGxs, (6.11)

where xp, Yy are, respectively, the coordinate vectors of x,y relative to the
basis B. Moreover, the matriz G is symmetric and positive definite, that is,
forx #£0,

xEGxp > 0. (6.12)

Exercise 6.4 Consider the Euclidean space R? and its standard basis &s.
Find the Gram matriz of E5. What is the Gram matrixz if now one considers
an inner product (-,-)1 which is that of Exercise 6.27 Calculate ((1,2),(3,1))1
using this latter matriz.

Solution. An easy application of (6.10) leads to the Gram matriz

1 0
o= 1)
in the first case. For the second inner product, we have
1
= 0
G == |:9 1:| .
0 g

It follows that

2. = 1}

= O
[—
—
[N
—
I
(&[S}
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Proposition 6.4 Let A be a real matriz of order n. The following are equiv-
alent.

(i) The expression
(x,y) =y " Ax

defines an inner product on R™.
(1i) A is a real positive definite matriz.

Proof We prove only that (i) implies (i) and leave the other implication
as an easy exercise.
We see now that A is symmetric. Fori,j=1,...,n,

<67;7 6j> = e]TAei = Qjs, <€j, €i> = eiTAej = Qjj-

Hence, a;j = aj; and, therefore, A is symmetric. On the other hand, given
x € R”,
xTAx = (z,x2) > 0

and equals 0 only when = 0.

We saw in Chapter 4 that real symmetric matrices have real eigenvalues
(see Corollary 4.1). We can say more.

Proposition 6.5 A real symmetric matriz is positive definite if and only if
its etgenvalues are positive numbers.

For another result on real positive definite matrices, see Corollary 6.3.

Proof Suppose that A is a positive definite matriz. Let X be an eigenvalue
of A and let x be and associated eigenvector. Then

0 < xTAx = AxTx = \x|?,

from which follows that A > 0. The proof of the converse is postponed until
§6.4.

An immediate consequence of this proposition is that a positive definite matrix
is invertible as its spectrum does not contain 0. In other words, the null space
of such a matrix is {0}. In the same trait, we can conclude that Gram matrices
are invertible matrices.

6.2 Complex Inner Product Spaces

As said at the beginning of this chapter, the real and complex inner prod-
ucts differ in an essential way. We shall see that in the definition below.
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Definition 52 Let V' be a complex vector space. A complex function
()Y VxV=C
(,y) = (z,y)

is said to be an inner product if, for all x,y,z € V and a € C,

(i) (2,y) = (y,x);

(ii) (aw,y) = a(z,y);

(iit) (& +y,2) = (T, 2) + (Y, 2);

(iw) (z,

A complex vector space V' endowed with a inner product it is said to be an
complex inner product space.

z)>0 A ({z,z)=0=x=0).

Considerations similar to those leading to (6.1) yield that (iv) can be
equivalently replaced by

(k) >0 AN ((z,x)=0<ax=0). (6.13)

We see that, apart from the inner product of two vectors being now a
complex number, the remaining difference between real and complex inner
products is condition (i) above.

By conditions (i) and (ii),

<$7O‘y> = <O‘y’ 5E> = a(y,ac) = a<va> = a<$’ y>7

yielding that the inner product is conjugate linear in the second variable.
A function f: V x V — C satisfying, for all @, y,z € V and a € R,

(b) (x,ay) = alz,y);
(c) (x+y,2z) = (x,2) + (y, 2).

is said to be a sesquilinear function, meaning that it is linear in the first
variable and linear by ‘half’ in the second variable.
Hence, a complex inner product is a sesquilinear function which, because
it also satisfies condition (iv), is a positive definite sesquilinear function.
Similarly to §6.1, we define the norm of a vector @ € C™ by

[zl = V{z, ), (6.14)
and the distance between x,y € C" by

d(z,y) = [z -y (6.15)
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Example 6.3 There is a usual inner product on C™. Namely, for vectors
x = (r1,22,...,2n) and Yy = (Y1, Y2, -, yn) in C", define

(@, y) = 217G; + T2Yy + -+ + 0T

Consequently, we have
T

(,y) =y x
It follows from (6.14),

||f‘C||2 = (x,x) = 1171 + X2T2 + -+ + T T,

that is,

lll = V@, x) = ]z 2 + |22 + - + |22

The space C™ together with this inner product is said to be the complex
Euclidean space.

The norm defined by (6.14) is a non-negative real function defined on V'
such that, for all x,y € V,a € C,

(i) ||lz|| = 0, and ||| = 0 if and only if = 0;
(i) ozl = lal o]
(iii)
e+ yll < [lz| + |lyl. Triangle inequality (6.16)

Showing that (i)—(iil) are properties of the norm can be done similarly to the
real case. In fact, the fundamental Cauchy—Schwarz inequality and parallelo-
gram law do hold also in this setting and we make a note of this in the next
theorem, whose proof can be easily adapted from the corresponding real case.

Theorem 6.2 Let V be a complex inner product space. The following hold.
(i) Forx,y €V,
Kz, y)| < |||/l (Cauchy—-Schwarz inequality)

and
[z, y)| = llzllyl

if and only if {x,y} is a linearly dependent set.
(i) For x,y €V,

l +yl* + llz = ylI* = 2(]l=l* + [ly]*) (Parallelogram law)
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In a complex inner product space V' one can also make a coordinate ap-
proach to the inner product. We shall also get a Gram matrix corresponding
to a fixed basis of V.

If B = (by,bs,...,b,) is a basis of V| then, given ,y € V such that
rp = (ala Q, ... 7an) and Yys = (517527 cee 7571)7 we have

(x,y) = (a1b1 + agby + - + anby, f1by + faba + - + Buby)

= B1(br,br)ar + By (b2, bi)az + ... By (bn, br) o+
+ Ba (b1, ba)ar + Ba(ba, ba)as + ... By (b, ba)an+

+Bn<b17 bn>O[1 +Bn<b27 bn>a2 +.. Bn(bn? bn>a’ﬂ

<b1,b1> <b2,b1> <bn7b1> a1
_ — o [(b1,b2) (b2, b2) ... (b, b2)
:Wl Ba - 5"] 1:2 2:2 :2 Oé:2
(b1,bn) (b2,by) ... (bn,by)| |an
G

Hence, we can find a unique n X n complex matrix

<b17b1> <b27b1> <bn7b1>
(b1,b2) (b2,b2) ... (bn,ba)
<b17bn> <b27bn> .. <bnabn>
such that
<$, y> = ngxB“
The matrix G = [g;;], where, for all i,j = 1,...,n, we have g;; = (b;, b;), is
said to be the Gram matrix of the set of vectors {by,ba,...,b,}.

Definition 53 A hermitian matriz A of order n is said to be positive def-
inite if, for all non-zero vectors x € C™,

xTAx > 0.

Similarly to the real case, the next proposition, whose proof is left as an
exercise, collects some properties of the Gram matrix.

Proposition 6.6 Let V be a complex inner product space of dimension n and
let B= (by,ba,...,by,) be abasis of V. Let &,y in be vectors in V. Then, there
exists uniquely an n X n complexr matriz G such that

(z,y) = Y5Gxs, (6.17)
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where xp, Yy are, respectively, the coordinate vectors of x,y relative to the
basis B. Moreover, G is a hermitian positive definite matriz, i.e., for x # 0,

X5Gxp > 0. (6.18)

The next two results are a counterpart of Proposition 6.4 and Proposition
6.5 for the complex inner product. Their proofs are an easy adaptation to
the complex setting of those propositions and, for this reason, are left as an
exercise.

Proposition 6.7 Let A be a complex n X n matriz. The following are equiv-
alent.

(i) The expression
(x,y) =¥" Ax

defines an inner product in C™.
(i) A is a positive definite matriz.
The next proposition can be proved similarly to Proposition 6.5.

Proposition 6.8 A hermitian matriz is positive definite if and only if its
etgenvalues are positive numbers.

This proposition shows that, when one considers a complex inner product
space V', the Gram matrix corresponding to some basis of V' is an invertible
matrix.

6.3 Orthogonal Sets

This section is concerned with an intrinsically geometric notion: that of
the angle between vectors. More to the point, a particular emphasis is given
to vectors which are, in some sense, ‘perpendicular’ to each other.

Here, real and complex inner product spaces will be treated simultaneously.
For this reason, we shall mostly refer to either as inner product spaces.

Definition 54 Let x,y be non-zero vectors in a real inner product space V.
The angle between x and y is 0 < 0 < 7 such that

(x,y)

cosf) = ——="—.
(EAIIET

Notice that the Cauchy—Schwarz inequality guarantees that |cosd| < 1
and, therefore, the angle is well-defined.
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Exercise 6.5 Find the angle 0 between the vectors (1,1,—1,0),(0,0,0,1) in
the Buclidean space R*.
Solution. Using Definition 54,

(1, ,0),(0,0,0,1))
1,1,—1 0)||||(0 0,0,1)]]

—~

cosf =

—~

Hence 0 = 3.

Definition 55 Let x,y be vectors in a real or complex inner product space
V. The vector x is said to be orthogonal to the vector y, denoted by x L vy,

if {(x,y) =0.

Since clearly « is orthogonal to y if and only if y is orthogonal to x, we
say simply that the vectors «,y are orthogonal.

In Exercise 6.5, we found that the vectors (1,1, —1,0),(0,0,0,1) in R* are
orthogonal, i.e., (1,1,—1,0) L (0,0,0,1).

Although we defined the angle between vectors only in real inner product
spaces, the notion of orthogonality is valid in both real and complex inner
product spaces. In the real case, two vectors are orthogonal if the angle be-

tween them is 5

Exercise 6.6 Which vectors are orthogonal to (1,1,0), in the Euclidean space
R3?
Solution. We want to find the vectors (x,y,z) € R® such that
x
0=((z,9,2),(1,1,0))=[1 1 0] |y| =z +y.

z

Hence the vectors orthogonal to (1,1,0) are those in the plane whose cartesian
equation is x +y = 0.

Theorem 6.3 (Pythagorean theorem) Let x and y be orthogonal vectors
in an inner product space V over K. Then,

Iz +yl|* = [lz]|* + [ly]*.
Proof Let x,y be vectors in V such that x L y. We have

lz+yl°=(z+y.z+y)
=(z,z) + (y,y) + (z,y) + (y,x)
= (z,z) + (y,9) = |l=|* + |y]*.
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6.3.1 Orthogonal complement
We define next the notion of a vector orthogonal to a set.

Definition 56 Let V' be an inner product space and let X be a subset of V. A
vector x is said to be orthogonal to X, denoted by x 1. X, if x is orthogonal
to all elements in X.

For example, in Exercise 6.6 we saw that (1, 1,0) is orthogonal to the plane
having the equation « +y = 0.

Definition 57 Let W be a subspace of a real or complex inner product space
V. The orthogonal complement W+ of the subspace W is defined by

Wt={xecV: @zl W}

The orthogonal complement W+ contains always the zero vector.
Exercise 6.7 Find the orthogonal complement of the straight line U spanned
by (1,1,0).

Solution. We want to find the vectors (x,y, z) € R such that, for all o € R,
(x,y,2) L a(1,1,0). Hence,

0=(a(1,1,0), (z,9,2)) = a((1,1,0), (z,y, 2)) = a(z +y)

from which follows that the orthogonal complement U+ of U is the plane with
equation x +y = 0.

Proposition 6.9 Let V be an inner product space and let W C V' be a sub-
space. The orthogonal complement W= of W is a subspace of V.

Proof We need to show that W is closed under vector addition and scalar
multiplication. Let x,y be vectors in W= and let w € W. Then

(a:—i—y,'w) = <$’w>+<yaw> =0+0=0,

which shows that © +vy € W+,
Now let o € K. Then

(ax, w) = oz, w) = a0 = 0.

We have shown that W= # () is closed under vector addition and scalar mul-
tiplication thus concluding the proof that W is a subspace of V.

Proposition 6.10 Let V' be an inner product space, let W C V' be a subspace
and let {x1,..., 2L} be a spanning set for W. Then y € V is orthogonal to
W if and only if y is orthogonal to the set {x1,...,xx}.
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Proof [t is clear that, if y € V is orthogonal to W, then it is also orthog-

onal to {xy,...,xr}. We show now that the converse also holds.
Suppose that y is orthogonal to {x1,x2,...,xx} and let w € W.
Since {xy,x2,..., @k} is a spanning set for W, it follows that there exist

a, ..., o € K with
w=o1x] + -+ apxg.

Hence
<w7y> = oz1<w,ac1> + o+ Oék<’u]7$k> = Oa

which shows that y is orthogonal to all vectors in W.

The next result is an immediate corollary of this proposition.
Corollary 6.1 Let V' be an inner product space and let W C V be a subspace.

Then, x € V is orthogonal to W if and only if it is orthogonal to a basis of
w.

Example 6.4 Find the orthogonal complement of the plane W in R3 with
cartesian equation r =1y.

Using Corollary 6.1, it suffices to find a basis of W and all the vectors in

R? orthogonal to that basis. The set {(1,1,0),(0,0,1)} is a basis of W and
(z,y, z) is orthogonal to this basis if and only if

<(w7y,z)7(1,1,0)>:[1 1 o]

v e 8n @ 8

(2,9, 2),(0,0,1)) = [o 0 1}

Hence, we have to solve the homogeneous system of linear equations
11 0% (o
o0 1| [Y] 7 |0
z

It follows that W+ is the straight line of which we give three possible sets of
equations

Tr=-y ) .
0 cartestan equations
z =

or
(z,y,2) =t(—1,1,0) (t € R) vector equation
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WL

|
|
0 |
|

FIGURE 6.5: A plane W in R?, its orthogonal complement W+ and a
straight line perpendicular to the plane W.

or

y=t (teR) parametric equations

A common mistake. It is frequent that the orthogonal complement of a
plane in R3 (containing (0,0,0)), is confused with a (any) straight line per-
pendicular to that plane. Observe that, as seen in Proposition 6.9, the orthog-
onal complement is itself a subspace. Hence the orthogonal complement must
contain (0,0,0).

The orthogonal complement of a plane in R? is the straight line
perpendicular to the plane which goes through (0,0,0).
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How to find the orthogonal complement of a subspace of the
Euclidean space K"

Let W be a subspace of the Euclidean space K" with dim W = k.
To determine the orthogonal complement of W= follow the next steps.

1. Find a basis {by,...,by} of W.

2. Solve the homogeneous system of linear equations

ET T 0
FkT Tn 0
N~

Exn nx1 kx1

3. W is the solution set of this system:

b—lT
Wt =N : (6.19)
b—kT

Notice that, when dealing with R™, the bar over the vectors is irrele-
vant.

Observe that, since W= is the null space of

A:

whose rank is rank (A) = k, by Proposition 3.11 (i),

dim W+ =n — rank (A) = n — k.
Hence,
dim W + dim W+ = n. (6.20)

We shall come back to this equality in Lemma 6.1.

Proposition 6.11 Let W be a subspace of an inner product space V. Then,
W nwt = {0}.

Proof Suppose that x is a vector lying in W N W=, Then, x must be
orthogonal to itself, i.e., © | x. Hence

0= (x,x) = ||

and we have that x = 0.
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Lemma 6.1 Let V be an n-dimensional inner product space, let W be a sub-
space of V' and let W be its orthogonal complement. Then, if By and By, 1
are basis of W and W, respectively, then By U By . is a basis of V and

dim W + dim W+ = n. (6.21)

Proof We show firstly that B = By U By1 is a linearly independent
set. Let By = {by,...,by} and By » = {uy,...,u,}. Consider the linear

combination
k r
Z Oéibi + Z Bjuj =0.
i=1 j=1

We must show that, fori=1,...,k and j =1,...,r, all the scalars oy, 3; are
zero. Observe that the above equality is equivalent to

k r
Z Oéibi = Z —Bj'LLj.
i=1 j=1

It follows from Proposition 6.11 that

k r
Zaibi =0= Z —5]"LLJ'.
i=1 Jj=1

Since both sets By, By,1 are linearly independent, we have finally that, for
i=1,...,kand j=1,...,r, all the scalars o; =0 and B; = 0.

To finish the proof, it suffices to show that r = n — k. Since B is a linearly
independent set, by Theorem 3.5 (ii), we already know that r + k < n.

Suppose that r < n — k. We show next that, in this case, it is possible to
find a non-zero vector v € W N W=L. Observe that, by Proposition 6.11, this
is a contradiction.

We want to find all the vectors v € V such that v L W and v L W+,
Hence, by Corollary 6.1, we want to find the solutions of the problem

{(v,bi>:0, i=1,...k

(v,u;) =0, j=1,...,m

If B’ is a basis of V', this can be written in terms of the coordinate vectors
relative to B’ as the homogeneous system of linear equations

[b1]%,

[br] %
GVB/ = 0,
[ui]%
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where G is the Gram matriz relative to the basis B'. Observe that, when V
is a real inner product space, the bar over the first matriz is not relevant: it
does not change anything, since the conjugate of a real number is that same
number.

One can re-write the equation above as Ax = 0, where x := Gvg: lies in
K™.

Since B is linearly independent, that is, the rows of the (k+ 1) X n matriz
A are linearly independent, rank (A) = k + r (see Exercise 6.8 below). In
other words, the null space N(A) has dimension n—k —r > 1. Consequently,
N(A) # {0}. Hence, we have a non-zero solution v of our initial problem.
That is,

veWnWwt #£{0},

contradicting Proposition 6.11. It follows that r =n — k, as required.

Exercise 6.8 Let B be a complex matriz. Show that rank (B) = rank (B).

Proposition 6.12 Let W be a subspace of an inner product V and let
Wt = (W)L, Then, Wt =Ww.

Proof It is clear from the definition that W C WL+, Suppose now that
dimV =n and dim W = k. Hence, by (6.21),

E=dimW <dimW*t =n— (n—k) = k.

It follows that W is a subspace of W having the same dimension. Conse-
quently, W = W++,

Theorem 6.4 Let V be an inner product space and let W be a subspace of
V. Then, for x € V, there exist uniquely Ty € W and xy,. € W such that

T=xzw + Ty (6.22)

Notice that this theorem implies that every subspace W induces a splitting
of V into a sum of two subspaces, that is, V = W + W=,

Proof By Lemma 6.1, we know that any € V is a linear combination
of the vectors of the basis B = By U Byy1. It follows that

k n—=k
T = Zalbz + Z ﬁj’u]‘ =Tw + Ty, (623)

i=1 j=1

where we use the same notation as in the proof of Lemma 6.1. It only remains
to prove that this decomposition of x relative to W and W= is unique. Suppose
that © = xw +xw. and @ = Ty, +xy, ., for some xfy, € W and xy,, € W+,
Then,

0= (@ — aiy) + (@ — Ty ).
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By the Pythagorean Theorem 6.3,
0= [lew — | + |zw: — 2. |?
from which follows that
xw — Xy =0 =xyr — T

Hence, Tw = xy, and Ty = xy,., proving the uniqueness part of the
theorem.

Theorem 6.4 tells us that V' is the direct sum of a(ny) subspace W of V
and its orthogonal complement W, that is,

V=WaoWw (6.24)

We aim now at finding a formula to calculate the parts xy and xy, o of
a given vector x in an inner product space V. To that effect, it is convenient
to choose bases of W and W+ ‘easy’ to deal with. Having this in mind, we
begin with a crucial notion, that of an orthogonal set.

Definition 58 A subset X of an inner product space V is said to be an or-
thogonal set if, given any x,y € X with x # y, thenx L y.

Examples of orthogonal sets in R2? are the standard basis &,
{(1,2),(-2,1)}, {(1,2),(-2,1),(0,0)}, any set having a single element and
the empty set.

Observe also, as hinted in the previous paragraph, that the zero vector 0
in an inner product space V is orthogonal to any vector and, hence, whenever
included in an orthogonal set, the new set is still an orthogonal set.

Exercise 6.9 Can you propose an answer (even if not a formal one) to the
next questions?

a) Let X C R? be an orthogonal set not containing (0,0). How many vec-
tors, at most, lie in X ?

b) Let X C R® be an orthogonal set not containing (0,0,0). How many
vectors, at most, lie in X ?

Proposition 6.13 Let V' be an inner product space and let X = {vy,...,vx}
be an orthogonal subset of V' not containing 0. Then, X is a linearly indepen-
dent set.

Proof We must show that, given aq,...,ar € K,

av1+ -+ apvr =0=ay,...,a; =0.
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Suppose then that ayvy + -+ - + axvr = 0. Since X is an orthogonal set, for
any j € {1,...,k}, we have

(a1v1 + -+ 4 v, v;) = of ||os||* = 0.

Hence, since v; # 0, it follows that o; = 0, concluding the proof.

An obvious consequence of this proposition is that in an inner product
space V, with dim'V = n, any orthogonal subset of V consisting of n non-zero
vectors is a basis of V.

Now we are ready to answer the questions in Exercise 6.9. How many are
they?
We can say confidently that: a) 2; b) 3.

The proof of the following corollary is left as an exercise.

Corollary 6.2 Let V be an inner product space of dimension n and let X =
{v1,...,v1} be an orthogonal subset of V not containing 0. Then k < n.
Moreover, if k =n, then X is a basis of V.

The form of the orthogonal complements of the subspaces associated with
a real matrix are given in the next result.

Proposition 6.14 Let A be a nx k real matriz and let R™ and R* be endowed
with the usual inner products (6.2). Then the following hold.

(i) L(A)* = N(A).
(ii) N(A)* = L(A).
(iii) C(A)* = N(AT).
(iv) N(AT)* = C(A).

Proof (i) Since the rows of A are a spanning set for L(A), by Proposition
6.10, the orthogonal complement of L(A) consists of the solution set of the
system Ax = 0. In other words, L(A)* = N(A).

(i) By Proposition 6.12 and (i) of this proposition, we have

N(A)* = L(A)* = L(A).
(iii) Observing that C(A) = L(AT), by (i) of this proposition,
C(A)F = L(AT): = N(AT).
w) Using (i1i) of this proposition and Proposition 6.12,
(iv)
N(AT: = oA =C(A).
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6.3.2 Orthogonal projections

We saw in the previous section that an orthogonal set of non-zero vectors
in an inner product space V is linearly independent and, therefore, if it has
enough vectors then it is, in fact, a basis of V. At this point, we are interested
in analysing precisely those bases which are also orthogonal sets.

Definition 59 Let V' be an inner product space. A basis B of V is said to be an
orthogonal basis if B is an orthogonal set and is said to be an orthonormal
basis if B is an orthogonal basis whose vectors are all norm one vectors.

For example, the standard basis £, = (e, ..., e,) of K" is an orthonormal
basis, since its vectors are pairwise orthogonal and, for all j = 1,...,n, |le;|| =
1.

A key feature of an orthogonal basis is how simple it is to calculate the
coordinates of any vector relative to said basis. Let & be a vector in the inner
product space V and let B = (by,...,b,) be an ordered orthogonal basis of
V. Suppose that the coordinate vector of x relative to B is

rp = (ala"' aan)a
that is,
x=a1by + -+ ayby,.
Since B is an orthogonal set, we have, for i =1,... n,
(@,b;) = (a;b;,b;) = i[>
j=1
Hence, for i =1,...,n,
<.’13,bz>
o = . (6.25)
b2

Moreover, if B is an orthonormal basis, then we have even a simpler formula
to calculate the coordinate vector of . For alli =1,...,n,

Example 6.5 Find the coordinate vector of (1,2, 3) relative to the orthogonal
basis B = ((1,1,0),(0,0,1),(1,—1,0)) of R3.

Let (1,2,3)p = (a1, a2, a3). Then, by (6.25), we have

_((14,2,3),((1,1,0)) 3
o= 2 Bk

_ (5,2,3),((0,0,1) _ o
Qo = 1 — 9
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Al

proj, Yy

FIGURE 6.6: Orthogonal projection of x on y.

<(13233)7((1a7170)> 1
a3 = = ——.

2 2

Hence, (1,2,3)p = (%,3,—%),

When dealing with orthogonal basis, as we have seen, it is very easy to obtain
the coordinates of any given vector. However, one might ask ‘Does an inner
product space always possess an orthogonal basis?’ The answer is ‘Yes’. We
shall see how to construct such a basis in §6.3.3. For the moment, we shall
keep on developing the properties of an inner product space assuming that it
has an orthogonal basis.

At this point, an observation is in order. We can get an orthonormal basis
out of an orthogonal one. Indeed, let B = {by,...,b,} be an orthogonal basis
of V. Then, for i = 1,...,n, by a property of the norm

b;
Hub K |b ol =

1 1
B = {b b}
[ou] 0 |

is an orthonormal basis of V.

Hence, the set

If we apply this to the orthogonal basis of Example 6.5, we have that the
basis

B = L 0),(0,0,1), (=, —==,0)

1
((ﬁv ﬁ V2 V2’
is an orthonormal basis of R®

Summing up:

An orthogonal basis can be transformed into an orthonormal basis.

Now we know that orthonormal bases are easy to come by, provided we
have orthogonal bases to start with.
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Definition 60 Let V' be an inner product space and let x and y be vectors in
V', with y # 0. The orthogonal projection of x on y is the vector defined

by
(z,y)

proj, € = .
Y lyl]?

(Compare with (6.25), and check that this is exactly what we have in R? and
R3 for the usual inner product.)
Let W be a k-dimensional subspace of V' and let

BW:{bl,...,bk}7 BWL :{ul,...,un,k}

be orthogonal bases for W and W, respectively. Then, by (6.23),

k n—=k
o=yt S
i=1 j=1

N—— ;,_/
Tw Ty L
Hence, by (6.25), we have that
k n—=k
b, ,
2o 2 g
—_——
Tw T

wLl

In other words,

T = proj,, *+ -+ projbk T+ Proj,, T+ -+ projuni x.

k

Tw Tyl

Definition 61 Let V' be an inner product space, let W be a subspace of V
and let x € V. We define the orthogonal projection projy, x of the vector
x on W by projy, € = Tw.

Hence, we have

X = proj,, T + -+ + Proj,, T+ proj,, € +---+proj, _, x. (6.28)

projyy Projyy 1

It is worth to point out three facts which are consequences of the definitions
of orthogonal projections:
(i) In the extreme case W = {0}, the orthogonal projection projwa of any
given vector x is O;
(ii) If W is spanned by a single non-zero vector y, then

pProjw = proj, ,
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WL

TyL

FIGURE 6.7: Decomposition of a vector z € R® as a sum of orthogonal
projections.

according to (6.28). Hence, for a 1-dimensional subspace W, the orthogonal
projection xy, of & on W is, in fact, the orthogonal projection of & on the
basis vector y (see Definition 60);

(iii) If W is a subspace of V'

T = Projy,  + projyyL (6.29)

Example 6.6 Let W be the plane in the Euclidean space R® whose cartesian
equation is © = y. Find projy, (1,2,3) and projyy.(1,2,3).

We begin by determining projy, . (1,2,3). Notice that dim W = 2 and, by
Lemma 6.1,
dimWt =3-2=1.

To use (6.27) and (6.29), we need to find an orthogonal basis of W+ which is
easy since any set having a single element is an orthogonal set.
Observe that, for (z,y,z) € W,

ISIENSI
I
8
e R
+
N
_ o O
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Hence, a basis of W is

By = {(]‘ﬂ 170)7 (Oa 0, 1)}

vn(l )

(cf. (6.19)), it follows that one basis of W+ is Byy+ = {(1,—1,0)}. This is of
course an orthogonal basis and, therefore,

projy.(1,2,3) = (d,2,3), (1’*1’0»(1,—1,0) = <—; ;,o> .

Since

2

Finally, we have

11

272

In this particularly simple example, the basis of W is also an orthogonal
basis.

How to find the orthogonal decomposition of a vector relative to
a subspace

Let V be an inner product space, let W be a subspace of V and let
Bw = {b1,...,bx} be an orthogonal basis of W. Given a vector x in V, to
obtain the orthogonal projections projy  and projy, . x:

1. Calculate projy, « using (6.27), i.e.,
k

b;
projyy =Y (@), .

2o 2"

2. ProjyL © = T — projy, x;

3. Finally = projy, « + projyy. .

Consider the Euclidean space R™. Suppose that the subspace W C R" is
endowed with an orthonormal basis (by,ba, ..., by). Then, given x € R™,

projy x = (x,b1)by + (x,ba)bs + - - + (x, b)bg.

Let B be the n x k matrix whose columns are the vectors by, bs, ..., bg. Then
the equality above can be seen as a linear combination of the columns of B
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whose coefficients are, respectively, b7 x, ... 7ng. It follows that we can write
the equality as
projy X = BBTx.

In other words, one can construct a linear transformation, the projection Py,
onto the subspace W, Py : R® — R"™ defined by

Py (x) = BBTx = b;bTx + byblx + --- + by bl x, (6.30)

where, for each i € {1,2,...,k}, the n x n matrix bibiT is a matrix corre-
sponding to the projection onto the subspace spanned by b;. Each of these
matrices has rank 1, since its columns are multiples of the first column.

Notice that the second equality in (6.30) reiterates that the orthogonal
projection onto W is the sum of the orthogonal projections on the basis vectors
(see (6.28)).

Exercise 6.10 Show that the linear transformation Py : R™ — R™ is such
that P‘?V = Pw and PVI;, = Py . That is, the matrix

k
A=) "bb]
=1

corresponding to the linear transformation Py is symmetric (AT = A) and
idempotent (A% = A).

A real or complex matrix A such that A2 = A is said to be idempotent.
Matrix A above corresponds to the orthogonal projection onto W.

Exercise 6.11 Let W be a subspace of the Fuclidean space C™ with a or-
thonormal basis (b1, ba, ..., bg). Show that the projection Py : C* — C™ onto
the subspace W is given by the hermitian idempotent matrizx

k
A=BB" =Y bpb,, (6.31)
i=1
where B is the n X k matriz whose columns are, respectively, by, ba, ... by.

This matriz is hermitian and idempotent: it corresponds to the orthogonal
projection onto W.

In (6.31), for each i € {1,2,...,k}, the n X n matrix bigf is a matrix
corresponding to the projection onto the subspace spanned by b;. Each of
these matrices have rank 1, since we have again that each column is obtained
by multiplying the first column by a complex number.

In the How to determine the matrix of the orthogonal projection onto
a subspace box of Section 7.1, we give a formula for the projection matrix
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| projw TH/ _

projy . @ | projy + ||

w

|
1
1
|
|
|
|
|
1
|
|
|
1

projy,

FIGURE 6.8: Best approximation of a vector  of R? in a plane W and in
the straight line W+.

corresponding to the orthogonal projection onto a subspace, given a (not nec-
essarily orthonormal) basis of this subspace.

In applications, it is sometimes necessary to find which is the element of a
subspace W of an inner product space V' that is the closest to a given vector
x € V (see Section 7.1). We show next that such a best approximation of x
exists in W and shall devise a way to calculate it.

Let W be a subspace of an inner product space V and let « € V. Given
y € W, the distance between x and y satisfies, by Theorem 6.3,

d(z,y)* = ||z — y||* = || projy = + projy . = — y||?
= || projy. @ + (projy,  — y)
—_— —m —

cewt ew

= [ projiy+ 2|* + [[(projw = — y)

I

I”.

It follows that the element y € W closest to @ is that which annihilates
[[(projy  — y)||, that is, y = projy .
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Definition 62 Let V' be an inner product space and let W C V be a subspace.
For x in V, the best approximation of x in W is projy, x.
The distance of the point x to the subspace W is

d(z, W) = | projy . x|

Example 6.7 Using Example 6.6, the best approximation of (1,2,3) in W is

projy(1,2,3) = ( -3

and

d((1,2,3),W) = 7+f =

o~

1 V2
5
Similarly, the best approximation of (1,2,3) in W is

. 11
projy . (1,2,3) = —5,5,0

3 3 9 9 54
swssrs | (519 -

Alternatively, using Theorem 6.3,

d((1,2,3), )% = ||lz|* - (?) =1--,

and we have again

and

d((1,2,3),W+) =

6.3.3 Gram—Schmidt process

The formula to calculate a projection of a vector on a subspace (cf. Defini-
tion 61) needs that we have an orthogonal basis of that subspace. In Example
6.6, we luckily avoided this because W+ was a 1-dimensional subspace where,
therefore, all bases are orthogonal.

We shall derive a method to transform a basis into an orthogonal basis.
This is will be done using the so-called Gram—Schmidt Process. This method
will be motivated with a concrete example.

Let X = {(-1,0,1,0),(1,-2,0,—1),(0,0,1,1)} be a spanning set of a
subspace S of the Euclidean space R*, and consider the problem of finding a
orthonormal basis B for S. The tougher question is to find an orthogonal basis,
since we saw how to obtain an orthonormal basis from any given orthogonal
basis (see Section 6.3.2).
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b

FIGURE 6.9: Step 1 — orthogonal projection of us on b;.

Hence, we will first solve the problem of finding an orthogonal basis
B’ = {b1,bs,b3} of S. Observe that X is linearly independent (although not
orthogonal) and, therefore, B’ must have also three vectors.

Set the notation:

up = (—1,0,1,0), up = (1,-2,0,—1), u3 = (0,0,1,1).

Step 1. Choose a (any) vector from X, say, u; = (—1,0,1,0), and set it
as the first vector of the new basis: by = u; = (-1,0,1,0).
Step 2. Let by = uy — proj,,, u2. Notice that

span{by, bo} = span{by, us} = span{ui, us}.

It is easily seen that the first equality holds (hint: proj,,, uo is spanned by
u1). The second equality is obvious.

Observe that, by Theorem 6.4, by lies in (span{b;})*. Hence, {by, by} is
an orthogonal basis of span{u,us}.

Since

: (s, u1) 1 1
prOJul Ug = WUl = —§’LL1 = _5(_170, 1,0)7

we have that
by = (1a -2,0, *1) - (%703 7%a0) = (%7 -2, %a 71)

(check that by L bs).
By now, probably it is already clear from Figure 6.10 the way things are

going.
Step 3. Let

bs = us — projspan{bl,bz} U3z = uz — (Projb1 U3 + projy, u3).

Notice that
Span{blv b27 b3} = Span{blv b27 ’U,g} =S

and that, by Theorem 6.4, b3 lies in (span{b;, bs})*. We have
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b3

FIGURE 6.10: Step 2 — orthogonal projection of us on W = span{by, bs}.

b3 = uz — (projp, U3 + projp, u3)

<u37 b1> <u37 b2> )
=ug — b + b
° ( DR R
).

— (i _2 6 1
1
Hence, the set B’ = {by, bs, b3} is an orthogonal basis of S. Consequently,

()

—

v 110 11

—
—

_ 1 2 (1 1 1
B= {ﬁ(_laoa 170)a ﬁ(§7 _27 2 _1)’ m(67 _276’ 10)}

is an orthonormal basis for S.
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Gram—Schmidt process

Let V be an inner product space and let S be a subspace of V' spanned
by a linearly independent subset X = {u1,us2,us,...,up_1,ux} of V. To
obtain a orthogonal basis {b1, ba, b3, ..., br_1,b;} of S, proceed as follows.

1. Fix a(ny) vector, say, by = uy.
2. The second vector of the new basis is
bz = uz — projy,, ua,

that is, remove from wus its component along by (already spanned by
by).

3. The next vector bs coincides with w3 minus its projection on the
subspace spanned by by, bo, that is

bz = u3 — (projp, U3 + projy, uz)
4. Continue this process up to the last vector
by = up — (projy, Wk + Proj,, U + -+ + proj,, _, Ur).

An orthonormal basis of S is

1 1 1 1 1
by, ba, bs,..., b1, bk}-
{ 1o+ 7 (b2l " [|bs]] lbr—1| b ||

6.4 Orthogonal and Unitary Diagonalisation

Definition 63 A matriz S in M, (R) is said to be an orthogonal matrix

if SST =1.

If S is an orthogonal matrix, then S and S are inverses of each other. By
Proposition 1.17, we have that a matrix S is orthogonal if and only if

SST =1=5783.

Proposition 6.15 Let S be a matriz in M, (R). Then the following are equiv-
alent.

(i) S is an orthogonal matriz.
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(ii) STS =1.
(iii) SST =1.
(iv) The columns of S are an orthonormal basis of R™.

(v) The rows of S are an orthonormal basis of R™.

Proof The equivalence between (i), (ii), and (iit) has been proved above.
Notice that
(ST8)ij = cicj = (ei,e;),

where ¢;, c; are, respectively, the columns i and j of S. Hence, (i) yields that
(€i,¢j) =0, fori#j, and

(cirei) = lles]* = 1.

It follows that the columns of S form an orthonormal set having n vectors
which, therefore, are an orthonormal basis of R™. Similarly (iv) implies (ii).

We prove likewise that (v) holds if and only if (iii) holds, one has only to
consider equality SST = I and use a similar reasoning.

Definition 64 A real square matriz is said to be orthogonally diagonal-
isable, if there exist a diagonal matriz D and an orthogonal matriz S such
that D = STAS.

If a real matrix A is orthogonally diagonalisable, then
AT = (SDST)T = SDST = A,

that is, A is a real symmetric matrix. In fact, the converse is also true. Before
proving this, we need an auxiliary result.

We already know that the spectrum of a real symmetric matrix is a non-
empty set of real numbers (see Corollary 4.1). Now we add something about
its eigenspaces.

Lemma 6.2 Let A be a real symmetric matriz and let x1,Xo be eigenvectors
of A associated with distinct eigenvalues A1, Ao, respectively. Then, x1 L Xs.

Proof Let A1, A2 and x1,X2 be as above. Then,
(x1, Axg) = (Axs)Tx; = xJ ATx; = xF Ax; = (Ax),%s) = A1 (X1, X2).
However, since (x1, AX2) = \a(X1, X2), we have
(A1 — A2)(x1,%2) = 0.

Hence, (x1,%2) = 0.
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Theorem 6.5 A real square matrix is orthogonally diagonalisable if and only
if it is symmetric.

Proof It only remains to prove that, if A is symmetric, then A is orthog-
onally diagonalisable. We prove this by induction on the size of the matrix.

If A is 1 x 1, the result holds trivially. Suppose now that A is an n X n
matriz, with n > 2, and that the assertion holds for all square matrices of
order n — 1.

Let A be an eigenvalue of A and let x be a norm one eigenvector corre-
sponding to A.

Let B = {x} UB, be an orthonormal basis of R"™, where B is a basis of
span{x}*. Then, given a vectory in B,

(Ay,x) =x"Ay =x" ATy = (Ax)"y = A(x)"y = A(x,y) = 0.

Hence, the matriz S1 whose columns consist of the vectors of B is orthogonal
and such that

STAS, — P 0]

0 M

Since A is symmetric, M is an n—1xn —1 symmetric matriz. Hence, by the
induction hypothesis, there exists an n —1 x n — 1 orthogonal matrix N such

that M = ND{NT. In other words,
T
T |1 0 {Ax O]f1 O
SlASl_[o N||o Dif |0 N| -
1 0
0 N
is an orthogonal matriz. It now follows that

T
ot olx o]t oo .
A_Sl[o N} [0 Dl] [o N] St

1 0
s=sily ]

Notice that

where

s an orthogonal matrix.

Corollary 6.3 Let A be a real positive definite matriz. Then, there exists a
non-singular matriz B such that A = BBT.

Proof By the above theorem, we know that A is orthogonally diagonal-
isable: A = SDST, for some orthogonal matriz S and a diagonal matriz
with positive diagonal entries. Setting D= as the matriz whose entries are the
square roots of the corresponding entries of D, we have

A=5D:D38" = (SD2)(SD?)T.
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Hence, A= BB”, where B = SDz.
We prove now the remaining implication in Proposition 6.5.

Proof of Proposition 6.5 continued. Conversely, let A be a real sym-
metric matriz with positive eigenvalues only. By Theorem 6.5, a real sym-
metric matriz is diagonalisable and the diagonalising matrixz S is such that
S~1 = 8T, Hence, given a non-zero x € R",

xT Ax = xTSDSTx.

Let D’ be the diagonal matriz whose entries are the square root of the corre-
sponding entries of D. Then,

xTAx = (STx)TD'D'STx = (D'STx)T(D'STx) = (D'STx, D'STx),

that is,
xTAx = ||D’'STx|]? > 0,

as required.

If A is orthogonally diagonalisable, then
A1
A2
D= ) , (6.32)
An

where the diagonal entries of D are the n eigenvalues of A, and if S =
[ul u ... un] is the diagonalising orthogonal matrix, then

A=S8DST = Alulu{ + )\ngug 4+ )\nunug.

Moreover, {uj,us,...,u,} is an orthonormal basis of R™ consisting of the
eigenvectors ug, Us, ..., u, corresponding to the eigenvalues A1, Aa, ..., \,, re-
spectively. We have just proved an important theorem:

Theorem 6.6 (Spectral decomposition — real symmetric matrices) Let
A be a real symmetric matriz. Then, A has a spectral decomposition

T T T
A= uwuy + Auguy + -+ Aupu;,

where A1, Ao, ..., A, are the eigenvalues of A corresponding, respectively, to
the orthonormal set of eigenvectors ui, ua, ..., u,.
Notice that the matrices ujuf,upul,... u,ul are n x n projection ma-

trices onto the subspaces spanned, respectively, by uy, us, ..., u, (cf. (6.30)).
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Exercise 6.12 Find the spectral decomposition of

5 1 1
A=1[1 5 1| =8DS”
115

Solution. We need to find first the eigenvalues of A. Since the sum of the
entries of each row is 7, we have

1 1
Al =711
1 1
1
Hence, \1 = 7 is an eigenvalue and has an associated eigenvector |1|. On
1

the other hand, if Ao, A3 are the other eigenvalues, then
A+ A3=trA—T7=15—-7=28, )\2)\3:%|A‘:16.

Solving these equations, gives Ao = A3 = 4.

To determine the remaining eigenvectors, we need to solve the system (A—
40x = 0. We know already that the two eigenvectors we need to construct S
are orthogonal to (1,1,1), which means that they lie in the plane having the
cartesian equation  +y + z = 0. Then, one possible eigenvector is (—1,1,0).

Now we need to find a vector satisfying x +y + z = 0, which is also
orthogonal to (—1,1,0). One possibility is (—1,—1,2).
Hence,
4 1 1 1 1 1
V3 V2 Vel 7 0 0 V3 VERRVE]
1 1 1 1 1
i v B B B K B v B
1 2 |00 4| 1 1 2
V3 V6 V6 V6 V6
Finally, we arrive to the spectral decomposition of A:
1 1
V3 V2
_ a1 1 1 1 1
A—7¢§[¢§ 7 \/3}+4 7 { ; \/50}
1
7 0
_ 17
V6
1 1 1 2
t4|=%| % % H
2
V6
that is
11 17 1 1 1 1 _2
303 3 3 —3 0 6 & "6
A=7|1 1 1 4 1 L 4 1 1 _2
= 3 3 3 + 3 3 + 6 6 6
2 2 4
3 3 3 0 0 0 5 75
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Hence,
2 1 1
1101 z -1 -4
3 5 3 3 3 3
_1 2 _1
A=7|3 & i +4|73 3 3
1 102
1101 -1 -1 2z
3 5 3 3 3 3

Observe that these matrices are symmetric and idempotent as they should be,
since they correspond to orthogonal projections (onto the eigenspaces).

This exercise served two purposes: one was to show how to obtain an or-
thogonal diagonalisation/spectral decomposition of a real symmetric matrix,
the other was to use an alternative way of calculating the eigenvalues bypassing
the (often not so easy) problem of determining the roots of the characteristic
polynomial.

Real symmetric matrices have been characterised as exactly those that
are orthogonally diagonalisable. A counterpart for complex matrices refers to
those that can be diagonalised by unitary matrices.

Definition 65 A matriz S in M, (C) is said to be a unitary matrix if
=T
SS =1

Proposition 6.16 Let S be a matriz in M,,(C). Then the following are equiv-
alent.

(i) S is a unitary matriz.
(i) S S=1.
(iii) SS' =1.
(iv) The columns of S are an orthonormal basis of C™.

(v) The rows of S are an orthonormal basis of C™.

The proof of this proposition is left as an easy exercise (see the proof of
Proposition 6.15).

Definition 66 A complex square matriz is said to be unitarily diagonal-
isable, if there exist a diagonal matrix D and an unitary matriz S such that

D=35"AS.

It is easy to see that, if D is real, then A is hermitian.
The next result refers to the orthogonality of the eigenspaces of a hermitian
matrix. The proof is an easy adaptation of that of Lemma 6.2.
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Lemma 6.3 Let A be a hermitian matriz and let x1,Xo be eigenvectors of A
associated with distinct eigenvalues A1, A2, respectively. Then, x1 1 Xso.

Theorem 6.7 A hermitian matriz is unitarily diagonalisable.
Proof This proof is similar to that of Theorem 6.5.

Corollary 6.4 Let A be a complex positive definite matriz. Then, there exists
. _ —T
a non-singular matriz such that A= BB~ .

Proof FEzercise.

Finally, we can present the spectral decomposition for hermitian matrices:

Theorem 6.8 (Spectral decomposition — hermitian matrices) Let A
be a hermitian matriz. Then, A has a spectral decomposition

A= \uwarl + duoly + -+ Au,us,

where A1, Ao, ..., A, are the eigenvalues of A corresponding, respectively, to
the orthonormal set of eigemvectors ui,us, ..., u,.

Notice once again that the matrices w1 U, , UsTs , ..., U, U, are n X n pro-
jection matrices onto the subspaces spanned, respectively, by ui,us,...,u,
(cf. (6.31)).

How to do a spectral decomposition

Let A be a n x n real symmetric (respectively, hermitian) matrix.

1. Find the eigenvalues A1, Ao, ..., A, of A, possibly repeated.
2. Find a corresponding orthonormal set of eigenvectors u, us, ..., u,.

3. A spectral decomposition of A is
A= /\1u1u1T + )\gugugT + -+ /\nunuTTL,
if A is real, or
A= Alulﬁf + )\2u2ﬁg + 4 )\nunﬁz,

if A is complex.
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6.5 Singular Value Decomposition

The orthogonal diagonalisation of real symmetric matrices can be extended
to rectangular matrices, in some sense. The departing point being a very sim-
ple fact:

If A is a k x n real matrix, then AT A is an n x n real symmetric matrix.

Then, the spectrum of AT A, besides being a non-empty subset of real
numbers (see Corollary 4.1), consists only of non-negative numbers. In fact, if
A is an eigenvalue of AT A and v € R” is an associated eigenvector, then

0 < (Av, Av) = (Av)TAv = vT AT Av = \wvTv = \||v|?,

from which follows that A > 0.
Suppose that {vi,va,...,v,} is an orthonormal basis of R™ consisting of
eigenvectors of AT A . Then, given i € {1,2,...,n},

|Av;]| = /(Avi, Avi) = VA vill2 = VA, (6.33)

where \; € o(AT A) is the eigenvalue associated with v,;.
We have also that, given ¢, € {1,2,...,n} with ¢ # j,

(Av;, Av;) = VJ‘TATAVi = Ai(vi, v;) = 0.

Define, for all i € {1,2,...,n}, the non-negative real number o; = \/\;, called
a stngular value of the matrix A.

Let 01 > 02 > -+ > g, > 0, be all the non-zero singular values, repeated
as many times as the corresponding algebraic multiplicities.

Setting, for all ¢ € {1,2,...,r},

1 1
u; = ——Av, = —Av;,
AT e
we see that {uj,us,...,u,} is an orthogonal subset of the column space C(A)
of matrix A. Indeed, {uj,us,...,u,} is an orthonormal basis of C(A), since

C(A) =span({Av;:i=1,2,...,r}U{Av;:i=7r+1,...,n})
=span({Av;:i=1,2,...,7r}U{0})
=span{Av;:i=1,2,...,7}.

Let {uj,ug,..., U, Uyt1,...,U;} be an orthonormal basis of R¥ contain-
ing the orthonormal basis of C'(A) defined above. Then,
D 0
A [Vl Vo ... Vn} = [ul U ... uk] |:O O:| 5 (634)
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where D is the diagonal matrix
01
g2
or

Hence, we can now make a note of this singular value decomposition of
A.

Theorem 6.9 (Singular value decomposition — real matrix) Let A be
a k xn real matriz. Then there exist a k x k orthogonal matrix U and an nxn
orthogonal matriz V' such that

A=UxVT,
where U, V', and the k x n matriz ¥ are as in (6.34).
Example 6.8 We are going to obtain a singular value decomposition of
-1

1
1

A:

_— O =

The eigenvalues of

v, [2 0
AA[O 3}

are A\ = 3 and \o = 2. Hence, the singular values of A are /3 = o1 > 09 =
V2. Norm one eigenvectors of AT A are, for example, v1 = (0,1), vy = (1,0).
We have that

1 1 1 1
u = —Avy = —(-1,1,1), uy = ——Avo = —(1,0,1).
[[Av1]] V3 [ Av|l V2
A norm one vector orthogonal to uy,us is, for ezample, uz = %(71, -2,1).

Finally, the singular value decomposition sought is

T 1 1
Ve | [VB 0
A=l 0 a0 vl )
B v s Lo o

As always, there is a counterpart for complex matrices. Let A be a k xn
complex matrix and let

>\12)\222)\n20
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be all the eigenvalues of the hermitian matrix a4 (possibly repeated). Notice
that, similarly to what we did for real matrices above, it is easily seen that
these eigenvalues are all non-negative.

Let {v1,va,...,Vv,} be an orthonormal basis of C™ consisting of eigenvec-
tors such that, for all ¢ = 1,2,...,n,

ZTAVZ' = )\1V1
The singular values of A are defined by

o=V i=1,2,...,n.

Let 01 > 02 > ...0, > 0 be all the non-zero singular values (possibly
repeated), and define, for all i =1,2,...,r,

1 1
u; = AVi = fAVi.
[[vill i
Define the unitary matrices
U:[ul us ... uk}, V:[vl Vo ... vn]7 (6.35)
where {uj,uy,..., U, U41,...,U;} is an orthonormal basis of C*.

Theorem 6.10 (Singular value decomposition — complex matrix) Let
A be a k xn complex matriz. Then there exist a k X k unitary matrizc U and
an n X n unitary matriz V- such that

A=USV",
where U,V are as in (6.35) and the k x n matriz 3 is as in (6.34).
Proof Exercise.

Example 6.9 We are going to obtain a singular value decomposition of

0 1 ¢
A= [z 0 0] '
The eigenvalues of
o 1 0 0
A A=|0 1 1
0 —i 1

are Ay = 2, Ao = 1, and A3 = 0. An eigenvector corresponding to \y = 2 is
vy = (0,4,1), an eigenvector corresponding to Ao = 1 is v1 = (1,0,0), and
eigenvector corresponding to A3 = 0 is vz = (0, —i, 1).

We obtain uy = (4,0),ue = (0,—i). The singular value decomposition of
A is then

NG

)

V2

A:[é BJ Voi ? 8]

o = O
o
s sk
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How to do a singular value decomposition

Let A be a k x n real (respectively, complex matrix).
1. Determine the eigenvalues
AlZ> X220 20

of the real symmetric matrix AT A (respectively, hermitian matrix

—T
A" A). In the list above, each eigenvalue is repeated as many times
as its algebraic multiplicity.

2. The singular values o1 > 09 > .-+ > 0, > 0 of A are the square
roots of the eigenvalues:

01:\/)\7120'2:\/g2"'20'n:\/Anzo (636)

3. Find an orthonormal basis (vi,va,...,v,) of R™ (respectively, C™)
. . . . —T
consisting entirely of eigenvectors of AT A (respectively, A~ A) and
such that, for alli = 1,2, ..., n, the vector v; is an eigenvector corre-
sponding to A;. Construct the n xn matrix V = [vl vy o o... vn] .

4. Let 01 > g9 > --- > g, > 0 be all the non-zero singular values in
(6.36). For all i = 1,2,...,r, define the vectors in R¥ (respectively,
C*) by

1
u; = fAVZ = AVi.
i

[ Avi]

5. Obtain an orthonormal basis of R (respectively, C¥) contain-
ing the vectors in 4. That is, construct an orthonormal basis

(u,ug, ..., up, Wpy1,...,ug). (Of course, if r = k to start with, one
does not have to do anything and can ignore this part.) Construct
the k x k matrix U = [ul us ... uk}.

6. Construct a k x n matrix X, whose first r diagonal entries are
01,09,...,0, in this order. Fill the remaining entries in with ze-
TOS.

7. The singular value decomposition of A is

A=UxVT, if A is a real matrix,

and .
A=UXV", if A is a complex matrix.
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6.6 Affine Subspaces of R”

The theory developed up to here is mostly concerned with subspaces of
a vector space which, as we know, always go through the zero vector. For
example, we know how to obtain the cartesian equations of straight lines and
planes in space which contain (0, 0,0). What if we consider straight lines and
planes in R? which do not contain (0,0, 0)?

Here we present briefly a way to obtain equations for this type of sets
and of their counterparts in R™ which relies on the Euclidean inner product
structure.

Definition 67 Let S be a subset of the Euclidean space R™. S is said to be
an affine subspace of dimension k if there exists p in R™ and a subspace
W, with dim W = k, such that

S=p+W. (6.37)

Ifk=0,1,2,n—1, the affine subspace S is said to be a point, a straight
line, a plane, and a hyperplane, respectively.

Affine subspaces can be thought of intuitively as subspaces which were
‘moved away’ from the origin 0. Notice however that subspaces of R™ are
particular cases of affine subspaces.

Given & = (21, x2,...,2,) in S, there exists y em W such that

T=y+p

or, equivalently,
y=x—p. (6.38)

The equality (6.38) shows that we can find a vector equation, cartesian equa-
tions or parametric equations for S using the corresponding equations of W.
Indeed, it suffices to replace y by & — p in those equations.

Example 6.10 Find a vector equation, cartesian equations, and parametric
equations for the straight line S going through (0,0,1) and having the direction

of (1,1,1).

We have that S = (0,0,1) + W, where W is the 1-dimensional subspace
with basis {(1,1,1)}. Hence, any (x1,22,x3) € S satisfies

T 0 1
zo| = |0 +1¢ (1],
T3 1 1



250 Linear Algebra

FIGURE 6.11: The affine subspace S =p+ W.

for some t € R. This is a vector equation for S which yields the parametric
equations for S

X =1
) =1
r3 =14t (tER).

Finally, since W has the cartesian equations y1 = yo = y3, it follows that
r1 =Ty = T3 — 1

are cartesian equations for S.

Analogously, one can use W+ to obtain equations for S which in some

circumstances might be more convenient. If By, = (by,ba,...,b,—k) is a
basis of the orthogonal complement of W, we have £ —p € W or, equivalently,
b{
T1—p1 0
by | |29 —po 0
T LTp — Pn 0
bn—k —_— ~—~
nx1 (n—k)x1
(n—k)xn
where p = (p1,pa,...,pn) and & = (21,2, ..., x,). Observe that in this case
dim W = k. Letting A be the matrix
b{
b
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we have the homogeneous system of linear equations
A(x—p)=0.
or, equivalently, the system of linear equations
Ax = Ap.

Hence, from a vector equation, cartesian equations or parametric equations of
N(A), one can obtain the corresponding equations for S.

Example 6.11 Find a vector equation, cartesian equations, and parametric
equations of the plane containing the point p = (1,2,0) and which is perpen-
dicular to the straight line containing p and whose direction ism = (5,1, —2).

Let W be the subspace (of dimension 2) such that n L W. A cartesian
equation for W is
5y1 +y2 — 2y3 = 0.

Since S = p+ W, we have, for (x1,x2,23) € 5,

(l’l,IQ,Z’g) = (17270) + (y17y25y3)'

Hence,
5(331—1)4—(.732—2)—21‘3:0

from which follows that
S5x1 +x9 — 223 =7

is a cartesian equation for S.

From this equation we have that xo = —bx1 + 2x3 + 7. Hence,
X 1 0 0
To| =t =5 +s|2| + |7 (s,t € R)
T3 0 1 0

is a vector equation for S. Hence, the parametric equations are

T =t
To = —bt+2s+7
x3 =S§ (s,t € R).

Continuing with this idea of establishing a parallel between affine subspaces
and subspaces, we tackle now the distance from a point to an affine subspace.
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Let S =p+ W and let q be a point in R™. Given « in S,

d(q,z) = |lqg — ||
=(g—p)+(p—a)|
——
—yew
= [l(g —p) -yl
=d(g —p,y).
The minimum value of this distance d(q — p,y) is attained when y =

projy (g — p), as we have seen in §6.3.3; y is the best approximation of g
in S. Naturally, this suggests the next definition.

Definition 68 Let S = p+W be an affine subspace of an inner product space
V, where p e V and W CV is a subspace. The distance of the point g to
the affine subspace S is

d(q,S) = d(g — p,W) = | projy, . (q — p)||- (6.39)

Example 6.12 Calculate the distance of (3,2,—1) to the plane S of Example
6.11.

In this case S = p+ W, where p = (1,2,0) and W has the cartesian
equation
or +y — 2z = 0.

Recall that this equation was obtained using the fact that a basis of W+ is
{(5,1,2)}. Notice that just by looking at the previous equation we would arrive
to the same conclusion:

((z,y,2),(5,1,-2)) = bz +y — 2z =0,

showing again that a basis of W is {(5,1,2)}.
Using (6.39),

d((3,2, _1)75) = H prOjWL((3727 —1) - (17270))” = || projy+ ((2,0, _1)”'

We have
. <(2707_1)v(57172)> 8
proju. ((2,0,—1) = 2,0,-1)= —> _(2,0,-1).
w2070 =" 5 T 20 U= G Y
Hence
8 8 8
A((3,2,~1),8) = ——_11(2,0,-1)] = ——— — °_.
(3.2, -1).5) = 150, ! ® % Y= jz0 01 = V5
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6.7 Exercises

EX 6.7.1. For the vectors u = (4,1,0,—2) and v = (2, 1,0, 3) in R*, calcu-
late:
(a) |lu+vl
(b) fluf + vl
(c) [| = 3ull
(d %v

EX 6.7.4.
EX 6.7.5.

EX 6.7.6.

EX 6.7.7.

EX 6.7.8.

(a) Show that {(3,1

. Find two norm one vectors orthogonal to

(1,1,-2) and

(—2,3,-1).

. Verify that the Cauchy—Schwarz inequality holds for (1,1,2) and

(2,1, 3). Verify also that the parallelogram law holds for the same
vectors.

Consider the usual inner product in C2. Find Projy,2)(—i, —).

Use the Gram—Schmidt process to find an orthonormal basis for
the subspace spanned by {(-2,2,-2,2),(1,1,3,-1),(0,0,0,1)}.

Find a basis and cartesian equations for the orthogonal comple-
ment of the subspace W = {(z,y,2): y+22 =0,z —y = 2z} of
R3.

Let S be the subspace of R* defined by S = £{(2,1,1,0)}. Find
the distance of u = (1,1,1,1) to S*. Determine the matrix corre-
sponding to the orthogonal projection onto S, and u; € S,us €
S+ such that u = uq + us.

Consider the subspace

S = ﬁ{(%, 1, —1) ,(0,—1, 1)} of R3. Suppose that R? is endowed
with the inner product (-,-) whose Gram matrix of the vectors of
the standard basis &3 is

3 -2 1
-2 2 0
1 0 2

G:

3.1,-1),(0,—1,1)} is an orthogonal basis of S.
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(b) Find the norms [| (3,1, —1) ||, [|(0, =1, 1)].

(c) For the vector u = (1,—1,—1), determine u; € S and u, € S+
such that
U=u+us .

EX 6.7.9. Let A be a 3 x 4 real matrix such that its column space is the
subspace of R® consisting of the vectors (x,y,z2) satisfying the

equation z + z = 0. Find a basis of C(A)+ and a vector lying in
N(AT).

EX 6.7.10. Let W be the subspace of C* defined by W = {(z,y, z,w) € C* :
iz + iy + iz = 0}, and let p = (1,0,—1,0) be a vector in W.
Considering the usual inner product on C*, find:
(a) dim(W+)
(b) d(p, W)

an orthonormal basis of W+

—
o
~

EX 6.7.11. Let A a real square matrix such that its column space is
C(A)={(z,y,2) ER*: 2 +y+2=0Az—y =2}

(a) Is the system

z 2
Alyl =11
z -1
consistent?
(b) If (1,2, 3) is a particular solution of
T 0
AT Yyl = -1 )
z 1

what is the solution set of this system?

EX 6.7.12. Consider the points Py = (1,0, —1,0) P, =(0,1,0,0) P, =
(1,1,1,0) in R*.

(a) Find cartesian and parametric equations of the straight line con-
taining Py and parallel to w = (0, -1, —3,0).

(b) Find a cartesian equation for the plane containing Py and perpen-
dicular to the straight line which contains P, and is parallel to
n=(1,0,1,0).

(c) Find a cartesian equation and parametric equations of the plane
defined by Py, P, and P». Find a normal vector to that plane.

(d) Calculate the distance of (1,1,0,0) to the same plane.
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EX 6.7.13. Let U be the subspace of Ma(R) consisting of the anti-symmetric
matrices. Consider the real function on Mz (R) defined, for A, B €

M2(R) by
(A, B) = tr(BTA), (6.40)

where tr is the trace.
(a) Show that (6.40) defines an inner product.

(b) Find orthonormal bases for U and U+ and their dimension.

(¢) Find the orthogonal projections of [_33 2] on U and U+.

(d) Which is the anti-symmetric matrix closest to [_33 2] ? Find the

distance of [ 33

_3 6] to U.

EX 6.7.14. Find the orthogonal complement of the subspace £{—3(t + 1)?}
of Py for the inner product

<(l() + a1t + a2t2, bo + b1t + b2t2> = agbg + a1b1 + asbs.

EX 6.7.15. Find an orthogonal diagonalisation for

1 1 1
1 1 1
1 11

EX 6.7.16. Let A be an n X n unitary matrix. For x,y € C", show that:
(a) (Ax, Ay) = (x,y)
(b) [|Ax[| = ||
(c) o(A) C{reC: |N\N=1}

EX 6.7.17. Find an unitary diagonalisation for

70 0

1 2 2,
X ey gtgl
0 5-3 3

and its spectral decomposition.

EX 6.7.18. Let A be an n X n complex matrix such that there exists a or-
thonormal basis of C™ consisting exclusively of eigenvectors of A.
Prove that, if 0(A) C R, then A is a hermitian matrix.

EX 6.7.19. Find a singular value decomposition of

3 2 2
2 3 —=2|°
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6.8 At a Glance

A real or complex vector space V' can be endowed with an inner product,
with respect to which each vector has a norm.

The inner product is given by a positive definite matrix, the Gram matrix
with respect to the basis of V. The Gram matrix depends on the basis.

By means of the inner product, one defines the distance between two points
in the space, the angle, and the notion of orthogonal vectors.

Any subspace W of V leads to a direct sum V = W & W, yielding a
unique splitting of each vector in V' into two summands, one from W and the
other from the orthogonal complement W+ of W.

The orthogonal projection of x € V on W is given, with respect to an
orthonormal basis of V, by a projection matrix A: projy x = Ax. The ma-
trix A is idempotent and symmetric (respectively, hermitian) if V is a real
(respectively, complex) vector space.

It is always possible to have an orthonormal basis, since any basis can be
transformed into one using the Gram—Schmidt process. Nevertheless, there is
a formula for the projection matrix considering any given basis (see the How
to determine the matrix of the orthogonal projection onto a subspace in §7.1).

Real symmetric matrices and hermitian matrices are diagonalisable: in the
former case, the diagonalising matrix can be chosen to be orthogonal and
unitary, in the latter.

Real symmetric matrices and hermitian matrices have a spectral decom-
position.

A real (respectively, complex) positive definite matrix A is the product of
two non-singular matrices A = BBT (respectively, A = BET).

The singular values of a real (respectively, complex) k x n matrix A are
the square roots of the eigenvalues of AT A (respectively ZTA).

The singular values allow for a factorisation of A = ULVT (respectively,

A=U EVT), where U,V are orthogonal (respectively, unitary) and ¥ is a
k x n matrix having the non-zero singular values of A in its diagonal.
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In this chapter, we introduce some types of matrices via examples, the latter
chosen from applications of Linear Algebra. Each section is a brief introduction
to a special type of matrix always motivated by the analysis of a concrete
problem. The main purpose is to highlight some particular matrices arising in
applications rather than explore profoundly each application itself. To do so
would be beyond the scope of this book.

7.1 Least Squares Solutions

It is often the case that in applications we are faced with inconsistent
systems of linear equations. Under these circumstances, it is not so much
the case of finding a solution but of finding a ‘solution’ as close to the ideal
situation (which would be having an exact solution) as possible. In this brief
introduction to the problem, projection matrices are prominent, and we will
obtain a formula for a projection matrix on a subspace.

Suppose that we want to solve the system Ax = b, where A is some k£ x n
real matrix but b does not lie in the column space of A. The best we can do
is to find a point b in C'(4) closest to b and then solve Ax = b.

We know how to determine b: it is the orthogonal projection of b on C (4)
(cf. the best approximation in Chapter 6). This orthogonal projection b is, of
course, a linear combination of the columns of A. That is,

b = Ax

DOL: 10.1201/9781351243452-7 257
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for some X € R™. The vector X is a least squares solution of the problem
Ax = b.
By our discussion of the best approximation in Chapter 6,

b-b=b- A% L C(A) = NAT)*.

It follows that
AT(b - A%) =0,

ie.,

AT A% = ATb. (7.1)
Example 7.1 Find the least squares solution of the system

1 1 . 1
-1 0 { ] =12
o —1| W |3
Notice that the columns of A span the plane x+y+z = 0 and that (1,2,3)

does not lie in this plane.
By (7.1), we have to solve the system

[1 -1 0} Y [i:]_[l -1 o]é
N P B2 B E S A

¢ J6- 0

yielding the least squares solution (0,—1). The error vector is

Hence,

N 1 1 2
e=b-b=|[2|—0|-1| (=1 |0 |=]2
3 0 -1 2

The error is |le| = v/22 + 22 + 22 = 21/3.

If the n x n matrix AT A in (7.1) is invertible, then
x=(ATA)"1ATDb

and

b= A% = A(ATA)"1 AT b.
—_——
P
The k x k matrix P is the projection matrix onto C(A). In fact, P is a

projection since P is symmetric and P? = P:
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PT — (A(ATA)flAT)T —_ A((ATA)fl)TAT
(ATA)T) T AT
(ATA)~1AT = P;

A
A

P? = (A(ATA)TTAT)(A(ATA)TTAT) = A((ATA) T AT A)(AT A) AT
= A((ATA)T)TAT = P,

Proposition 7.1 Let A be a k x n matriz. AT A is invertible if and only if
the columns of A are linearly independent.

Proof We show firstly that N(ATA) = N(A). Since it is clear that
N(A) C N(AT A), it remains to show that N(A) D N(AT A).
Suppose the x € N(AT A). Then,

xT AT Ax = (Ax, Ax) = ||Ax|* = 0
——
0

which shows that x € N(A).

On the other hand, AT A is invertible only when N(AT A) = {0}. However,
since N(A) = N(AT A), it follows that AT A is invertible if and only if N(A) =
{0}. But N(A) = {0} if and only if rank (A) coincides with the number of its
columns. Hence, AT A is invertible if and only if the columns of A are linearly
independent.

Summing it up: if the columns of A are a basis of C'(A4), then we obtain a
matrix P corresponding to the orthogonal projection onto C'(A).

How to determine the matrix of the orthogonal projection onto
a subspace

Let W be a subspace of R™.

1. Construct a matrix A whose columns are a (not necessarily orthog-
onal) basis of W.

2. The projection matrix is P = A(ATA)~1AT.
3. Given y in R", the orthogonal projection projy, y of y on W is

projy y = Py = A(ATA)"' ATy,
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Example 7.2 We want to find the straight line that, in some sense, best fits
the points (1,2),(2,5),(3,3), (4,8). More precisely, we want to determine a
straight line y = ¢ + max which gives a least squares solution of the problem

1 1 2
1 2{|c| |5
1 3| (m| |3
1 4 8
We have
11\ 2
¢l 1 1 1 1]1(1 2 1 1 1 1] 15
m| 1 2 3 4|11 3 1 2 3 4|13
1 4 8
The solution is (¢,m) = (%, %) from which follows that the best fitting straight
line isy = % + %x.

7.2 Markov Chains

We begin with a very simple example. Consider a physical system consist-
ing of a single particle which may be at any given time in one of two different
states 1 and 2 with a certain probability. Denote by p;;, for 4,7 = 1,2, the
probability of the particle making a transition from state j to state i. If we
let p11 = 0.6, then

por =0.4=1-0.6,

since the particle either stays in state 1 or moves to state 2. Suppose further
that the particle when in state 2 stays there with probability pss = 0.7. Hence
we must have

p12 =03=1-0.7.

Consider a matrix P built with these data

0.6 0.3
P_Lm &4’

where column 1 corresponds to the probabilities of the particle moving or
staying when in state 1 and, similarly, column 2 corresponds to state 2.

We are describing here a process where the probability of the system being
in some state at a given observation time t,, only depends on which state it
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was at the previous observation time ¢,,_;. This is an example of what is
called a Markov chain.

In the present case, since the Markov chain has only two states, we have
a 2 x 2 matrix P. In general, if one has a Markov chain with n possible states
then we have an n x n transition matrix P = [p;;] whose entries are non-
negative and such that the sum of the entries in any given column is equal
to 1. In other words, the n x n matrix P is such that, for all 4,5 =1,...,n,

pij > 0 and
> i =1
i=1

This type of matrix is called a Markov matrix, a stochastic matrix, or a
probability matrix. The transition matrix of a Markov chain is, therefore,
a Markov matrix.

Suppose that the initial state of our system is 1 and consider the corre-
sponding initial state vector
o — 1
0 — 0l

i.e., the particle is in state 1 with probability 1 and has zero probability of
being in state 2. It follows from probability theory that the state vector of the
next observation is

_ Px — 06 0.3||1] |06
XLZEX0Z 04 07 |o] T |04
Hence, the particle will be in state 1 with 0.6 probability and in state 2 with

0.4 probability.
Similarly, the following observation x5 satisfies

2
e oo [0.6 0.3]7[1] _ [0.48
Xg = Px = Frxo = {0.4 0.7] M - {0.52]

and, in general,
Xy = kao.

In a general Markov chain associated with an n x n Markov matrix P, each
state vector xg,X1,...,X,... is calculated according to

X1 = Pxg, X9 = P2X0, e, X = kao,

where xg is the initial state vector. Notice that, in a generic state vector
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the sum of all its entries equals 1, since x1; is the probability of the system
being in state 1 at observation j, zo; is the probability of the system being in
state 2 at observation j, etc. An n x 1 vector whose entries are non-negative
and add up to 1 is said to be a probability vector.

In the example that we have been analysing, one can verify that, for k > 6,

_[0.428
Xk~ 0571

if only three decimal places are considered. Hence this system seems to be
approaching a steady state. In other words, what seems to be happening is
that

(7.2)

0.428]

lim Xy, ~ [0.571

The behaviour displayed in this example does not always occur, for a
Markov chain may not approach a steady state.

Example 7.3 If we have the 2 x 2 transition matriz
0 1
P=[1 )
o 0.2 )
and an initial state vector xg = 08!’ then the system oscillates between the

0.8 0.2
1= {0.2] X2 {0.8} '

state vectors

A Markov chain might not approach a steady state.

A steady-state vector of a Markov matrix P is a probability vector x
such that Px = x.

In other words, this steady-state vector x, should it exist, is an eigenvector
of P associated with the eigenvalue 1, besides being a probability vector.

If P is an n x n Markov matrix, then the sum of the entries of each row
in PT equals 1. Hence,

1 Zzzl Pj1 1
pT 1 B Zj:l Pj2 B 1
1 Z?:l pjn 1

It follows that 1 € o(PT). Since o(PT) = o(P) (see Proposition 4.3 (i)), the
Markov matrix itself has an eigenvalue equal to 1.
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Proposition 7.2 A Markov matriz P has always the eigenvalue X = 1 and
a steady-state vector.

Proof See EX 7.6.5.
e Is there always a steady-state vector? Yes, as this proposition shows.
e Can there be more than one steady-state vector? Yes.

Example 7.4 Suppose that a drunkard is walking along a wooden pier with a
sea endpoint (1), a cotton candy stall (2), and a photo booth (3). Last Winter’s
weather damaged the pier. The endpoint (1) railing is broken and at a short
distance from the photo booth the wood is damaged and having a hole (4)
directly above the beach. These positions (1)—-(4) are located in this order. If
the drunkard reaches (2) or (3), he will leave to the neighbouring points with
equal probability. On the other hand, if the drunkard reaches (1) or (4), he will
fall off the pier or be trapped in the hole. His random walk might be described
by the transition matriz

1 05 0 O

0 0 05 0

P= 0 05 0 O

0 0 05 1

It is clear that any probability vector
a
x=| ¢ (7.3)
1—-a

is a steady-state vector. If one seeks to find systematically the steady-state
vectors, one has to solve the homogeneous system (P — I)x = 0 and choose
the probability vectors in the null space N(P—1I). We will find that the solution
consists exactly of the vectors in (7.3).

The increasing powers of P tend (by entry) to the matriz

1 2/3 1/3 0
0 0 0 0
@=1o 0o 0o o0
0 1/3 2/3 1

(see EX 7.6.6 and EX 7.6.7).

e Given a system does it follow that whatever the initial state, the system
will approach a steady-state vector? No. As is evident from Example 7.3,
whatever the initial state vector xo we start with, the system will always
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oscillate between xg and x; = Pxg. In this case, the only steady-state
vector is
o 0.5
105
and, unless xg coincides with e, the system will never converge to it.

We have seen that a Markov chain may have one or several steady-state
vectors. However, having said that, it has also become clear that a Markov
chain may not approach any steady-state vector.

One is naturally led to ponder:

e How to decide whether a Markov chain approaches a steady-state vector?

We end this section with a brief discussion of this question.

An n x n Markov matrix P is said to be regular if there exists a positive
integer k such that all entries of P* are positive, i.e., for all i,j = 1,...,n,
(P*);; > 0. A Markov chain whose transition matrix is regular is said to be a
regular Markov chain

The proof of the next theorem can be found in [9]. The matrix limit in the
next theorem is defined as the limit of each entry.

Theorem 7.1 If P is an n X n reqular Markov matriz, then

Pk—>[q q ... q],
where q is an n X 1 probability vector.

Under the circumstances of Theorem 7.1, notice that, given a probability
vector x, the limit of the sequence (P*x) is

[@ 9 ... qx=(zi+aa+ - +au)a=q. (7.4)

Observe that the equality above does not depend on x. Moreover, given the
uniqueness of the limit, q is the unique steady-state vector of P. In fact, if
r is a steady-state vector of P, then P*r = r. However, by (7.4), P*r — q,
yielding that r = q.

Summing up:

Proposition 7.3 If P is a regular Markov matriz, then it has a unique
steady-state vector q and, whatever the initial state vector xq is, P*xy — q.

Getting back to our initial example,

0.6 0.3
P= {0.4 0.7]

is a regular Markov matrix. To obtain the steady-state vector we ought to
solve the equation (P — I)x = 0 or calculate lim P*.

We opt to solve the equation. A basis of F(1) is {(3/4,1)} whose vector is
not a probability vector. But, since 3/4 + 1 = 7/4, the steady-state vector is
(3/7,4/7) (see EX 7.6.8).
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FIGURE 7.1: Links between pages in a 4-page web.

7.2.1 Google matrix and PageRank

It is reasonable that the importance of each internet page should be mea-
sured in terms of the relative frequency (overall the existing pages) it is visited
by a random surfer. If one accounts for the links between pages and the prob-
ability of leaving a given page to another, one can model a web by means of
a Markov matrix. If there were a steady-state vector for this matrix, then its
entries would display the relative time spent visiting each page, allowing for
a measure of the relevance of any given webpage.

We describe next the PageRank algorithm of webpage classification using
the 4-page web in Figure 7.1. Suppose that the transition matrix corresponding
to this example is

1 1/3 0 1/2
o 0 0 1/2
P=1o 131 o0

0 1/3 0 0

Observe that the non-zero entries in each column have the same value. This
will be always the case for this type of transition matrices.

A surfer reaching pages 1 and 3 stays there, since no links to other pages
exist. These are dangling pages. Hence, this matrix cannot have a unique
steady-state vector, as, for any non-negative a < 1, the vector

a
0
1—a
0

X =

is a steady-state vector. This matrix P modelling our web is not a regular
Markov matrix.

We see that, if we are to find a unique steady-state vector, an adjustment
has to be made. The adjustment is that we assume that, when reaching this
type of pages, the surfer stays there or goes to the remaining pages with equal
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probability. Hence, we get a new Markov matrix

1/4 1/3 1/4 1/2
1/4 0 1/4 1/2
1/4 1/3 1/4 0
1/4 1/3 1/4 0

P =

It is still the case that some zeros appear in the columns of the adjusted matrix
Py.

In order to ensure that we have a regular Markov matrix modelling the
web, it is desirable to avoid zero entries. In particular, one case where this
occurs is when two pages form a cycle. That is to say, when there are pages
1,7 such that there is a link from ¢ to j and a link from j to ¢ and no other
links connect these pages to others.

The adjustment used is that the random surfer will move using the links
from a given page with equal probability p and will pick any page of the
web with probability 1 — p. We get a transition matrix G, called the Google
matrix,

G=pP+(1-p)Q
1/4 1/3 1/4 1/2 [1/4 1/4 1/4 1/4]
a0 174 12 1/4 1/4 1/4 1/4
=Pl 13 14 0 | TP 1 1a 1
1/4 1/3 1/4 0 1/4 1/4 1/4 1/4]

Rumour has it that Google uses p = 0.85. If we do the same, then
1/4 1/3 1/4 1/2 [1/4 1/4 1/4 1/4]

/4 0 1/4 1/2| |14 14 1/4 174
14 13 14 0 | TP e 14 14 14
1/4 1/3 1/4 0 1/4 1/4 1/4 1/4)

G =0.85

The steady-state vector, i.e., the probability vector lying in the eigenspace
E(1) of this matrix is

0,314

0,245

0,220

0,220

Hence, we have a webpage ranking: the most important page is 1 followed by
page 2, and next we have pages 3 and 4 of equal importance.

~

7.3 Population Dynamics

In 1945, P.H. Leslie published the paper [11] on how matrices could be
used to predict the evolution of populations. This Leslie matrix model, to
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be described below, only considers the female individuals of the population
under study.

For example, suppose one has a population of human females divided into
5-year age groups: group g; corresponds to females whose age lies in [0, 5[, g2
corresponds to ages in [5, 10[, etc. Obviously, the number n of groups depends
on the maximum age in the female population under study and on the time
spanned by each group.

Suppose also that we monitor this population every five years, that is,
to=0,t1 =5,to =10,...,t, = bk,....

The Leslie matrix model requires that the interval between consecutive
observations have the same length as each age group.

Let

z,(0)
be the initial age distribution vector displaying the number of females in
each age group at time g = 0 and let x(¢x) be the number of females in each
group at time t, i.e., the age distribution vector at time t;.

During a 5-year time span, it is expected to have deaths, births and aging
in each age group. Hence, for ¢ = 1,...,n, let b; denote the expected number
of daughters born to a female in the age group i between the times t; and
tx+1, and let s; be the proportion of females in the group g¢; at time ¢ that
are expected to be in the group g;41 at time ;1.

Notice that, for each i, the number of daughters b; > 0 and 0 < s; < 1,
since we assume that the survival rate is never equal to zero, that is, not every
female in the group dies between tj and tj41.

It follows that
T1(trt1) = 21(te)br + @2(te)bz + -+ + @0 (tk) by (7.5)

and, for i =2,...,n,
Ti(thr1) = si—17i-1(tk) (7.6)

In other words, if we consider the matrix

by by ... by,
s 0 O 0 0

L = 0 592 0 0 0 , (7 7)
0o o . 0 0
0 0 0 s,-1 O
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we have
X(tr41) = Lx(tr)

and, in general, for k =0,1,2,...

3

x(ty) = LFx(0), (7.8)

where the matrix L in (7.7) is the Leslie matrix.

Example 7.5 H. Bernadelli in 1941 [5] considered a population of beetles
divided into three 1-year groups. The behaviour of this population is very sim-
ple: in the first year % of the females survives and in the second year % of the
females survives. In the third year, the females give birth to an average of 6
females each. After reproduction, the females die.

The Leslie matriz corresponding to this case is

0 0 6
L=1% 0 0
0 3 0

Suppose one starts with 600 females in each age group. Then, we have the
following population distribution in years 1,2, and 3

0 0 6] [600 3600
x(I)= |4 0 0] |600 300 |,
0 % 0] [600 200
0 0 6] [600 0 2 0] [600 1200
x(2)=|3 0 0 600 0 0 3| |600 1800 ,
0 3 0 & 0 0] [600 100
0 0 6]°[600 1 0 0] [600 600
x(3)= |4 0 0| [600 0 1 0] [600| = [600
0 % 0] [600 0 0 1] [600 600
Similarly, we will have in years 4,5, and 6
3600 1200 600
x(4) = | 300 |, x(5) = |1800] , x(6) = [600
200 100 600

We have here the so-called population waves: every 3-year period one ob-
serves the same population distribution. Notice that this behaviour does not
depend on the particular initial age distribution vector x(0). In fact, since
L3 = I, we will have always a 3-year cycle for this population.
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Example 7.6 Consider now a female animal population whose life ex-
pectancy s 4 years. Let this population be divided into two age groups gi, gs
of 0 up to 2 years and from 2 to 4 years, respectively. Suppose that 50% of
the females in group g1 dies within each 2-year time span and each female is
expected to give birth to 2 daughters whereas in gs each female gives birth to
4 daughters. Suppose that this animal population starts off with 30 individuals
in g1 and 10 in the age group gs.
We have now the Leslie matrix

L= [
and the age distribution vectors

x(2) = Lxg = L [30] _ {100} |

I DN
O =~
—

10 15

260 720 1960
x(4) = Lo = {50} o X9 == {130} - X =L = {360}

In this case we see a steady population growth.

In Bernadelli’s example, it is clear that the population behaves in cycles.
In Example 7.6, however, one may only infer that there might be a population
growth in the long term. It would be desirable to have a clearer picture of the
future.

As it happens, a crucial tool to answer our questions is the spectrum of
the Leslie matrix. The characteristic polynomial of the Leslie matrix (7.7) is

p()\) = (_1)n(>\n - b1>\n_1 — szl)\n_2 - b3$1$2>\n_3 — = bn8182 N Snfl)
(7.9)
(see EX 7.6.12). Hence, for A # 0,
b1 b281 b35182 bn8182 .. Sp—1
=(=1)Y\N"|1- — - =2 - _ =2 -2 __..._ —_ = " -
It follows that A # 0 is a root of p(\) if and only if
b1 b251 635152 bnslsg e Sp—1
— o ——— = 1. 7.10
A + A2 A3 An ( )

It is a routine exercise in real function calculus to see that there exists a unique
positive A; satisfying (7.10). Hence, we have that A\ > 0 is a root of p(\). In
fact, A; is a simple root (see EX 7.6.12).

One can check directly that the vector

sos T
x= [l F g oapm Ai,*} (7.11)

is an eigenvector associated with the eigenvalue ;.

Summing up:
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Theorem 7.2 The Leslie matriz L in (7.7), has a unique positive eigenvalue
A1 with algebraic multiplicity 1 and such that there exists an eigenvector xq
in E(\) whose entries are all positive.

The eigenvalue A\; of L is said to be the dominant eigenvalue if, for
A€ a(L)\{\1}, we have |A| < A;.

It is not always the case that a Leslie matrix has a dominant eigen-
value. For example, the spectrum of the matrix in the Bernadelli’s example is
{1, =1£/3} This matrix has no dominant eigenvalue.

On the other hand, the Leslie matrix of Example 7.6, whose spectrum is
{1 ++/3}, has a dominant eigenvalue \; = 1+ /3.

Criteria do exist to determine whether a Leslie matrix has a dominant
eigenvalue but their analysis is beyond the scope of this book.

Our aim now is to show how the existence of a dominant eigenvalue helps
to understand the long-term behaviour of the population. We assume in what
follows that the Leslie matrix is diagonalisable, as is the case in the two pre-
vious examples.

Let the Leslie matrix (7.7) be diagonalisable, let A1,..., A, be its eigen-
values, possibly repeated, and let S be a diagonalising matrix whose first
column consists of the vector x; in (7.11). The eigenvalue A; is assumed to be
dominant. It follows that

M0 ...0
0 X 0 0
L=S , St
0 0 . 0
0 0 An
Then, for time t;, we have
Moo o..o0
_ 0 X 0 o0
x(ty) = LFxy = S . S™1x(0)
0 0 . 0
0 0 Ak
1 0 0
0 (2) 0 0
= \ig . S~1%(0)
0 0 0
An
0 0 (32)F
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Since A1 is dominant and the first column of S is x1,
S71x(0) = ax;, (7.12)

lim (A—l,fx(tk» =S

k—o0

o O O =
o O o O
e
o O o O

for some scalar . Hence, we have the approximation

x(t) ~ a\bx;. (7.13)
Similarly, we also have
X(tp_1) = a\i"1x,. (7.14)
It follows that
X(tg) & Mx(tg—1), (7.15)

that is, the proportion of females in consecutive age groups is (approximately)
constant for a sufficiently large time.

We see that
(i) if Ay < 1, the population will decrease,
(ii) if Ay = 1, the population will stabilise,

(iii) if Ay > 1, the population will increase.

Example 7.6 (continued). As seen before, the spectrum of this Leslie
matriz is {1 + \/3} and \y =1+ V3 is dominant.

Since the matriz is diagonalisable, we can apply the results above and
can confidently say that the population is going to steadily increase (see
EX 7.6.11).

7.4 Graphs

In this section, we give a short introduction to simple graphs, the main
goal being to present, albeit briefly, a particular type of a symmetric matrix,
the adjacency matrix, whose entries are either 0 or 1. We begin again with an
example.

Suppose you have an archipelago of five islands some of which, possibly
not all, are connected by bridges. Name the islands from 1 to 5, and consider
Figure 7.2 where each line segment represents a bridge linking two islands.
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O—00—06
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FIGURE 7.2: Graph of islands and bridges.

This is what is called a graph. In this example, each island is a vertex
and each bridge is a line segment called an edge of the graph.
Formally, a graph is an ordered pair G = (V, E) where

V ={vi,v9,...,0,}

is a non-empty (finite) set of vertices and E C {{v;,v;}: 4,5 = 1,...,n} is
a subset consisting of edges, i.e., consisting of two-element subsets {v;,v;}
which lie in E whenever there is an edge connecting the vertices i, j.

In our example, we have V = {1,2,3,4,5} and

E = {{1,2},{2,3},{2,4},{2,5},{3,4},{3,5} }.

Hence, there is a total of six bridges linking the five islands.
You might ask yourself: How many ways are there of going, say, from 1 to
57 Or, what way is more efficient inasmuch as it has less bridges to cross?

We shall answer this questions by means of the adjacency matrix. The
adjacency matrix A = [a;;] of the graph G is an n x n matrix whose
columns and rows are associated with the vertices and such that a;; = 1, if
there is an edge between vertices v;, v, and a;; = 0, otherwise.

In other words, if v;,v; are adjacent vertices, i.e., there is an edge which
they belong to, then a;; = 1 = a;;, otherwise a;; = 0 = a;j;. An edge joining
v, v; is said to be incident to v; and v;.

The graph in Figure 7.2, has the adjacency matrix

01 0 00O
1 01 11
A=10 1 0 1 1
01100
01100

Notice that A is a symmetric matrix and that the diagonal entries of A are
all zero, since no loop is permitted from a vertex to itself. We are considering
simple graphs: no loops and no more than one edge connecting two vertices.

The sum of the entries in a row 4 equals the number of edges connecting
vertex ¢ to other vertices. The same can be said for column ¢. This number
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is called the degree deg(v;) of the vertex v;. In our case, island 1 has degree
deg(1) = 1 whilst island 2 has degree deg(2) = 4, for example.

A walk in a graph G is a sequence (vg, v1, V2, Vs, ..., v) of vertices (pos-
sibly repeated) and edges

({vo,v1}, {v1,v2}, .., {vk—1,v})

which belong to G. The walk is said to start at vy and end at vi. A pathin a
graph G is a walk whose sequence of vertices consists of distinct terms. Here
it is allowed to have vg = vg, in which case we have a closed path.

The length of the walk is the number k& > 0 of edges. In what follows, for
simplicity, we refer to walks and paths only specifying its sequence of vertices.

For example, the graph of Figure 7.2 has a path of length 2 consisting of
the sequence of vertices 4, 2,3 and a walk 4,2, 3,2, 3 of length 4. The endpoints
of both path and walk are the same: the start is 4 and the end is 3. Another
path is 3,5, 2, 1. This path has length 3.

In general, it is a more efficient way to go from an island to an other
taking a path rather than a walk. The most efficient way is the shortest path
connecting them.

The next theorem tells us how many walks there are connecting two ver-
tices.

Theorem 7.3 Let A = [a;;] be the n X n adjacency matriz of a graph G
having n vertices. The number of walks of positive length k between vertices
i,7 s the entry-ij agf) of the matriz A*.

Proof The theorem will be proved by induction. Let i,5 = 1,...,n. If
k =1, by the definition of the adjacency matriz A, a;; is either 0 or 1. This
means that there is no edge or exactly one edge, respectively, connecting the
vertices © and j. Consequently, the assertion holds when k = 1.

Assume now that the statement is true for k. We will prove that it also
holds for k + 1.

Let lgf) be the number of k-length walks from v; to v,, wherer =1,....,n.
The k + 1-length walks from v; to v; are all of k-length walks from v; to
vy followed by all walks of length 1 from v, to v;. Hence, by the induction

hypothesis, the number ll(;c“) of walks from v; to v; is

n n

(0 = S = 3 e

r=1 r=1

Since we have shown above that lg;) = ay;, it follows that

(1) _ N () (1) (k1)
lij = Ajp" Ay = Qg5 7
r=1

as required.



274 Linear Algebra

In our example, we have

101 11 0 4 2 1 1
0 4 2 1 1 4 4 6 6 6
A’=11 2 3 1 1|, A>=1|2 6 4 5 5
111 2 2 1 6 5 2 2
111 2 2 1 6 5 2 2

Hence, if we consider islands 2 and 3, we have one walk of length 1 linking
them, two walks of length 2 and 6 walks of length 3 (see EX 7.6.15).

Now that we can count the walks connecting two vertices, we shall see next
that every walk contains a path.

Proposition 7.4 Let G = (V, E) be a graph and let v,v’' € V. If there exists
a walk from v to v', then there exists a path from v to v'. Moreover, the length
of the path is less than or equal to the length of the walk.

Proof Consider the set consisting of all the walks from v to v' (of any
given length) and observe that there must be a minimum length walk in this
set.

If the walk has length 1, then the walk is itself a path. Suppose now that this
mintmum length walk has length k > 2. We want to show that this walk is a
path. Suppose that, on the contrary, this walk is not a path. Consequently, there
exist vertices v, and Uy, with m # 0 and v, = Vpgp. Then, if we remove
from the walk all the vertices vyy1,...,Vrrm and the edges linking them, we
obtain a strictly shorter length walk from v to v'. But this is a contradiction,
since we assumed that our initial walk was the minimum length walk. The
remaining assertion of the theorem is obvious.

For example, there is exactly one path between islands 1 and 2: this path
has length 1. There are two paths between islands 1 and 3 of length 3 (see
EX 7.6.15).

A subset of vertices of a graph G is said to be a clique if (i) the subset
contains three vertices, at least; (ii) any two distinct vertices are adjacent; (iii)
the subset is not contained in any strictly larger subset of vertices satisfying
(ii).

For example, the island-bridge graph contains the cliques {2,3,4} and
{2,3,5}. Identifying these cliques was easy because our graph is small. It would
be desirable, however, to have a systematic way of identifying the vertices lying
in cliques. Why might this be of help? For example, if the edges of a graph
identify the similarly politically inclined in a group of people, say, politicians
voting a law, you might have an educated guess about whether the law will
pass or not.
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Corollary 7.1 Let A = [a;;] be the n X n adjacency matriz of a graph G =
(V, E) having n vertices v1,va,...,v,. A vertex v; belongs to a clique if and

only if the entry-ii of the matriz A is non-zero, i.e., agf) # 0.

Proof Suppose al(»f) # 0. By Theorem 7.3, we know that az(-?) is the number
of walks of length 3 from v; to itself. Any walk of length 3 having the same
verter v; as endpoints, needs to have another two distinct vertices, say, v;,vy,.
It follows that {v;,vj, v} form a cliqgue or are a subset of a clique.

Conversely, suppose there is a clique containing v;. By the definition of
clique, there exist distinct vertices vj, v, such that a;j,ajy, ar; # 0. It follows

that ag’) > a;jajrar; 7 0.

We see that in our island-bridge graph, matrix A% indicates that the islands
2,3,4,5 belong to cliques, as expected, while this is not the case for island 1.

7.5 Differential Equations

The aim of this section is to introduce the exponential of a square matrix.
This will be motivated by and then applied to the solution of differential
equations.

Let

2/ (t) = cx(t) (7.16)

be a linear differential equation over the reals. It is known that its set of

solutions consists of all the functions z(¢): R — R such that
z(t) = ae,

where « is a(ny) real constant. Suppose that we increase the ‘complexity’ of the
problem: we have now the system of (first-order) linear differential equations

{zau) = 21 () + 2()

zh(t) = 5x1(t) + 3z2(t) (7.17)

in the unknowns x1(t), z2(¢): R — R.
This system can be re-written in matrix form as

500-1 0 .

x' = Ax, (7.19)

or, more compactly,

where A is the matrix above and the derivative of a vector (or matrix) is to
be calculated by entry. Here the dependence on ¢ is omitted to simplify the
notation.
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Can we still mimic in some way the solution of (7.16) to solve the system
(7.17)? In other words, is it possible to give a meaning to the exponential e
of a matrix A such that a solution of (7.19) can be constructed somehow using
the exponential?

If one were to define the exponential of a matrix A by generalising what
is known for the exponential function over R, one would naturally be led to
write

1 1 1 =1
A_ 2 3 LA . =N yn
et =T A AT A e S AT = %On!A’ (7.20)

Although, each term of the formal power series is meaningful, does the series
converge? And what does convergence even mean?

Let us begin by calculating the matrix powers for our example. The matrix
A is diagonalisable and

—1
a=[ A
(see EX 7.6.18). It follows that
A {—1 1} {(—2)" 0] [—1 1]1
1 5 0 1115
and

3 | a S |

n=0 n!

When k& — oo, we have that this matrix product tends by entry to

L E [ sl e

O:__‘H

1 5 Sk 15 0 e
S S—1

In general, let A be a n x n diagonalisable matrix with (possibly repeated)
eigenvalues {1, A2, ..., A, }. Then

A = Sdiag(Ai, Aa, ..., An)S7L,

where diag(A1,A2,...,A,) is a diagonal matrix whose diagonal consists of
the eigenvalues of A repeated as many times as the corresponding algebraic
multiplicities, and S is a diagonalising matrix (see Theorem 4.3 and the ‘How
to diagonalise a matrix’ box).
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A reasoning similar to that above yields that the exponential e of the
matrix A is

et = Sdiag(eM, ez, ... eM)S7L.
It follows that the exponential of tA, where t € R, is
1 1 1
et =T+tA+ E(M)Q + g(tA)3 o A+
= 1 n = 1 n —1
=> —(tA)" = SO —(tD)") s
n=0 n=0
Hence
et = Sdiag(eM?t, e, ... M) ST (7.21)
ie.,
et = SetP g1, (7.22)

Notice that
(etA)/ _ AetA

(see EX 7.6.19). Hence, given a(ny) n x 1 vector ¢, we have
(etAc)/ _ (etA)lc _ AetAC

from which follows that,

x(t) = etc (7.23)
is a solution of the system of linear differential equations
x = Ax.

It is possible to show that, in fact, any solution of this system is of the form
(7.23). Moreover, since
x(0) = e%c = c,

we have that fixing the initial conditions at ¢ = 0 determines a unique solution.
(Observe that €% = I.) Tt follows that this unique solution is

x(t) = e'x(0). (7.24)

Example 7.7 Consider the system of linear differential equations

r =2r+z
Yy =-y
Z =x+4+2z

which we want to solve with the initial conditions x(0) = —1,y(0) =1, 2(0) =
2. We begin by writing the system in matriz form

x 2 0 1| |z

y|{=10 -1 0 |y

2 1 0 2| |z
—_—

A
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This 3 x 3 matriz is diagonalisable:
- 1 r -1

0 1 17[-1 0 0]f0o 1 1
A=11 0 o|/|0 1 ol]1 0 O
0 -1 1/ [0 0 3]0 -1 1
By (7.22),
0 1 1] et 0 0]fo 1 177"
edd=11 0 0]/]0 e o1 0 o0
0 -1 1[0 0 ¢*] |0 -1 1
0 1 1 0 1 0
et= et 1| e |o| e*|o|||1/2 0 —1/2]. (7.25)
0 -1 1 /2 0 1/2
Hence
1 et+e3t O —et+63t
eth = = 0 2¢~t 0
—et + 3t 0 et + et

Using the initial conditions,

X 1 et + €3t 0 7€t + eSt ~1 ) —3et + 63t
Yyl = 5 0 26775 0 1 —— 26775 :
? —el+e? 0 el + et 2 3el + e3t
i.e.,
o) = —3 By = e o) = 3+ B

In (7.25), the right hand side of the equality consists of a product of two
matrices. Notice that the columns of the first matrix are formed by eigenvec-
tors of A multiplied by certain ‘weights’. Each column shows a pairing between
the eigenvector and the corresponding eigenvalue inasmuch as the weight is
a exponential in whose exponent appears this eigenvalue. This behaviour can
be seen in general.

Let A be an n x n diadonalisable matrix such that A = SDS~!' and
consider the system (7.19). By (7.22) and (7.24), we have

x(t) = e"'x(0) = Se'P S~1x(0)
and, therefore,

aq
(€3]
x(t) = [eM'x e T T e Sl

&7

5—1x(0)
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where x1,X2,...,X, are the eigenvectors used to diagonalise this matrix. In
other words, the solution of the initial value problem is a linear combination
of the column vectors

A1t Aot Ant

eM'xy, e"¥xq, ..., e"'Xp.
We can apply this to solve the system of Example 7.7 in an alternative

way. We know now that the solution has the form

x(t) 0 1 1
y(t) | = are” |1 +age’ | 0| + a363t 0
z(t) 0 —1 1

Using the initial conditions at ¢ = 0,

-1 0 1 1

1l =ar|l|+az2|0|+a3|0],

2 10] -1 1
we have ap = 1,0 = =5, a3 = % Hence,

Summing up: the solution is a linear combination of n weighted eigen-
vectors of A — any n linearly independent eigenvectors will do. The specific
linear combination is obtained by forcing the solution to satisfy the initial
conditions.

7.6 Exercises

EX 7.6.1. Show that the spectrum of a projection matrix is a non-empty
subset of {0,1}. Find the corresponding eigenspaces.

EX 7.6.2. Find the projection matrix onto the the subspace W of R* such
that

W= {(z,y,z,w) ER*: x+y—2=0,2 =w}.

EX 7.6.3. Find the straight line that best fits the points (2,4),(3,5),(7,9).

EX 7.6.4. Show that the product of two Markov matrices is a Markov matrix.
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EX 7.6.5.

EX 7.6.6.

EX 7.6.7.

EX 7.6.8.

EX 7.6.9.

EX 7.6.10.

EX 7.6.11.

Linear Algebra

Prove Proposition 7.2. Hint: Show that, given an n X n stochastic
matrix, if Ax = x then

n n
D2 |(4x) ml<leul
1=15=1

and that the equality holds if and only if the entries in x have the
same sign.

For the Markov matrix of Example 7.4, calculate P* with k =
0,1,2,...,10.

Calculate the steady-state vectors of the Markov matrices P, @ in
Example 7.4. Does this contradict Proposition 7.37 Why?

Calculate the steady-state vector of

0.6 0.3
P= [0.4 0.7}

and compare with (7.2).

Let
0 0 0 O 0
/2 1 0 1/2 1/2
P=11/2 0 1 0 0
0 00 0 1/2
0 0 0 1/2 0

be the transition matrix of a 5-page web. Draw this web, find its
Google matrix and rank its pages.

Consider a female animal population whose life expectancy is 10
years. Let this population be divided in two age groups g1, g2 of 0
up to 5 years and from 5 to 10 years, respectively. Suppose that
20% of the females in group g; dies within each time span of 5
years and each female is expected to give birth to 2 daughters
whereas in g, each female gives birth to 4 daughters.

Suppose that this animal population starts off with 30 individuals
in g1 and 20 in the age group g-.

Find the Leslie matrix and the age distribution vectors x(5), x(10).
How many females are in g; and g, after 15 years?

Consider a female animal population whose life expectancy is 4
years. Let this population be divided in two age groups g1, g2 of
0 up to 2 years and from 2 to 4 years, respectively. Suppose that
50% of the females in group g; dies within each 2-year time span
and each female is expected to give birth to 2 daughters whereas



EX 7.6.12.

EX 7.6.13.

EX 7.6.14.

EX 7.6.15.

EX 7.6.16.

EX 7.6.17.
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in go each female gives birth to 4 daughters. Suppose that this
animal population starts off with 30 individuals in g; and 10 in
the age group gs.

Find the Leslie matrix and the age distribution vectors from x(2)
to x(8). Determine the dominant eigenvalue A; and calculate the
same distribution vectors with the approximation formula. How is
the population expected to behave?

Show that the equality (7.9) holds and that there exists only one
A1 > 0 satisfying (7.10). Hint: show that the real function f(\) on
the left hand side of (7.10) is decreasing, that limy_,q+ f(A) = 400
and that limy_, . f(A) = 0.

Show that A; in the previous exercise is a simple root of p(\).
Hint: recall that a root a of a polynomial ¢(t) is simple if and only

if ¢'(a) # 0.
Show that Ay is a simple root of p(A). Hint: recall that a root a of
a polynomial ¢(t) is simple if and only if ¢’(a) # 0.

Suppose that

011
1
L=|3 0 0
0t o0

is the Leslie matrix of some female population. How many age
groups are there? What is the approximate proportion of the num-
ber of females in two consecutive age groups for large enough time?
Is the population going to increase eventually? Why?

For the island-bridge example of §7.4, find the walks of length 2
and 3 connecting islands 1 and 3. Which of them are paths?

Draw the simple graph whose adjacency matrix is

010010
1 01 1 01
010010
010010
1 01 1 01
010010

and find the degree of its vertices.

Consider the graph
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EX 7.6.18.

EX 7.6.19.

EX 7.6.20.

EX 7.6.21.

Linear Algebra

®—®—0O

N

@

Find the adjacency matrix, the vertices lying in cliques and those
cliques having b. Find the paths whose start point is b and endpoint
is d.

Calculate e” with

Let A be a n x n diagonalisable matrix. Show that

(etA)/ _ AetA
Solve the system of differential equations

' =3z + by
y=z—y

with z(0) = 1,y(0) = 1.

Solve the initial value problem x’ = Ax with

2 -2 2 1
A=0 o0 1|, x(0)=|0
0 0 1 0

7.7 At a Glance

Special matrices were introduced in this chapter in connection with appli-
cations of Linear Algebra:

e The projection matrix (least squares solutions/minimisation of error) —
a matrix corresponding to an orthogonal projection onto a subspace of a
real vector space for a fixed basis. It can be calculated through a formula
using a matrix whose columns are the mentioned basis.
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e The stochastic matrix (Markov chains) — a real square matrix whose
entries are non-negative and such that the sum of the entries in each
column equals 1. The spectrum of a stochastic matrix contains 1. The
probability eigenvectors associated with the eigenvalue 1 might indicate
that the system modelled by the matrix reaches equilibrium eventually.

e The Google matrix (PageRank) — a particular type of a stochastic ma-
trix, it has always a (probability) eigenvector associated with the eigen-
value 1 whose entries rank the webpages the matrix models.

e The Leslie matrix (evolution of populations) — a real square matrix

by by ... ... by
st 0 O 0 0
L = 0 S92 0 0 0 , (7.26)
0o 0 . 0 0
0 0 0 s,-1 O
where b1,b2,...5, > 0and 0 < s1,83,...,5,-1 < 1. Under some circum-

stances, L has a dominant eigenvalue whose value indicates the evolution
of a population in the long run.

e The adjacency matrix (graphs) — a real square matrix whose entries are
either 0 or 1 which models the edges linking the vertices of a simple
graph. It allows for determining the number of walks between two ver-
tices and identifying vertices lying in cliques in the graph, for example.

e The exponential of a matrix (differential equations) — the matrix e? is

obtained using the spectrum of A. It can be used to solve differential
equations.

The author wishes to thank J. Teixeira and M.J. Borges for Example 7.7,
EX 7.6.20, and EX 7.6.21.
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Chapter 8

Appendix

8.1 Uniqueness of Reduced Row Echelon Form ...................... 285
8.2 Uniqueness of Determinant ................. ... 286
8.3 Direct Sum of Subspaces ... 287

8.1 Uniqueness of Reduced Row Echelon Form

We prove here the uniqueness of the reduced row echelon form of a matrix.
This proof is essentially that in [16].

Proposition 8.1 Let A be a k xn matriz over K and let R, R’ be reduced row

echelon matrices obtained from A through elementary row operations. Then
R=R.

Proof This result will be proved by induction on the the number of columns
n of the matriz. The result is clear enough for n = 1. Let A be an k xn matrix
with n > 1, and suppose now that the result holds for all number of columns
less than or equal to n — 1.

If R, R’ are reduced row echelon forms of A, then, by the induction hypothe-
sis, their first n—1 columns must be equal. Indeed, if we remove the last column
of all three matrices, thus obtaining kxn—1 matrices, say, An—1, Rn—1, Rl,_1,
respectively, then R,_1, R,_; are reduced row echelon forms of An,—1. Hence,
R.,.1=R,_,.

It follows that R, R’ may differ only in the nth column. Suppose, then, that
they differ in row i, that is, riy, # T},.

Let x be a vector such that Ax = 0. Then, we have also that Rx = 0 = R'x.
Consequently, (R— R')x = 0 from which follows that x,, = 0, since r; ,, # 7},
as assumed above. This forces both columns n of R and R’ to have a pivot
(equal to 1), since otherwise x,, would be an independent variable. However,
since R,—1 — R, _; = 0, we have finally that these pivots must be located in
the same row. This yields a contradiction, since it forces R = R’ which we

assumed to be different.
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8.2 Uniqueness of Determinant

Proposition 8.2 There exists a unique function f: M,(K) — K such that,
for all A € M, (K),

(Az1) f(I) =1;
(Az2) f(Pi;A)=—f(A) (withi#j,i,57=1,...,n);

(Az3) Given a € K and i € {1,...,n},

1, 1, L 1,

where 1;,1; are matriz rows.

Proof This proof is inspired by that of [2, Theorem 3.2/
Let g: M,,(K) — K be a function defined, for all A € M, (K), by

9(4) = F(A) — det 4,

where det A is the function given by the Leibniz’s formula (see §2.2, (2.4)).
Suppose firstly that A is invertible and that we reduce A to the identity

1, the reduced row echelon form of A, using elementary operations. Then, by
(Azx2), (Az8), and Proposition 2.1 (iii),

9(A) = c(f(I) — det I),

where ¢ # 0 is a scalar which accounts for the changes in the determinant
brought along by the elementary operations. Since

fI)=1=det],

if follows that g(A) = 0, i.e., the functions f and det coincide on the invertible
matrices.

If A is not invertible, then its reduced row echelon form has a zero row.
Hence, by Proposition 2.1 (i),

f(A) =0 =det A.
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Notice that Proposition 2.1 must hold also for f, since we used only the Axioms
(Az1) — (Ax3) in its proof.
The proof is complete.

8.3 Direct Sum of Subspaces

In Chapter 3, we defined the direct sum of two subspaces. Here we gener-
alise this to a finite number of subspaces.

Let V be a vector space over K and let Si,.55,...,S; be subspaces of V.
Define the sum Zle S; of these subspaces by

k
ZS12{$1+..-$2+"'+$/€:miesi’i:172""7k}'
i=1

The set Zle S; is itself also a subspace of V. This sum is said to be a direct
sum S1 P So B --- B Sk if, foralli =1,2,... )k,

Sin Y. S ={o} (8.1)

le{1,2,...,k}\¢

Notice that this definition is exactly that we presented in Chapter 3 when
referring to the direct sum of two subspaces.

Proposition 8.3 Let V be a vector space over K with dimV = n, and let
51,52, ...,S, be subspaces of V. Then the following are equivalent.

(i)) V=S 3®S® - &Sk.
(ii) Zle dim S; =n and, for alli=1,2,... )k,

Sin > S ={o}. (8.2)

1€{1,2,....k}\i

(i1i)) V = Ele S; and, for all x € V, the decomposition
r=x1+... T2+ -+ Tk
is unique, with x; € S;, for all i =1,... k.

Proof We begin by showing that (i) implies (ii). Observe that, by (8.1)
the union of the bases of all subspaces is a linearly independent set. Indeed,
if it were not, then some non-zero vector spanned by one of the bases would
be a linear combination of the vectors in the bases of the remaining spaces,
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contradicting (8.1). Since V = Zle Si, it follows that the union of these bases
spans a subspace of dimension n and, hence, Ele dim S; = n.
To see that (ii) = (ii1), consider that, given some x in 'V, we have

T +... X2+ -+ =x=21+...20+ -+ 2k,
with x;,z; € S;, foralli=1,...,k. Then,
(x1—21) + (2 —22) +- -+ (T — 21) = 0.

But by (8.2), each of the summands must coincide with 0, yielding the unique-
ness of the decomposition. Consequently, the union of the bases of all subspaces
is a linearly independent set from which follows the remaining assertion.

Suppose now (iii) holds. To show that this implies (i), if suffices to show
that (8.1) holds. Suppose, on the contrary, that, for some i, there existed a
non-zero € € S; N 216{1’2 """" K\ S;. But then

0=x— Z x,
1e{1,2,.... k}\i

yielding two different ways of decomposing 0, which cannot be.



Chapter 9

Solutions

9.1 Solutions to Chapter 1 ........ ... ..,
9.2 Solutions to Chapter 2 ...,
9.3 Solutions to Chapter 3 ..........coiiiiiiiiiiiininan...
9.4 Solutions to Chapter 4 ........ ...,
9.5 Solutions to Chapter 5 ...,
9.6 Solutions to Chapter 6 ..............cocoiiiiiiiiiiiian..,
9.7 Solutions to Chapter 7 ........ ...,

9.1 Solutions to Chapter 1

EX 1.5.1 (a) and (c) are linear equations, (b) and (d) are not linear equations.

EX 1.5.2 The solution sets are:
(a) {(0,0,0)}
(b) {(—3x3, — 323 — 24,23,34) : 3,74 € R}

() {lw,z,y,2) rz=—wAy=wAz=0 (weC)}

EX 1.5.3 The systems a) and c) have non-trivial solutions. System c¢) might
have only the trivial solution or non-trivial solutions, depending on its coeffi-

cients a;;.
EX 1.5.5

(a)

b r=1
ORI

3r+y=0
(c) _
y+32=0
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d) 2z—y—z—w=0
EX 1.5.4 The solution sets are:

(a) The solution set is S = {(3,1,2)}.

(b) - {(_7 75(:37 7 73}3,,’1}3): X3 € R}

() S=10.

() {( 6_2U_3yavv_2_ya3+yay):U7yER}'
EX 1.5.6

(a) Yes (it is a row echelon matrix); Yes (it is in reduced row echelon form);
rank 3.

OO =
O = O
_= o O
[N}
|
—_

rank (A)=3.
EX 1.5.8 rank (4,) = 2 when oo = —1,0, 1 and rank (A,) = 3 otherwise.

If « = 0, then the systems are consistent and have one independent vari-
able.

If « = +£1 and g = 0, then the systems are consistent and have one
independent variable.

If « = +1 and S8 # 0, then the systems are inconsistent.

If & € R\{—1,0,1}, then the systems are consistent and have no indepen-
dent variable.
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EX 1.5.9 The system is always consistent, since it is homogeneous.

If « # 2 and a # —2, then the system has only the trivial solution
(0,0,0,0).

If @ = 2, then the system has two free variables and the solution set is

S={(2z,—z —w,z,w) : z,w € R}.

If o = —2, , then the system has one free variable and the solution set is
S ={(22,-2,2,0) : z € R}.
EX 1.5.10
7 V3 0 2 4
B+C=12 -5 1], 2A=| 8 2|,
T 2 9 2V2 6
1+4v3 —2+43 6 6V3 0
AB=| 242 -2 , CB=|-8 4 -4/,
T+8—v2 -—2r—1 100 20 —10
tr B = —1,tr C = 12. The remaining operations are not possible.
EX 1.5.11
1
a) (AB)a3 = —10 and the column 2 of AB is |8
2
b)
2 1 -2
A-BT=0 -6 -2|, t((A-B)7")=-2
2 0 2
EX 1.5.12 The correct assertion is D.
EX 1.5.13
0 -1 =2
A=1|1 0 -1
2 1 0
EX 1.5.14
2 4 8
A=14 8 16
8 16 32

EX 1.5.15 If n is even, i.e., n = 2k, with k € Ny, then

0 i
If n is odd, i.e.,n = 2k 4+ 1, with k € N, then

AP — A% — (Z1)F [@ O] .

A" = A2k+1 _ (_1)kA
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EX 1.5.16
-1 2 1
A=]0 1 1
1 -2 -1
EX 1.5.17
-7 2
(a) [4 —1]

o) %% T3l

(¢) Not invertible.

1

7 1 —3

11 7

d |- 1 1
6 2

-5 1 3

7 -1 0
o 1 -1
_—3 0 1
r 1
1 =3 o1 0
o 1 -1 90
(2) 0 8 f 1
5 17
o o o %

(h) Not invertible.
EX 1.5.18

A3=[1 6], A—3:[1 ‘6], A2—2A+I=(A—I)2:{8 8}

0 1 0 1
[3/2 —3/2
X= {1/2 _1/2} '
EX 1.5.19
(a) Elementary operation: Lo —5L; Elementary matrix: Eo(3) = [ 15 9]
ementary operation: —zLg ementary matrix: 3(—= =
b) El i 1Ly EI ix: Dy(—3

10 0
01 0
004
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0
1
0
0

(d) Elementary operation: Ls + 3L Elementary matrix: FEs(3) =

(c¢) Elementary operation: Ly <> Ly Elementary matrix: Pyy = {

[elelelg
i =lele]
o—=oOo

1000
0110
[0;10}
0001
EX 1.5.20
1 00 0 1 0 0 0
01 0 —1 0 -5 0 0
Er=Eu(-D=15 ¢ 1 o Ex=Dx(=5)= |y o 1 ¢
000 1 0 0 0 1
1 0 0 0]t 0o o0 0
sl -1 |0 =1/5 0 0|0 1 0 1
A_D2(5)E24(1)_0010 00 1 0
0 0 o0 1]|0 0 0 1
Dy(—1/5) E24(1)
1 0 0 0
o =15 0 —1/5
o o 1 0
o o0 o0 1

EX 1.5.21 D).
EX 1.5.22 Let A = [a;;] be a matrix such that, for all n x n matrices B we
have AB = BA. It follows immediately that A is an n X n matrix.

Let B = FE;;, where E;; the matrix having all entries equal to zero except
for the entry-ii which is equal to 1. Then,

L} = EyA= AE; = Cf',
where L is a matrix whose row i is the row i of A and whose remaining rows
are zero rows, and CZ-A is a matrix with zero columns except for the ith column
which is that of A. Hence, since the only possibly non-zero entry in common
in both matrices is a;;, all the remaining entries in both matrices are equal to
zero. Letting ¢ vary one gets that A is a diagonal matrix.

Suppose now that B = P;;. Then

PijA = APij,

from which follows that, for all 4,5 = 1,...,n, a;; = a;j;. Recall that the
operation P;j; A interchanges the rows ¢ and j of A whilst the operation AP;;
swaps the columns ¢ and j of A. Hence, A = al.
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EX 1.5.23
1 0 0|4 0 Of |1 4 1 1 0 0|4 16 4
A=|-5 1 0l |0 5 0] |0 1 —=5|=1|-5 1 Of (0 5 =25{,
-3 4 110 0 1] |0 0 1 -3 4 1] 10 0 1
x=(1,-1,0).

9.2 Solutions to Chapter 2

EX 2.4.1 det A= —912.

EX 2.4.2 det(—2473) = —8/27, det ((ABT)2> = 81, det(Esa(—2)D3(2)
EX 2.4.3 C)

EX 2.4.4 detB = —10.

EX 2.4.5 104.

EX 2.4.6 A).

EX 2.4.7

1 1 1
0 1 0].
0 0 1

EX 2.4.8 Ciy =60; (A )y = i7s.

EX 2.4.9 z; = —28/11,25 = —34/11,23 = —30/11.
EX 2.4.10 (a) a=—1—1; (b) = (1,1,0).

EX 2.4.11 (a) a € R\{0,3}; (b) —L5.

a—3

9.3 Solutions to Chapter 3
EX 3.7.1 (a), (b), and (d).

EX 3.7.2
(a) (=3,—1,-5)=—2u+v—2w
(b) (2,%,2) =4u — 5v + 1w
(¢) (0,0,0) = 0w + 0v + 0w
(d) (£,3,3) =0u—2v+3w



Solutions 295

EX 3.7.3 (a), (b), and (d).
EX 3.7.4 (a), (c), and (e).
EX 3.7.5 (b) and (f).
EX 3.7.6 We show firstly that P,,, together with the usual addition of poly-
nomials and multiplication of a polynomial by a scalar, is a real vector space.
Clearly, axioms (i) and (ii) are verified since the addition is commutative and
associative. On the other hand, the zero polynomial p(t) = 0 is the additive
identity, showing that axiom (iii) is satisfied.

Let p(t) = ag+at+ast?+- - -+a,t™ be a generic polynomial. The additive
inverse of p(t) is p(t) = —ag — ait — ast® — - - — a,t™ which settles (iv).

(v) Let a be a real number and let q(t) = by + byt + bot? + - -+ b,t" be a
polynomial. Then

a(p+q)(t) = alag + a1t + ast® + -+ + ant™ + bo + bit + bot? + -+ - + b, t™)
= a(ag + a1t + agt? + - - - 4+ ant™) + a(bo + bit + bot® + - - - + b, t")
= ap(t) + aq(t).

Axioms (vi) and (vii) are shown to hold similarly and it is obvious that
(viii) also holds since 1p(t) = p(t). Hence PP, is a real vector space.

We can show similarly that P is a real vector space. Propositions 1.4 and
1.5 show that M, (K) is a vector space over K.

The addition of continuous real functions on [a, b] is commutative, associa-
tive and has the zero function on [a,b] as the additive identity. The additive
inverse of a function f(t) is —f(t) and 1f(t) = f(¢).

If f, g are functions on [a,b] and a, S € R, then

a(f +9)(t) = a(f(t) +9(t) = af(t) + ag(t),
(@B)f(t) = a(Bf(1))

and
(a+B)f(t) = af(t)+ Bf(1).
Hence C([a, b)) is a real vector space.
EX 3.7.7 (a) and (c).
EX 3.7.8 These operations satisfy all axioms of a vector space except for

lu = u, where u € C2. Hence C? is not a vector space for these operations.
EX 3.7.9

(a) It is linearly independent and a basis is {(1,—1,0),(0,0,2)}
(b) It is linearly dependent and a basis is {(2,4,12), (—1,—1,—1)}

)
)
(c¢) It is linearly dependent and a basis is {(1,2,3,4),(0,1,1,0)}
(d) It is linearly dependent and a basis is {(1 +4,2¢,4 — i)}
)

(
(
(
(

(e) It is linearly dependent and a basis is {(1,2,6,0),(3,4,1,0),(4,3,1,0)}
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EX 3.7.10
(a) A possible basis is B = ((2,1,0),(—3,0,1)) and dim W = 2.
(b) (v)s = (~1,2).
EX 3.7.11
(a) A possible basis is B = ((i,0,0,7)) and dimW = 1.
(b) vi = (~i).
EX 3.7.12

(a) These vectors do not form a basis for W because they are linearly de-
pendent. For example, w = 2u + v.

(b) Bw = {u,v}, dimW = 2.
(¢) Vector equation:
(:177y7 Z7w) :t(170707 1)+5(2’ 27 07 1)7 t75 ER'

Parametric equations:

r=1t+2s

y=2s

z=0

w=t+s t,seR

Cartesian equations:

W ={(z,y,z,w) €ER*: 2 =0 A =2z +y+ 2w = 0}.

EX 3.7.13 Add, for example, the vector (1,0,0).
EX 3.7.14 For example, the vectors (0,0,1,0), (0,0,0,1) can be adjoined
to S to form a basis of R*. A way to see this is observing that the subspace
spanned by S is defined by the cartesian equations

z+2w=0 A y=0,

which are not satisfied by (0,0, 1,0), (0,0,0,1).
EX 3.7.15

(a)
BN(A) = {(_2a37 170)}7
BL(A) = {(13 17 717 1)3 (0, 713 33 O)> (07 Oa 07 1)}7
Becay = {(1,0,-1,0), (1,-1,0,—1),(1,0,0,1)}.
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(b) 4=dim N(A) +dim L(A) =1+ 3.

()
x € N(MAT) <= MATx=0.

Hence

x € N(MAT) <= M 'MATx=0 < A'x=0 < xec N(4").
We have

4 = dim N(AT)+dim L(AT) = dim N(AT)+dim C(A) = dim N(AT)+3

from which follows that N(MAT) = dim N(AT) = 1. Consequently,
dim(MAT) =4—-1=3.

EX 3.7.16

By(ay ={(0,0,1)}, dim N(A) = 1.

Bray = {(1,1,0),(=3,1,0)}, dim L(A) = 2.

Beay = {(1,-3,0,1),(1,1,0,-1)}, dim C(A) = 2.
EX 3.7.17

(a) No because (2,1,—-1) ¢ C(A).

(b) The solution set is

{(z,y,2) €R®: (2,9,2) = (1,1,1) + (1, -1, -1) + (1,2, 3) V¢ € R}

(b) dim N(BTB) > 2.
EX 3.7.18
(a) Bunv ={(0,0,1,1)}.
(b) dim(R* + (UNV)) =4.
EX 3.7.19
Bu+w = {(0,0,3 —4,0), (1 —2¢,0,0,1 —2¢),(0,1,2,0)}, dim(U + W) = 3.
Buaw = (1 —2i,0,0,1 — 2¢), dim(UNW) = 1.
Since dim U = 2 = dim W, the formula holds.
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EX 3.7.20 5+ 9t + 3t? +5t3 = 3p; — 4p2 + ps.

EX 3.7.21 (a) Linearly independent, (b) linearly dependent, (c) linearly
independent.

EX 3.7.22 (3—2t)5 = (8,1) and (3 — 2t)p, = (3, —2).

EX 3.7.23 A possible basis is

Bs=(1+t—t3t+t>—132-2t)

and (3 —2t3 + %), = (1,1,1).

EX 3.7.24 M =-2A+B-2C.

EX 3.7.25 The only matrix which does not lie in the space spanned by the
given matrices is that of (d).

EX 3.7.26 Ap=1(2,1,-1,1+1).

EX 3.7.27 A possible basis is

s= ([0 3 [ )

(a) Mpee, = [ 7 (2,2)5 = (—4,2)
(b) M52<—B’ = B 712]

(c) Mg =[5 1]

EX 3.7.29
1 2 1
1. Mpee,=]0 0 2
1 0 -1

2. v =(v)g, = (12,12, —4)

0-10
3. Mp: :{001}
B=B= 1100

0 0-2
4. Mpgy = Mp sMpg, = [_11 0 *11}

EX 3.7.30 a) (2,—6),b) B=(
EX 3.7.31 A possible solution is

Sl (P O R (P R )

Mg, 5=

Sl
+
5
“PF
|
s
+
Sl
-~
S~—"

O O N
S = O
—_ o O
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9.4 Solutions to Chapter 4

EX 4.5.1

a) Yes (eigenvalue —3)

b) N

c) N

d) Yes (eigenvalue 1)
)

e) Yes (eigenvalue 0)

EX 4.5.2 It is: eigenvector (1,—1,0).

EX 4.5.3
a) p(A) = (=3i—\)(i—\); eigenvalues are —3i, 4; bases {(1,2)} and {(0,1)}.
b) p(A) = (4 — \)3; basis {(1,1,-3)}.

EX 4.5.4 a) No; b) yes; ¢) yes, d) no, and e), f), g) vyes.

EX 4.5.5
1 0 0 -2 1 1

A=SDS™', D=0 -1 0|, S=|1 -1 0]; A% = 4.
0 0 -1 -1 0 -1

EX 4.5.8 D).
EX 4.5.10 Hint: Let E;; be the matrix whose entries are all zero except
for the entry-ij which is equal to 1. Begin by showing that

n—1
— Al = Z Ei i+
i=1

and , ,
(Ju(N) = M)? = EiinEipriva = Eiiga.
=1 i=1

Generalise for (J,(A\) — AI)P, with 1 < p < n, and show that
(JnA) =AD"t =By .

Then obtain the result.
EX 4.5.11 (i) No, no; (ii) no, yes; (iii) no, yes; (iv) no, yes.
EX 4.5.12 Up to a permutation of blocks:
-2 00 -2 10
[0 —20}, {0 —20}.
0 01 0 01

EX 4513 a)J=[1, s=[7'}]:

1 -1
2 -1

WO
(|
@)
—
O O —lw
coo ~
ol |l o
| IS

N
=
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9.5 Solutions to Chapter 5
EX 5.8.1 a) Yes, b) yes, ¢) no, d) no, and e), f), g) yes.

EX 5.8.2
2 -1 0 —i 0

a)|1 0|, b0 -1 5-3
-1 1 -3 0 0

a) N(T) = {(0,0)},I(T) = span{(2,1,—1),(—1,0,1)}, not an isomorphism;
b) N(T) = {(0,0,0)}, I(T) = C3, it is an isomorphism.
EX 5.8.3 N(TS) = {(z,y) € R?: 2 = —y} = I(TS). This transformation
is not an isomorphism.

7]

10

EX 5.8.4 T is invertible and [T 1]g, ¢, = [

SES

2 1
EX 5.8.5 [T)e, 5= [1 -

EX 5.8.6 Considering the basis B = {(1,2)},
-9 0
[T}SQ,B = |:_6 0:| .

N(T) is the straight line # = 0, and I(T) is the straight line y = 2z. T is
neither injective nor surjective.

EX 5.8.7

[T]gz,gz =

[eslleniNenil
O R OO
OO = O
= o O O

[T)s.5 = Mpee,[Tles e, Meses = |

I

—

I

—
O = = O
_ o oo

EX 5.8.8 N(T)={—a+2at: a € R},

EX 5.8.9
0 -2 0
[T]B,B = MB(*52 [T]'PQ,'PQM'PQFB = 0 O O
1 3 0

EX 5.8.10 a) True, b) true, c¢) true, d) false, e) true, f) true, g) false.
EX 5.8.12 o(T) = {0,1}, E(0) is the straight line x = 0 = y, E(1) is the
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plane z = 0. The invariant subspaces are {(0,0,0)}, the eigenspaces and any
straight line contained in the plane z = 0.
EX 5.8.13 a) o(T) = 0; o(S ) = {-1},E(-1) = R2 b) o(4) =
{£i}, Be(i) = {(;,1)}, Be(—i) = {(-,1)}.

EX 5.8.14 a)
1 0 0 O 1 0 0 0
o i L o L1 _—1 9
M5, = |, ; ; ol [Ble.s = f% %2 ol s
0 0 0 1 0 O 0 1

b) o(T1) = {0,1} = o(T»);

e =san{[g o|.[7 o]0 7]} mmetric matrice),

Er,(0) = span { [(1) ] (skew-symmetric matrices),

Er,(1) = span{ [(1) 0 ] } (skew-symmetric matrices),

Er =san{[g o|.[7 o]0 7]} mmetric matrices).

9.6 Solutions to Chapter 6

EX 6.7.1
(a) V37
(b) V21 + 14
(c) 3v21
@) (Fz~ v )
(e) 1
(f) arccos 7

(g) V33
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EX 6.7.2 - (171,1),—%(171,1).

EX 6.7.4 i(-32,-9).

EX 6.7.5 {7(-2,2,-2,2), 55(0,
(

—_

,1,0) _171a3)}

50

EX 6.7.6 Basis: 1,2,5)); equation = + 2y — z = 0.

211

SR
EX 6.7.7 d(u,SL):\/g; 3 §§0 sur=2(2,1,1,0),us=1%(-1,1,1,3).

356"

4 00O0O0
EX 6.7.8 (a) <(§71771>5(O77131)> ( ) || (37 ) )H = 2/\/§ and
[[(0,—1,1)]| = 2; (¢) uy = (7/3,1,—1) and u2 (—4/3,-2,0).
EX 6.7.9 (1,0,1),(1,0,1)
)

1 ( .
EX 6.7.10 (a)dim(W+) = 1; (b) d(p, W) = v2; (c)(1/v/3,1//3,1//3,0).
EX 6.7.11

(a) No because (2,1,—-1) ¢ C(A).
(b) The solution set is
{(z,y,2) €R®: (w,y,2) =t(1,1,1) + s(1,—1,—1) + (1,2,3) Vt,s € R}.

EX 6.7.12 (a) Parametric equations: x = 1,y = —t,z = =1 — 3t,w =
0t € R; cartesian equations: x=1, 3y-z=1, w=0. (b) x + 2z = 0, w = 0. (¢)
Parametric equations: z = 1,y = —t,z = —1 — 3t,w = 0t € R; cartesian

equations: z = l—a,y=a+p,c=1-a,w=0q,0 €R. (d) z4+2y— 2z =2,
w=0; (1,2,—1,0). (e) —=.
EX 6.7.13 (b) dimU = 1,dimU~* = 3; (c) orthonormal bases of U and

e {2 L
e[, =[5 om0 4 o ve

ju | g 6 , Projy. = 0 6 (e) {_3 O},(d) 45.
EX 6.7.14 {(-2a-b +at+bt2:ab€R}

w

1
V6
U
U+t are, respectively, {

EX 6.7.15
1 1 1 1 1
11 1 % v wulfoooll-wm 0 &
11 1|=0 % 21000 |-% & ~u
1 11 1 =L 110 0 3 I A S
VZ V6 V3 Vi Vi V3
EX 6.7.17 A=UDU,
70 0 1 0 0
1 14
D=|01 0|, U=]|0 BOVE |
00 —1 R
1 0 0 0 0 0 0 0 0
_ 1 144 2 —1—3
U IR A I [
3 3 3 3
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EX 6.7.19
1 1 1 1 O
{32 2]_[\/5 ﬁHf)OO] I
- 1 1 2 /5 WG 2 /5
I A LA _fga ?Yg

9.7 Solutions to Chapter 7

EX 7.6.1 For a projection matrix P # 0,1, the eigenspaces are F(1) =
C(A), E(0) = N(A). Here P = A(ATA)~1AT.

EX 7.6.2
3 -2 11
1]1-2 3 11
511 1 2 2
1 1 2 2

EX 7.6.3 y=-22/7+412/7x.

EX 7.6.4 Let P,Q be two n x n Markov matrices. Obviously P, Q) has posi-
tive entries only. It remains to show that the sum of the entries in any column
equals 1. Fixing column j,

n

n n n n n n n
Z ZZPMC]M ZZZ]MQM :qu‘j Zpik :Zij =1L
k=1 i1 k=1

i=1 i=1 k=1 k=11i=1

EX 7.6.7 The steady-state vectors of both matrices are (a,0,0,1—a), a € R.
There is no contradiction as these matrices are not regular Markov matrices

and, therefore, are not forced to have unique steady-state vectors.
EX 7.6.8 The steady-state vector is (3/7,4/7).

EX 7.6.9
<i>:><%>\\\\\
® @O-—0O
0 1/5 1/5 0 0 1/5 1/5 1/5 1/5 1/5
1/2 1/5 1/5 1/2 1/2 1/5 1/5 1/5 1/5 1/5
G=085|1/2 1/5 1/5 0 0 |+015[1/5 1/5 1/5 1/5 1/5|;
0 1/5 1/5 0 1/2 1/5 1/5 1/5 1/5 1/5

0 1/5 1/5 1/2 0 1/5 1/5 1/5 1/5 1/5
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steady-state vector
0,11
0,33
q~ (0,16] ;
0,20
0,20

ranking of pages: 2,4-5,3,1.
EX 7.6.10 The Leslie matrix for this population is

2 4
L:{O.S 0]

After 5,10 and 15 years, one has the age distribution vectors
2 4] 130 140
x(3) = [0.8 o} {20] - {24} ’
xa0y = [ 2 4 “30] _[2 4][140] [376
~ 0.8 0| |20| " |0.8 0Of |24 [112|’

s = |24 °30] [2 4][376] [ 1200
0.8 0| |20| |0.8 O |112|  |113100.8|"
After 15 years, there are 1200 females aged below 5 years and approximately

113,101 aged between 5 and 10 years.
EX 7.6.11 We have now the Leslie matrix

2 4
e=[f
3 0

and the age distribution vectors

x(2) = Lxo = L [5138] _ {11050} |

xta) = 2x0) = | 5] x0) = 22x0) = |13 %)= %00 = 50

The dominant eigenvalue is A\; = 1 + /3 and, therefore, the population will
increase. Using the approximate formula, we have

x(2) = (14 Vax0) = 31
x(4) = (1+ V3)*x(0) = [2724?69} o x(6)= (14 VE)x(0) = [%S} ’

x() = (14 V(0 = 50

557, 1
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EX 7.6.14 We have three age groups. The dominant eigenvalue A\; ~ 0,79
is the approximate proportion of females in two consecutive age groups in the
long run. The population decreases, since \; < 1.

EX 7.6.15 Islands 1 and 3: walk of length 2 is {1, 2}, {2, 3}; walks of length
3are ({1,2},{2,4},{4,3}), ({1,2},{2,5}, {5, 3}); all walks are paths.

EX 7.6.16

O—@—06

GO—B—0O
deg(1) = 2 = deg(3) = deg(4) = deg(6), deg(2) = 4 = deg(5).
EX 7.6.17

AP =

= o = O
—_ O =
= O = O
O R ==
[S2 00 NSRRI V]
U UL = O
[S2 00 NS RN, (o)
= Ot Ot Ut

All vertices lie in cliques. Cliques having b: {a,b,d} and {b,c,d}. Paths :
({b; a}, {a, d}); ({0, d}); ({b, ¢}, {c, d}).

EX 7.6.18
gl O | o R R B
EX 7.6.19

() = S(diag(eM?, e, ... ert)) 571
= Sdiag(AreM?, Ape™2t . At ST!
= Sdiag(A1, A2, ..., An) diag(e)‘lt, et e/\"t)S_l
= Sdiag(A1, Ao, ..., A) SIS diag(AeMt, hpet2t . N\, et 57t
= Ae't,

EX 7.6.20 2(t) = —2e7' + 3¢, y(t) = Ze' + 1e'.
EX 7.6.21
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Index

angle, 218

basis
orthogonal basis, 228
orthonormal basis, 228
standard, 99

best approximation, 235, 252

bilinear function, 206
positive definite, 206
symmetric, 206

Cauchy—Schwarz inequality, 210, 216
Cayley—Hamilton Theorem, 152
characteristic equation, 132
characteristic polynomial, 132

determinant, 56
function, 56
Sarrus’ rule, 78
distance, 207, 215
distance to a subspace, 235
distance to an affine subspace,
252

eigenspace, 132
eigenvalue, 131

dominant, 270
eigenvector, 131
elementary row operations, 3
Euclidean space, 207, 216

Gauss—Jordan elimination (GJE), 12
Gaussian elimination (GE), 7
generalised eigenspace, 157
generalised eigenvector, 156

order, 156
graph, 272

adjacent vertices, 272

clique, 274

closed path, 273
degree of a vertex, 273
edge, 272

incident edge, 272
path, 273

vertex, 272

walk, 273

hermitian matrix
positive definite, 217
hyperplane, 249

inner product, 205, 215
complex inner product space,
215
real inner product space, 206

Jordan block, 164

degree, 164
Jordan canonical form, 164
Jordan chain, 156

length, 156

least squares, 258
error vector, 258

least squares solution, 258

Leslie matrix model, 266
population waves, 268

linear equation, 5
unknowns, 5
variables, 5

linear space, 82

linear subspace, 85

linear transformation, 176
characteristic polynomial, 200
codomain, 176
composition, 191
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diagonalisation, 200
domain, 176
eigenspace, 199
eigenvalue, 199
eigenvector, 199
image, 185
invariant subspace, 202
kernel , 185

null space , 185
nullity, 186

rank, 186
spectrum, 199

linearly dependent set, 91
linearly independent set, 90

Markov chain, 261

regular, 264

matrix, 1

orthogonal, 238

size, 1

transpose, 28

unitary, 243

addition, 17

additive inverse, 18
adjacency, 272
adjugate, 73
anti-diagonal of a matrix, 30
anti-symmetric, 30
canonical row echelon form, 11
change of basis, 120
cofactor, 70

column, 1

column space, 108
column vector, 3
complex matrix, 2
diagonal, 32

diagonal of a matrix, 30
diagonalisable, 141
diagonalising, 141
elementary, 37

entry, 1

exponential, 276, 277
Google, 266

Gram matrix, 213, 217
hermitian, 137

Index

idempotent, 233

identity, 32

inverse, 32, 33

invertible, 33

Leslie matrix, 268

linear combination of columns,
21

lower triangular, 43

Markov, 261

matrix multiplication, 22

minor, 70

multiplication by a column
vector, 19

multiplication by a scalar, 18

nilpotent, 150

non-singular, 33

null space, 107

nullity, 108

of cofactors, 73

order, 3

orthogonally diagonalisable, 239

permutation matrix, 66

pivot, 3

positive definite, 213

power of a matrix, 28, 36

probability, 261

rank, 14

real matrix, 2

rectangular, 3

reduced row echelon form, 11, 13

regular, 264

row, 1

row echelon form, 3

row echelon matrix, 3

row space, 108

row vector, 3

similar, 139

singular, 33

spectrum, 131

stochastic, 261

strictly upper triangular, 153

symmetric, 30

trace, 31

transition, 261

unitarily diagonalisable, 243
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upper triangular, 43 system of linear equations, 5

zero column, 3 augmented matrix, 6

Zero row, 3 back substitution, 8
matrix equation, 25 coefficient matrix, 6
multiplicity column vector of independent

algebraic, 134 terms, 6

geometric, 134 consistent, 5

dependent variables, 10

norm, 207, 215 equivalent systems, 5

forward substitution, 47
free variables, 10

general solution, 5
homogeneous, 5
inconsistent, 5
independent variables, 10
non-homogeneous, 5
particular solution, 10

orthogonal projection
on a vector, 230
on a subspace, 230

orthogonal set, 226

parallelogram law, 211, 216
permutation, 66

f)‘(,iedn76677 solution set, 5
sign, 67 trivial solution, 5
plane, 249 theorem
point, 249 Rank-nullity Theorem, 186, 190

Pythagorean theorem, 219 translation, 176

Rank-nullity Theorem, 112

vector, 82
reflection, 176

coordinate, 96

linear combination, 87

linearly dependent, 91

linearly independent, 90

orthogonal, 219

probability, 262

span, 87

state, 261

steady-state, 262

vector orthogonal to a set, 220
vector space, 82

addition, 82

additive identity, 82

additive inverse, 82

basis, 93

complex, 82

dimension, 102

finite dimensional, 102

infinite dimensional, 102

ordered basis, 95

scalars, 1
Schur’s Theorem, 147
sesquilinear function, 215
positive definite, 215
singular value, 245
singular value decomposition, 246
singular values, 247
spectral decomposition, 241, 244
straight line, 249
subspace, 85
A-invariant, 153
affine subspace, 249
cartesian equations, 97
direct sum, 119
finite direct sum, 287
finite sum, 287
parametric equations, 97
sum of subspaces, 117
vector equation, 97
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point, 82 spanning set, 89
real, 82 standard basis, 93, 94
scalar multiplication, 82
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