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Preface

Linear algebra plays a vital role in studying different types of real-world
problems to study the behavior of the issues. A definition of linear algebra
that might be a part of algebra is concerned with equations of the first degree.
Thus, at the fundamental level, it involves the discussion of matrices and
determinants and the solutions of systems of linear equations, which have
a wide application in further discussion of this subject. Linear algebra is a
subject that has found the broadest range of applications in all branches of
mathematics, physical and social sciences, and engineering. It has a more
significant application in information sciences and control theory.

This book begins with a detailed discussion of matrix operation, its
properties, and its applications in finding the solution of linear equations and
determinants.

This textbook entitled Linear Algebra with Its Applications is intended to
study matrices, vector spaces, eigenvalue, eigenvectors, linear transformation
methods, inner product spaces, diagonalizations, applications to conics and
quadrics, canonical forms, and least squares problems. This book contains 11
chapters.

Chapter 1 discusses the properties of matrices and matrix operations
needed to study solutions of systems of linear equations and determinants.
Chapter 2 discusses the system of linear equations and its solution using
the Gaussian elimination method, the Gauss—Jordan elimination method,
and LU decomposition methods, and the definitions of determinants with
their properties and Crammer’s rule. In contrast, Chapter 3 starts with a
discussion of vector spaces in n-dimensional vector spaces that include the
properties of a vector space and subspaces, linear combinations and span-
ning a vector space, finitely generated vector spaces, linear dependence and
independence, basis and dimensions, rank, sum and intersection of subspaces,
direct sums of subspaces, and more than two subspaces. Chapter 4 discusses
the properties of eigenvalues and eigenvectors and some properties of inner
product spaces, including the Gram—Schmidt orthogonalization process and
QR-factorization. Chapter 5 discusses linear transformation, which includes

X1
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Range and Kernel of transformation, one-to-one and invertible transforma-
tions, ordination representation of vectors, change of basis, isomorphism,
transformations in computer graphics, and fractal pictures of nature. Chapter
6 discusses inner product spaces that include the Cauchy—Schwarz inequal-
ity, orthogonal complements, orthogonal sets and bases, projection of one
vector onto another vector, orthogonal matrix theorem, the Gram—Schmidt
orthogonalization process, projection of a vector onto a subspace, distance
of a point from a subspace, and QR-factorization. Chapter 7 discusses the
matrix representation of linear transformations along with the importance
of matrix representation, visualization of the matrix representation, and the
relation between matrix representations.

In contrast, Chapter 8 covers the diagonalizations that include minimal
polynomials, the Cayley—Hamilton theorem, power of a matrix, diagonal
matrix representation of a linear operator, diagonalization of matrices, diago-
nalization of symmetric matrices, and orthogonal diagonalization. Chapter
9 discusses the application to conics and quadrics that covers quadratic
forms, conics, quadrics, definite quadratic form, bilinear form, matrix rep-
resentation of bilinear forms, symmetric and skew-symmetric bilinear form,
symmetric bilinear forms and quadratic forms, eigenvalues of congruent
matrices, Sylvester’s law of inertia, skew-symmetric bilinear form, and the
application to the reduction of quadrics. Chapter 10 discusses the canonical
forms that include triangularizable matrices, block triangular matrices, block
diagonalization, Hermitian matrices, unitary matrix, Schur’s theorem, spec-
tral theorem, normal matrices, nilpotent operators, Jordan canonical form,
rational canonical form, minimum polynomial and Jordan canonical form,
Jordan normal form, properties of Jordan matrix, and minimum polynomial
of Jordan normal form While the last chapter, Chapter 11, discusses the least
square problems that cover approximation of functions, Fourier approxima-
tion, least square solutions, least square curves, eigenvalues by iteration and
connectivity of networks, the power method for an n X n matrix, difficulties
in the solution of the system of equations, the condition number of a matrix,
and the coding theory.

This book is based on syllabi of linear algebra prescribed for under-
graduate and postgraduate mathematics students in different institutions and
universities in India and abroad. This book will be helpful for competitive
examinations as well.

I welcome constructive criticisms, views, and suggestions from the
reviewers and readers for further improvement.
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1

Matrices

This chapter discusses the classification, properties of matrices, and matrix
operations needed to study the solution of linear equations and elementary
matrices. It introduces the operations of addition and multiplications for
matrices and defines the algebraic properties of these operations. The powers
of matrices and inverses of matrices are also described. These tools lead to
different methods for solving linear systems and insights into their behavior.
It lays the foundation for using matrices to define functions called linear
transformations or vector spaces. The reader will identify how matrices are
used in various applications. They are applied in archaeology to determine
the chronological order of artifacts, cryptography to ensure security, and
demography to predict population movement. The inverse of a matrix is
used in a model for analyzing the interdependence of economics. Wassily
Leontief received a Nobel Prize for his work in this field. This model is now
a standard tool for investigating economic structures ranging from cities and
corporations to states and countries. Throughout these discussions, we shall
be conscious of numerical implications in finding the need for efficiency and
accuracy in implementing matrix models.

1.1 Introduction to Linear Equations: The Beginning
of Algebra

To find the history of linear algebra, it is essential that, first, we determine
what linear algebra is.

Linear algebra is the branch of mathematics that generally deals with
linear equations such as a1 + asxs + . . . + apx, = b, linear maps such as
(z1,22,...,Tn) — a1x1 + agx2 + ... + apxy, and their representation in
vector space and through matrix representations.



2 Matrices

Linear algebra applies to almost all areas of mathematics. For instance,
linear fundamental algebra defines the necessary objects such as lines, planes,
and rotations through geometrical representation. It is also used in most
sciences and engineering because it allows many natural phenomena to model
and efficiently compute such models. It is also the study of a particular
algebraic structure called a vector space. Secondly, it is the study of linear
sets of equations and their transformation properties. Finally, it is the branch
of mathematics that investigates the properties of finite-dimensional vector
space and linear mapping between such spaces and plays a central role
in modern mathematics, essential in engineering and physical, social, and
behavioral science.

This chapter shall introduce one of the vital parts of linear algebra, i.e., a
matrix or a rectangular array of numbers and the standard matrix operations
that are generally used in dealing with a linear system of equations. Matrices
often come across in many engineering, physical, mathematics, and social
sciences when data is given in the tabular form.

1.2 Matrices

An m x n matrix A is a rectangular order of real or complex numbers with
m—rows and n—columns.

We shall write a;; for the number that appears in the ith row and the jth
column of A. This is called the (4, j) entry of A.

The extended form of the matrix A can be written as

aj; aip ... Qain
a1 a2 ... a2p

oras[aj], ... -
an1 Qp2 ... Qpn

Here, the subscripts m and n tell us the corresponding number of rows
and columns of the matrix A.

1.3 Power of the Matrix

Let A be an n X n matrix. Then the mth power of A is defined by the equations
AY =1, and A1 = A™ A, where m is a non-negative integer.

Note: We do not need pursuit to determine the negative powers at this
junction.
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Example 1.1:
IfA= _01 (1) ] , then the power of matrix can be expressed as
-1 0 0 -1 10
2 _ 3 _ 4 _ _
P A P L WU

Note: The higher power of A does not take precedence over new matrices.

1.3.1 Symmetric and skew-symmetric matrices

A matrix A is called symmetric, when A = AT | i.e., it equals its transpose.
On the other hand, if AT equals —A, then the matrix A is said to be
skew-symmetric.

For example, the matrices [ Z g ]and[ _Oa g ] respectively are the

symmetric and skew-symmetric matrices.
Note:

(i) Symmetric and skew-symmetric matrices must be square matrices.
(i) Symmetric matrices can be reduced to a diagonal matrix in a real sense.

1.4 The Inverse of a Square Matrix

An n X n square matrix A is said to be invertible if | A| # 0 and there is an
n X n matrix B such that AB =1I,, = BA.

If a matrix A is invertible, then B is called an inverse of A.
A matrix that is not invertible is called a singular matrix, while an invertible
matrix is a non-singular matrix.

Theorem 1.1:

An n X n square matrix has at most one inverse.
Proof:

Let us consider an n X n square matrix A that has two inverses B; and
Bs.

Then AB1 = AB2 =1= BlA = BQA

The objective of the proof is to examine the product (B; A) Bs.

Since B1A =1, (B1A) By equals I By = Bs.

On the other hand, by the associative law,

Bi1(ABs) equals B1I = By
Therefore, By = Bs.
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Note: A~ is the unique inverse of an invertible matrix A.

Theorem 1.2:

(i) If the matrix A is invertible, then A~ is also invertible and (A_l) -l
A.

(ii) If A and B are invertible matrices of the same size, then their product
AB is also invertible and

(AB)™' = B7tA L.

Proof:

(i) Indeed, we have A.A~! = I = A~ A, which show that A is an inverse
of A7,
Since A1 cannot have more than one inverse, its inverse must be A.

(ii) To prove the assertion, we need only to check that B~' A~ is an inverse
of AB.

Now (AB) (B~'A™') = A(BB ') AL

Upon using the associative law, it equals ATA=! = AA=! = 1.
Similarly, (B~*A™1) (AB) = 1.

Since the inverses are unique, (AB)"' = B~1A L.

Lemma 1.1:
Let A be an m X n matrix and let B be an n X p matrix.

Then (AB)T = BT AT, (1.1)
and if « and (3 are scalars,

then (aA + 8B)" = aA” 4+ 8B, (1.2)

Proof:
From definition:

((AB)T)ij = (AB)ji
= Z A B
k
- Z (BT>ik (AT)kj
k

= (57A7)

]
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(A + BB)T)Z.J. = (A +BB)j;
= (ad)ji + (BB)ji
=a(Ad);i +B(B)ji =« (AT)ij +5 (BT)ij
= aAT + BT

Definition 1.1:

Let A be a m x n matrix. Then A7 denotes the n x m matrix, which is
defined as follows: (AT)Z.J. = Aji.

The transpose of a matrix has the following essential property.

There is a particular matrix called I and defined by I;; = d;;.

Here 0;; is the Kronecker symbol defined by

5o 1 M=
TN 0, If i Ay

It is said to be an identity matrix because it is a multiplicative identity in
the following sense.

Lemma 1.2:

Suppose A is an m x n matrix and I, is an n x n identity matrix. Then

Al, = A. Next, if I,,, is an m x m identity matrix, then it follows that
I,A=A.
Proof:

(Aly),;; = Zz‘h‘k%y = Ajj
k

and so Al,, = A.
The other case is left as an exercise.

Theorem 1.3:

Let us consider an n x n matrix A. Then
(1) A" A5 = A" T3,
(2) (A")° = A™s,
(3) A =1,.
4) AT A=A AA-- A= A---A = A"T5.

rtimes stimes r+stimes

Here r and s are non-negative integers.
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Theorem 1.4:
Let A be an m x n matrix and 0,,,, be the zero matrices. Let B be an
n X n square matrix, and 0,, and I, be the zero and identity matrices. Then

2) B0, =0,B =0,.
3 BI,=I1,B=0B.

Example 1.2:
2 1 -3 2 1
LetA—{4 - ]andB—[_3 4].
We see that
[2 1 -3 0 00 2 1 -3
Atln=1, 5 g }j{o 0 0]_{4 58 }
2 1 0 0 00
BO?‘_—s 4“0 0}_[0 0}_02
2 1 10 2 1
BI?Z_—s 4“0 1}:[—3 4]:3
Similarly, 023 + A = A, 0o0B = 02, and IoB = B.

1.5 Idempotent and Nilpotent Matrices

Definition 1.2:

Ann x n square matrix A is said to be idempotent, if A% = A. Moreover,
a square matrix A is said to be nilpotent of order p if there is a positive integer
such that AP = 0.

The least integer p such that AP = 0 is called the degree of nilpotency of
the matrix.

1.5.1 Elementary matrices

We now introduce a beneficial class of matrices called elementary matrices.
An elementary matrix can be obtained from the identity matrix I,, through a
single elementary row operation.

Hlustration: Consider the following three-row operations 717,75, ...7T3 on
I3 (one representing each kind of row operation). They lead to the three
elementary matrices F, E5, and Fs.
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Elementary row operation Corresponding elementary matrix
1 0 0]
T : Interchange rows 2 and 3 of I3 Fi=]10 0 1
| 0 1 0 |
1 0 0
T5: Multiply row 2 of I3 by 5 Erc=(10 5 0
0 0 1
1 0 0]
T3: Add two times rows of I3 to row 2 Es=12 1 0
0 0 1
1 00
Consider I3s= | 0 1 O
0 01

Remark:

Suppose we want to perform a row operation 7" on a m x n matrix A. Let
E be the elementary matrix obtained from I, through the operation 7. This
row operation can be performed by multiplying A by F.

Example 1.3:
ay ag as
Let A= | by by b3 [bea3d x 3matrix.
cl1 C2 cC3

Consider the three-row operation as stated above.

Let us show that the corresponding elementary matrices can indeed be
used to perform these operations.

Interchange rows 2 and 3 of Is:

1 00 ai az asg ap az a3
0 0 1 bl b2 bg = c1 C2 C3
010 c1 ca cC3 by by b3

Multiply row 2 by 5 of I3:

1 00 a1 as as ay ag as
05 0 by by by | = | bby bby b5bs
0 0 1 cL Cca c3 cT Cc2 C3

Add twice of row 1 to row 2 of I3:

1 00 a; az as ai a2 as
210 by by b3 = b1 +2a1 by + 2as bg+ 2a3
0 0 1 C1 C2 C3 C1 Co c3
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Remark:
Every elementary matrix is square and invertible.
Theorem 1.5:

If A and B are row equivalent matrices and A is invertible, then B is
invertible.

1.6 Elementary Matrices

An elementary matrix can be obtained from an n X n identity matrix I in one
of three ways.

(1) Interchange i and j rows, i.e., i <> j, where i # j.
(2) Insert a scalar « as the (i, j) entry of the matrix, where i # j.
(3) Put a non-zero scalar « in the (i, 7) position.

Definition 1.3:

An elementary matrix E can be obtained from an n X n identity matrix I
through a single elementary row operation.

Let us perform a row operation 7" on an n X n matrix A. Let the elementary
matrix £ be obtained from the operation 7. These row operations can be
achieved by multiplying the matrix A by the elementary matrix F.

Note: Every elementary matrix E is square and invertible.
Theorem 1.6:

If A and B are row equivalent matrices and invertible, then the matrix B
is invertible.

Proof:

Assume that the matrices A and B are row equivalent. Then there exists
a sequential row operation 17,75, - - - , I}, such that

B=T,To1 - Ti(A).

Let Fh, Fo, - - - , E,, be the elementary matrices of these operations.

Thus, B = En-En—l cee ElA.

The matrices A, F1, Fs, - - - , B, are all invertible.

Repeatedly applying the property of matrix inverse of a product to the
following expression, we get
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AT'E T BT BT = (BA) T B BT
—1 _
= (BB 1A "Bz —1...E;}
= (EpEn_1 ... EyB A = B7!
Thus, the matrix B is invertible, and its inverse is given by

B l=A"'E,'E, ... E, L

Theorem 1.7:

Let A be an n X n matrix; then there exist elementary n X n matrices
Eq, Es, - - -, E} such that the matrix E,Ej_q - -+ F1A is in reduced echelon
form.

Example 1.4:
Let us consider the matrix
0 1 2
A= [ 2 10 } ’

Upon applying the row operations R; <> Ry, (%) Ry, Ri— (%) Ry
successively, the matrix A can be put in reduced row echelon form B as

2 1 0| 1 30 10 —1
2 —
A%[012__>[012}_’[01 2]_3'

Hence, E3E>E1 A = B,
0 1] 10 1 -3
_ —| 2 — 2
whereEl—[lo—,Eg—[O1],E3—[0 1].

Theorem 1.8:
The following statements are equivalent for an n x n square matrix A,
1.e.,

(1) The matrix A is invertible.

(2) The system AX = 0 has only a trivial solution.

(3) The matrix I,, is the reduced row echelon form of the matrix A.
(4) The matrix A is a product of elementary matrices.

Proof:

Here we shall establish the logical implication, i.e.,

(1) — (2, (2) = 3), (3) = (4),and (4) — (1), which serve to
establish the equivalence of the above four statements.
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If the matrix A is invertible, i.., if (1) holds, then A~ exists.
Thus, upon multiplying A~ on both sides of the equation AX = 0, i.e.,

A7tAX = A71to,

we find X = A~1.0 = 0, which is the trivial solution of the linear system.

Thus, statement (2) holds.

If the homogenous system AX = 0 has only a trivial solution, i.e., (2)
holds, then it implies that the number of pivots of the matrix A in reduced
row echelon form is n.

Since the matrix A is square, the matrix’s reduced row echelon form must
imply that (3) holds.

If the matrix I,, is the reduced row echelon form of the matrix A, i.e.,
(3) holds, then Theorem 1.7 shows that there are k£ elementary matrices
FEq, FEy,- -+, E} such that

EyEx_y---E1A=1,.

Since the elementary matrices FE1, Fs,---, E, are invertible, so is
EvEj_1,--- ,Eyandthus A = (EyEj_y - Ey) ' = By 1By~ Bt

Thus, (4) is true.

Finally, since a product of elementary matrices is always invertible,
statement (iv) implies (1).

1.7 Finding the Inverse of a Matrix

An important application of this idea is that it can be used as an efficient
method to determine the inverse of a matrix that is invertible.

This section describes an efficient method to compute the inverse of an
invertible matrix. For example, assume that the n X n square matrix A is
invertible. Then there exist elementary matrices Fq, Fs - - - Ej, of ordern x n
such that B, FEy_1--- E1A =1,.

Therefore,

Al =1,471
= (EkEk,1 s ElA) AL
= (ExEp—1--- B,
This implies that the row operations that reduce the matrix A to its

reduced row echelon form will automatically transform I,, to A~! and it is
the crucial observation that enables us to compute AL,
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The procedure for computing the inverse, i.e., A~! starts with the par-

titioned matrix [A 1], puts it in reduced row echelon form. Thus, if the

matrix A is invertible, then the reduced row echelon form will be [In : Al] .

Remark:

If the matrix A is not invertible, then it will be absurd to reach a reduced
row echelon form of the matrix, which implies that the procedure will disclose
the non-invertibility of a matrix A.

Example 1.5:
Determine the inverse of the matrix
2 -1 0
A=| -1 2 -1
0o -1 2
Solution:

Let us consider the partitioned matrix [AEI 3} . Upon using the elementary

row operations as described above, the partitioned matrix [Af[g] in reduced

row echelon form,

2 -1 0 1100 2 -+ 01300

-1 2 -1 :010|=]-1 2 -1 010
0 -1 2 :00 1 0 -1 2 00

1 1 1 1

1 -2 0 : 300 1 —3 0 3 00
3 1 2 1 2

=l0 %2 -1:%1210|=]0 1 -2 :1 20

0 -1 2 0 0 1 0 -1 2 0 0 1
1 2 1 3 1 1
10 -3 :3 30 L0037 35 1
2 1 2 1 1
=l0 1 -2 : 3+ 20(=~]|010: 3 134%
4 1 1 3 1 1 3
0 -1 3 371 3 1 0013 3 3

This is in reduced row echelon form.
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Thus, the inverse of the matrix is

A=

NN TV
NI = D=

W | QD s [ =

This can be verified by checking AA™! = I3 = A~ A,

1.8 Applications
1.8.1 Color model

A color model in the context of graphics is a method of implementing
colors. Numerous models are used in practice, such as the RGB model
(red, green, and blue) used in computer monitors and on a television screen.
An RGB computer signal can be converted to a YI() television signal
using what is known as an NT'SC' encoder (NT'SC stands for National
Television System Committee). The conversion is accomplished using the
matrix transformations

Y 299 587 114 R
I | =] .596 —-.275 —-.321 G
Q 212 =523 311 B

Let us look at the RG B model for Microsoft word. The default text color
is black. Let us find the RG B value for black, change the text color to purple,
and find the RGB values. On the right of the toolbar of Microsoft word,
observe A . The bar under the A is black, indicating the current text color.

Point the cﬁrsor at this bar. It shows the font color (RG B (0,0,0)). The RGB
setting for black is (0,0,0). To change the color, select the sequence "y —
More colours— Customs. A spectrum of colors is displayed. Select a purple
hue. The corresponding RG B values are seen to be R = 213,9 = 77, B =
187. The bar under A has changed to purple, and any text entered at the
keyboard is purple. The range of values for each of R, G, and B is 0—255,
the set of numbers represented by a byte on a computer (note that 28 = 256).
You are asked to use the matrix transformation to find the range of Y, I, and
Q values in the following exercises.

If we enter the RG B values for black, namely R = 0,G = 0, B = 0, into
the preceding transformation, we find that Y = 0,1 = 0,Q = 0. Black has
the same RG B and Y I(Q values. The RGB values R = 213,9g = 77,B =
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187 for purple become Y = 130.204, I = 45.746, (Q = 63.042. These are the
Y IQ) values that would be used to duplicate this purple color on a television
screen.

A signal is converted from a television screen to a computer monitor using
the inverse of the above matrix.

R 299  B87 114 Y
G | =] .59 -.275 —-.321 1
B 212 =523 311 Q

That is,

R 1 .956 .620 Y
G |=1|1 —-272 —.647 I
B 1 —1.108 1.705 Q

1.8.2 Cryptography

In the previous application, we talked about two different ways that colors
are coded. We now turn our attention to coding messages. Cryptography is
the process of coding and decoding messages. The word comes from the
Greek “Kryptos” meaning “hidden.” The technique can be traced back to the
ancient Greeks. Today governments use sophisticated methods of coding and
decoding messages. One code that is extremely difficult to break uses a large
invertible matrix to encode a message. The receiver of the message decodes it
using the inverse of the matrix. This first matrix is called the encoding matrix,
and its inverse is called the decoding matrix.

We illustrate the method for a 3 X 3 matrix.

Let the message be BUY IBM STOCK

-3 -3 -4
and the encoding matrix be 0 1 1
4 3 4

We assign a number to each letter of the alphabet. For convenience, let us
associate each letter with its position in the alphabet. A is 1, B is 2, and so on.
Let a space between words be denoted by the number 27. The digital form of
the message is

B UY —-—1BM- S TOCUCK
2 21 25 2r9 2 13 27 19 20 15 3 11
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Since we will use a 3 x 3 matrix to encode the message, we break the
digital message up into a sequence of 3 x 1 column matrices as follows:

2 27 13 20 11
21 [, 19 |,l27|,|15],]| 27
25 2 19 3 27

Observe that adding two spaces at the end of the message to complete the
last matrix was necessary. We now put the message into code by multiplying
each of the above column matrices by the encoding matrix. This can be
conveniently done by writing the given column matrices as a matrix column
and pre-multiplying that matrix by the encoding matrix. We get

-3 -3 -4 2 27 13 20 11
0 1 1 219 27 15 27
4 3 4 25 2 19 3 27

-169 —-116 -196 —117 —222
= 46 11 46 18 54
171 143 209 137 233

The columns of this matrix give the encoded message. The message is
transmitted in the following linear form:

—-169,46,171, —-116, 11,143, —196, 46, 209, —117, 18, 137, —222, 54, 233.

To decode the message, the receiver writes this string as a sequence of
3x1 column matrices and repeats the technique using the inverse of the
encoding matrix. The inverse of this encoding matrix, the decoding matrix is

1 0 1
4 4 3
—4 -3 -3

Thus, to decode the message

1 0 1 -169 -116 —-196 —-117 —222
4 4 3 46 11 46 18 o4
-4 -3 -3 171 143 209 137 233

2 27 13 20 11
=21 9 27 15 27
25 2 19 3 27
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The columns of this matrix written in linear form give the original
message.

221 25279 2 1327 19 2015 3 11

BUY — 1BM - S TO CK:°-
Exercises
M 0O -0 wp 0 - 0
0 X -+ 0 0 po -+ 0
LA=| . . . . |,B=| . . . .
0 0 - A 0 0 - ln
Compute  (a) AB (b) BA (c) A1, if it exists.

An n X n matrix A is said to be nilpotent if A™ = 0 for some positive
integer n. The smallest positive integer n for which A™ = 0 is called the
degree of nilpotence of A.

2. Check whether the following matrices are nilpotent. In the case of
nilpotent matrices, find the degree of nilpotence.

0 0 0 0 01 2 —1]
a 0 0 0 00 1 2
@135 8 0 o0 ®1o 00 1
2 13 0 |00 0 0 |
(1 5 —2 [ 1 -3 —4]
©|l1 2 -1 @ | -1 3 -4
|3 6 -3 1 -3 —4 |

3. If A and B are square matrices of the same order, then prove that
(a) A2 -~ B?>=(A—-B)(A+ B)AB = BA

(b) A2+ 2AB + B> = (A+ B)?

Q11 Q12 Q13
4. Denote the matrix A = | @91 @99 Qo3
Q31 Q32 (33

asA:[

where

A A
A9y Ay |’
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Aq1= the matrix [Ozn]. Aqg = [0411, 0412],

91 Qo2 (23
2 [ as1 ] o [ a3z Qg3 ]
Similarly, define B, Biy,....by replacing o;; by 3;;. Then prove that

A1+ B Aig+ Bio
A1 + Ba1 Ao + Bao

A11B11 + A12B12 A11Bia2 + A12B2»
A21B11 + A22Ba1 A21B12 + A2 Bas |

5. If o, Bare any scalars, then prove that A2 — (a+ ) A + aBl =
(A—al)(A—pI), where A is any square matrix of order n and
I=1I,.

6. If o, 8 are scalars such that A = aB + 1, then prove that AB = BA.

7. A square matrix A is said to be involutory if A> = I. Prove that

AvB=|

and AB = [

the matrices (1) _al and [ ; }are involutory for all scalars a.

-1
Determine all 2 x 2involutory matrices.

8. Let p(x) = ap + ayx + - - - + az™ be a polynomial of degree n, and
A be a square matrix of order m. Then the matrix polynomial p (A) is
defined as

p(A) =apl + 1A+ -+ o, A", where I = I,,.
If f(z) =72> =3z +5, g(x) =32% — 227 4+ 5z — 1

1 2 -1 1
A= [ 1 3] , B= [ 1 _o9 , evaluate
(@) f(A) (b) g (A)
(©) f(B) () g(B)
(e) f(2A+3B) (f) g (3A—T7B).
9. Using matrix methods, solve the following system of linear equations:
rT+2y=3
(a) y=1
ar+ By =a
®) Bxr=>
r—2z=23
) 22+y=2

r+2z=3
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10. If A and B are two non-singular matrices of the same order, then prove
that AB is non-singular and (AB)™' = B~14~1,

11. Prove that the following matrices are non-singular and find their

inverses:
1 0 0
(a)[_l1 g} |2 10
3 4 2
L
©f3 0 1 (d)
0 1 -1 1 3 1 -1
L 1 1 -1 0
(2 2 1 1
0 2 11
©1o o011
0010

12. Find the values of « and /3 for which the following matrix is invertible.
Find the inverse when it exists.

™ O R
oL ™
O ™o
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2

System of Linear Equations
and Determinants

This chapter discusses the system of linear equations and its solution using
the Gaussian elimination method, Gauss-Jordan elimination method and LU
decomposition methods, the definitions of determinants, their properties, and
Crammer’s rule. Linear algebra is a branch of mathematics that plays a
central role in modern mathematics and is essential to engineers and phys-
ical, social, and behavioral scientists. When mathematics is used to solve a
problem, it often becomes necessary to find a solution to a so-called system
of linear equations to study methods for solving such equations. This chapter
introduces methods for solving linear equations and looks at some of the
solutions’ properties. It is essential to know the solutions to a given system
of equations and why they are the solutions. If the system describes some
real-life situation, then understanding the behavior of the solutions can lead
to a better understanding of the circumstances. Associated with every square
matrix is a number called its determinant. The determinant of a matrix is
a tool used in many branches of mathematics, science, and engineering.
At the same time, the method of Gauss-Jordan elimination enables us to
find the inverse of a specific matrix. For example, it does not give us an
algebraic formula for the inverse of an arbitrary matrix, a formula that can
be used in theoretical work. Determinants provide us with such procedures.
Furthermore, criteria for when specific systems of linear equations have
unique, none, or many solutions can be stated in terms of determinants. In
this chapter, the determinant is defined, and its properties are developed.

2.1 Introduction

Let us consider a general system of m-linear equations in n-variables

c1121 + c1222 + -+ + C1pTn = b1
€171 + C22%2 + - - + ConTn = b2 . (2.1)

19
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Cm1T1 + CmaZa + - -+ + CppTn = by

Upon using the matrix notation, eqn (2.1) can be expressed as follows:

1121 + c1222 + - - + C1pTn by
C21X1 + €222 + - - + CopTn by

= | . . 2.2)
Cm1T1 + CmaT2 + -+ - + Cpnn bm

If the left-hand side of eqn (2.2) can be written as a product of the matrix
coefficients A and a column matrix of unknown variables X, i.e., AX and
the right-hand side of the column matrix of constants is B, then the system of
the linear equation can be expressed as

c11 Ci2 -+ Cln 1 b1
€21 €22 -+ C2p x2 by

= . . (2.3)
Cml Cm2 -°* Cmn Tn bm

Thus, we can write the above system of equations (2.3) in matrix form as

AX = B.

2.2 Elementary Transformation and Row Operations

Elementary transformation can be used to change a system of linear equations
into another system of linear equations that has the same solution. Elementary
transformation is used to solve the system of linear equations by eliminating
the unknown variables.

In a matrix, the operations involved in elementary transformation are
called elementary row operations.

The following table distinguishes the differences between elementary
transformations and row operations.

Elementary transformation Row operations
Interchange of two equations Interchange of two rows of a matrix
A non-zero constant is multiplying Multiply the elements of the row by
on both sides of an equation a non-zero constant
A multiple of one equation adds A multiple of the elements of one row adds to
to another equation. the corresponding elements of another row
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The equations related to elementary transformations are called equivalent
systems, whereas the matrices associated with elementary row operations are
called row equivalent matrices.

Remark: The elementary transformations preserve the solutions of a system

of linear equations since the order of the equations does not alter the solution.

Example 2.1:
Solve the system
r1+x9 +x3 =2
20 + 3z + 23 =3
T — 29— 2x3 = —06

Solution:

Elementary transformation:
Step-1:

Eliminate = from the second and third equations, i.e.,
Eqn (2) + (—2) x Eqgn (1)
Eqn (3) + (—1) x Eqgn (1)

x1+ T2+ 23 =2

Tro — T3 = —1.

2232 — 3333 = -8
Step-11:

Eliminate y from the first and third equations, i.e., Eqn (1) + (—1) X
Eqn (2)

$1+2:L‘3 =2
Tro — T3 = —1.
—5$3 =-10

Eliminate z from the first and second equations

I
|
_

I
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Matrix method:
1 1 1 2
2 3 1 3
1 -1 -2 —6
1 1 1 2
L I T
Rs+ (—1) Ry 0 2 -3 -8
~ Bt (=1 R é 1 —11 —21
Bs =R g o -5 —10
. 10 2 3
z<—>33 01 —1 -1
5 00 1 2
1 -1
R1+(—2)R3 0 (1) 8 1
Ry + R3
2 001 2
r=-1
= y=1
z =2
Example 2.2:

Solve the system

Ir1 — 2332 +4.753 =12
2x1 — x2 + dx3 = 18.
—x1 4+ 3x9 — 3x3 = —8

Solution:

1 -2 4 12 1 -2 4 12
R2+(—2)R1
2 -1 5 18 |~ pip 0 3 -3 —6
-1 3 -3 -8 3T 0 1 1 4
1 -2 4 12 10 2

1 Ri+ (2) Ry

~(=)Ry |0 1 -1 =2 ~ Bt (C1) R 01 -1
3 0 1 1 4 3 2 100 2
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10 2 8 100 2
1 R1—|—(2)R3
%ﬁRg 01 -1 -2 |~ o' p 010 1
00 1 3 2T 00 1 3
Ty =2,20=1,235=3

2.3 Row Echelon Form and Reduced Row Echelon Form

Definition 2.1:
A matrix A is said to be in row echelon form if:

1. Any zero-element rows are present in the matrix, which are grouped at
the bottom of the matrix.

2. The first non-zero element of each row is 1, which is called the leading
1.

3. All the elements below a leading 1 are zero. The leading 1 of each
row after the first is positioned to the right side of the leading 1 of the
previous row.

Example 2.3:
1 -1 2 1 3 -6 4 1 46 2 5 2
0 1 2 00 1 3 001 2 3 4
0 0 1 00 0 O 00 0O01€6

Now we will discuss the reduced echelon form in a more general form.

Definition 2.2:
A matrix is in a row-reduced echelon form, if:

1. Any zero-element rows are present in the matrix, which are grouped at
the bottom of the matrix.

2. The first non-zero elements of each row is 1. This element is called
leading 1.

3. The leading 1 of each row after the first is positioned to the right of the
leading 1 of the previous row.

4. The other elements in a column that contains a leading 1 are zero.

Example 2.4:
1 0 8 1 00 7 1 400
01 2 010 3 0 010
000 0 019 00 01
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L2203 040 904771203 0
001207

0000[|00340
0000 L6 g 901 3] (00001
00000 0|

(170 8

010 3

001 2

(0000

The difference between a row-reduced echelon form (RREF) and a
reduced echelon form (REF) is that the element above and below a leading 1
is zero in a row-reduced echelon form (RREF) while only the element below
the leading 1 need to be zero in a reduced echelon form (REF).

Remark: The row-reduced echelon form of a matrix is unique, and the Gauss-
Jordan elimination method is a meaningful systematic way to arrive at the
row-reduced echelon form. In contrast, the Gauss-Jordan elimination method
can be used to arrive at the reduced echelon form.

2.4 Solving Linear Systems via Gaussian Elimination

This section discusses an essential part of linear algebra, i.e., linear system
of equation, and determines the solution properties of the linear system of
equations.

Non-homogenous linear system: Let us consider a system of m linear
equations in n unknowns x1, 22, ,Ty:

c1171 + c12we + - + 1Ty = by

2171 + C22T2 + Tt + ConTn = b2 (2 4)

Cm1T1 + CmaZ2 + -+ + Cpp®n = by
The column vector defines the solution of the linear system, i.e.,
T

x2

Tn
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That satisfies all the equations of the system (2.4) and is called the general
solution of the linear system (2.4). A linear system having a solution is
consistent, whereas no solution is said to be inconsistent.

2.4.1 The Homogenous Case

Theorem 2.1:
A homogenous system of linear equations in n-variables

€111 + c122 + - -+ + Cipxy =0
€21%1 + 222 + + -+ + Conxy =0

Cm1T1 + CmaT2 + -+ + CppTn = 0

always has the solution z; = 0,22 = 0,--- , xy = 0. This solution is called
the trivial solution.

Example 2.5:
x+2y—52=0
—2x—-3y+62=0"
This system has the solution x = 0,y = 0,z = 0, i.e., which is a trivial

one.

Theorem 2.2:
A homogenous system of linear equations that has more variables than
equations has many solutions. One of these solutions is the trivial solution.

Example 2.6:
Let us consider the system
1 2 50 _ 10 3 0
-2 -3 6 0] |01 —4 0
z+32=0
y—4z=0
N r= -3z
y =4z

=z=r,r=—-3r,y =4r.

= Forr = 0, itimplies that x = y = z = 0.
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2.4.2 The non-homogenous case

If A is the coefficient matrix of a system AX = B having n-equations in
n-variables, then it has a unique solution, and it is row equivalent to I;,.

= [A: Bl = [, : X]
[A:BlBQ--'Bn]%[IninXQ"-Xn]

It is leading to the solutions X7, Xo,--- , Xj.

2.5 Criteria for Consistency and Uniqueness

2.5.1 Gaussian elimination

This section introduces another elimination method called the Gaussian
elimination method.

Gaussian elimination:

(1) First, write down the augmented matrix [A : B] of the system of linear
equations AX = B.

(2) Find an echelon form of the augmented matrix [A : B using elementary
row operations. This is done by creating leading 1s and then zeros below
each leading 1, column by column, starting with the first column.

(3) Represent the system of linear equations corresponding to the echelon
form.

(4) Use back substitution to arrive at the solution.

Remark:

An essential feature of Gauss elimination is that it constitutes a practical
algorithm for solving linear systems, which can easily be implemented in
standard programming languages.

Example 2.7:
Solve the system

Ty + 229 + 323 4+ 224 = —1
—x1 — 2T9 — 2x3+ x4 = 2
2x1 + 4xo 4+ 8x3 + 1224 =4

using the Gauss elimination method.
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Solution:
enn L2320
R34 (=2) Ry
3 002 8 6
1 2 3 2 -1
~ Ry3+(-2)Ry |0 0 1 3 1
00 0 2 4
1 1 2 3 2 -1
~gBs | 00 13 .
00 o0 1 2

The corresponding system of equation is

T1 + 229 + 3x3 + 224 = —1
r3+3rx4=1
.1‘4:2.

By back substitutions, we getx3 =1 — 6 = —5
1+ 2292 = 10 = 1 = —2x2 + 10.

Let 2 = 7. Then, the systems have many solutions.
The solutions are

r1=—-2r+10, x0 =1, 3 = —5, T4 = 2.
Example 2.8:

T1 + 2x9 + 3x3 + 214 = —1
— 1 — 229 — 23+ 14 =2
2x1 4+ 4xo + 8xz + 1224 = 4.

The back substitutions can also be performed using matrices.
The final matrix is then the reduced echelon form of the systems.

2.5.2 Gauss-Jordan elimination

The Gauss-Jordan method of solving a linear equation system using matrices
involves creating specific matrices. These numbers are developed systemati-
cally, column by column.
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The Gauss-Jordan elimination is used to solve the n-equations in n-
variables with a unique solution.

That is, [A : B] =~ [I, : X]| can be used for a system that gives a unique
solution.

Now we will discuss the method in its more general form where the
number of equations can differ from the number of unknowns. There can be
a unique solution, many solutions, or no solution to this system of equations.

Gauss-Jordan elimination:

(1) First, write down the augmented matrix [A : B] of the system of linear
equations AX = B.

(2) Derive the reduced echelon form of the augmented matrix [A : B] using
elementary row operation. This is done by creating leading 1s and then
zeros above and below each leading 1, column by column, starting with
the first column.

(3) Represent the system of equations corresponding to the reduced echelon
form. This reduced system gives the solution to the system.

Example 2.9:
Determine the reduced echelon form of the following matrix:

00 2 -2 2
33 -3 9 12
4 4 -2 11 12

using the Gauss elimination method.

Solution:

Step-1:
o0 2 -2 2 3) 3 =3 9 12
3 3 -3 9 12 ~ R1 — RQ 0 0 2 -2 2
4 4 -2 11 12 4 4 -2 11 12

This non-zero element is called a pivot.

Step-11:
Create a 1 in the pivot location by multiplying the pivot row by ﬁ
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Step-111:

Create zero elsewhere in the pivot column by adding suitable multiples of
the pivot row to all other rows of the matrix

11 -1 3 4
~R3+(—4)Ri |0 0 2 -2 2
00 2 -1 —4

Step-1V:

Cover the pivot row and all rows above it.

Repeat Step-1 and Step-II for the remaining submatrix.

Repeat Step-III for the whole matrix. Continue this until the reduced
echelon form (REF) is reached.

11 -1 3 4 11 -1 3 4
00 2 -2 2 | =00 (2ivet) —2 2
00 2 -1 —4 0 0 2 1 —4
) 11 -1 3 4

ziRg 00 1 -1 1

00 2 -1 —4
11 2

~ R+ Ry 0 0 (1) 1 ?

R3 + (—2) Ry B
0 0 0 (Ipiot) —6
11 1

%R1+(*2)R3 00 7
Rt B 0010 =51,
2T 0001 —6

which is in reduced echelon form (REF).

Theorem 2.3:

If the number of pivots in echelon form is less than the number of
unknowns in a homogenous system, then the linear system has a non-trivial
solution.

Note:

If the number of pivots is r, then the n — r non-pivotal unknowns can
be given arbitrary values, and there will be a non-trivial solution whenever
n—r>0.
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On the other hand, if n = r, none of the unknowns can be given arbitrary
values; it provides a unique solution, namely the trivial one.

Corollary 2.1:

A homogenous linear system of m-equations in n unknowns always have
a non-trivial solution, if m < n.

If r is the number of pivots, then r < m < n.

Example 2.10:
For which value of ¢, the following homogenous system has a non-trivial
solution?
6x; —x2+x3=0
tr1 +x3=0
To +txs3 =0

Solution:
Let us proceed to put the linear system in echelon form by applying to it
successively the operations
L xeqn. (1),eqn (2) —t x eqn (1) eqn (2) > eqn (3) and eqn (3) — £ x
eqn (2).
1= (5) w2+ (§) 23 = 0
To +txs =0
(1 — % — %) Tr3 = 0

The number of pivots will be less than 3, i.e., r = 3.

Now as x3 # 0, implies, 1 — é — % =0, ie,t=2 or t=-3.

are the only values of ¢, which gives the number of unknowns for which
the linear system has a non-trivial solution.

Example 2.11:
Consider a linear system

1+ 3x9 +3x3+ 224 =1
21+ 629+ 923 + 514 =5 .
—x1 — 3r9 + 3x3 =5

The augmented matrix here is

1 3 3 2 :1
2 6 95 :5
-1 -3 3 0 : 5
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Now we can convert it into row echelon form

13321
1
001 11
0000 :0

Since the bottom right-hand entry of the matrix is O, the linear system is
consistent.
Thus, the linear system corresponding to the last matrix is

1+ 3x9+ 323+ 224 =1
x3+%x4:1
0=0

Thus, the general solution given by back substitution is

r1=-—-2—s—3r, $2:T,I‘3:1—§,$4:S,
where r and s are arbitrary scalars.
Theorem 2.4:
Let us consider a linear system AX = B having n-unknowns with

augmented matrix [A : B]. Then we have the following:

(1) The system AX = B is consistent if and only if the matrices A and
[A : B] have the same number of pivots in row echelon form.

(2) Suppose the system AX = B is consistent and r denotes the number of
pivots of matrix A in row echelon form. Then the n — r unknowns that
correspond to columns of matrix A not containing a pivot can be given
arbitrary values. Thus, the system has a unique solution.

Proof:

Let the linear system be consistent. The row echelon form of the aug-
mented matrix must have only zero entries in the last column below the final
pivot, but this is just the condition for A and [A : B] to have the same number
of pivots.

Finally, suppose the linear system is consistent. In that case, the unknowns
corresponding to columns that do not contain pivots may be given arbitrary
values, and the remaining unknowns can be found by back substitution.
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Comparison of Gaussian and Gaussian-Jordan elimination:

The method of Gaussian elimination is, in general, more efficient than the
Gaussian-Jordan elimination, in that it involves fewer operations of addi-
tion and multiplications. It is during the back substitution that Gaussian
elimination picks up this advantage.

2.6 Method of LU Decomposition

Definition 2.3:

Let us consider a square matrix A that can be factored into an upper
triangular matrix product and a lower triangular matrix. This factorization
is called LU decomposition of the matrix A.

Remark:

Not every matrix has an LU decomposition, and when it exists, it is
not unique. The method that now introduces can solve a system of linear
equations if the matrix A has an LU decomposition.

Method of LU decomposition:
Let AX = B be a system of n-equation in n-variables where the matrix
A has LU decomposition,
ie., A= LU.

The system thus can be written as
LUX = B.

The method involves writing this system as two subsystems, one of which
is lower triangular and the other upper triangular

UX =Y
LY =B.
Observe that substituting for Y from the first equation into the second

gives the original system
LUX = B.

In practice, we first solve LY = B for Y and then solve UX =Y to get
the solution X.
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2.7 Construction of an LU Decomposition of a Matrix

(1) Use row operations to arrive at an upper triangular matrix U.

(2) The operations must involve the addition of multiples of rows to rows.
In general, if row interchanges are required to arrive at U, then an LU
form does not exist.

(3) The diagonal elements of the lower triangular matrix L are 1s. The non-
zero elements of L correspond to the row operations.

(4) The row operation Ry, + cR; implies that [;,; = —c.

2.7.1 Solution of matrix equation AX = B using LU
decomposition

(1) Find the LU decomposition of the matrix A. (If the matrix A has no LU
decomposition, then the method is not applicable.)

(2) Use forward substitution to solve LY = B.

(3) Use back substitution to solve UX =Y.

Example 2.12:
Solve the following system of equations

T, — 3x9 +4x3 =12
—x1 +5T9 — 3x3 = —12
4x1 — 8x9 + 23x3 = 58

using LU decomposition.

Solution:
1 -3 4 ~ Ry 1 Ry 1 -3 4
-1 5 -3 e — AR 0o 2 1
4 -8 23 3 Ll1o 4 7
1 -3 4
~R3s—2Ry | 0 2 1
0 0 5

These row operations lead to the following LU decomposition of A:

1 00 1 -3 4
A=] -1 1 0 0 2 1
4 21 0 0 5
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We again solve the given system LUX = B by solving the two
subsystems LY = BandUX =Y.

1 0 0 Y1 12
LY=B=| -1 10 y2 | = | —12
4 21 U3 58

This lower triangular system has the solution
1 =120 =—1,23 = 2.
Thus, the solution to the given system is
1 =120 =—1,23 = 2.

Theorem 2.5:
Let A be an m X n matrix and ¢ be a non-zero scalar.

(1) If a matrix B is obtained from A by multiplying the elements of a row
(column) by a, then |B| = a | A].
(2) If a matrix B is obtained from A by interchanging two rows (column),

then |B| = — | A|.
(3) If a matrix B is obtained from A by adding multiple rows (column) to
another row (column), then |B| = |A|.
Proof:

Let matrix B be obtained by multiplying the kth row of A by c.
The kth row of B is thus acpiacgs - - - aCgy,.
Expand | B| in terms of this row,

|B‘ = acp1Cr1 + acoClro + - -+ + aCnCrn,
= o (ck1Ck1 + cx2Cra + - - + cknChn)
= a|A]

The corresponding result for columns is obtained by expanding the matrix
B in terms of the kth column.

Definition 2.4:

A square matrix A is said to be singular if |A| = 0. A is non-singular
if |[A| # 0. The following theorem gives information about some of the
circumstances under which we can expect a matrix to be singular.

Theorem 2.6:
Let A be a square matrix. A is singular if:
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(1) All the elements of the row (column) are zero.
(2) Two rows (columns) are equal.
(3) Two rows (columns) are proportional.

(Note that (2) is a particular case of (2.7.1), but we list it to give it specific
emphasis.)

Proof:

(1) Let all the elements of the kth row of A be zero. Expand | A| in terms of
the kth row:

|A| = cx1Crk1 + c2Cha + -+ + cenChn
=0Cr +0Cka +--- +0C%p,
=0

The corresponding results can be seen to hold for columns by expanding
the determinant in terms of the columns of zeros.

(2) Interchange the equal rows of A to get a matrix B, which is equal to A;
thus, | B| = |A].
We know that interchanging two rows of a matrix negates the determi-
nants.
Thus, |B| = — |A].
The two results | B| = |A| and | B| = — | A| combine to give |A| = — |A].
Thus, 2 |A| = 0, implying that |A| = 0.
The proof for columns is similar.

Example 2.13:
Show that the following matrices are singular.

2 0 -7

Q0 W~ W

Solution:

All the elements in columns Cy of A are zero.

Thus, |[A| =0.

Observe that every element in row Rs of B is twice the corresponding
element in row Rs.

We write (R3) = 2 (Rz2).

Since Ry and R3 are proportional,

IB| = 0.
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The following theorem tells us how determinants interact with various
matrix operations.

Theorem 2.7:
Let A and B be n X n matrices and « be a non-zero scalar.

(1) Determinant of a scalar multiples: | A| = a™ |A].
(2) Determinant of a product: |AB| = |A| | B].

(3) Determinant of a transpose: | AT | = |A|.

(4) Determinant of an inverse: ‘A‘l‘ =1

[Al"
Proof of (1):

Each row of A is a row of A multiplied by «.
Upon applying Theorem 2.5(1), to each of the n-rows of a4, it becomes

|@A| = o™ |A]

Proof of (4):
Since AA™! =1I,.

Thus, }AA_II = |I,| Implies |A] ’A‘l‘ =1

1
Upon using (2), It finds ’A_l‘ = m
Example 2.14:
If A and B are square matrices of the same size, with A being singular,
then prove that AB is also singular. Is the converse true?

Solution:
The matrix A is singular.
Thus, |A| = 0. Applying the properties of determinants, we get

AB| = || B = 0.

Therefore, the matrix AB is singular.
We now investigate the converse:
Does AB being singular mean that A is singular?
|AB|=0=|A||B| =0

= |A|=0or |B|=0 '

Since the product AB is singular, it implies that either A or B is singular
(we do not exclude the possibility of both being singulars). The converse is
not valid.

We get
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Example 2.15:
Let S be the set of 2 x 2 singular matrices. Prove that S is not closed
under addition but is closed under scalar multiplication.

Solution:

To prove that S'is not closed under addition, one example will suffice.

Let A = i 1]andB: ; i .

Then |A| = 0 and | B| = 0 imply that both matrices A and B are singular.
2 3
3 5|

Observe that |A + B| =1 # 0, and A + B is non-singular.

Thus, S is not closed under addition.

To prove that S is closed under scalar multiplication, we have to consider
the general case.

Let « be a scalar and C' be a singular matrix.

Thus, |C| = 0 and then |aC| = o?|C| = 0. The matrix aC is also
singular.

Therefore, .S is closed under scalar multiplication.

This example illustrates the closure properties under addition and scalar
multiplication and with independent conditions.

It is possible to have one condition hold without the other holding.

Row operations can be used in a systematic manner similar to the Gauss-
Jordan elimination to compute determinants. We lead up this method with a
discussion of the determinants of upper triangular matrices.

Their sumis A + B =

2.8 Determinants and Matrix Inverses

We have introduced the concept of the determinant, discussed various ways
of computing determinants, and looked at the algebraic properties of deter-
minants. We shall now see how a determinant can give information about the
inverse of a matrix and solutions to equation systems.

First, it introduces some necessary definitions for developing a formula
for the inverse of a non-singular matrix.

Definition 2.5:

Let A be an n x n matrix and Cj;; be the co-factor of ¢;;. The matrix
whose (i, j) th elements is Cj; is called the matrix of co-factors of A.

The transpose of this matrix A is called the adjoint of A and is denoted

by adj (A).
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Cnn Ci2 -+ Cip

021 022 CQ” Matrix of co-factors.
| Ci G o C |
[ C11 Cy1 -+ Chp |

012 022 Cn2 Adjoint matrix.
| Cin Con -+ Chin |

The following theorem provides a formula to determine the inverse of a
non-singular matrix.

Theorem 2.8:
Let A be a square matrix with |A| # 0. Then the matrix A is invertible
with
A7t = —adj(4).

Proof:
Consider the matrix product A.adj (A).
The (4, 7)th element of this product is
(i, j)th element = (row i of A) x column j of adj (A))

Cj
Cj
= lein ¢z e |
Cj
= Ci1Cj1 + Ci2Cj2 + -+ Ciann
If ¢ = j, this is the expansion of | A] in terms of the ith row.
If ¢ # 7, then it expands the determinants of a matrix in which the jth

row of matrix A has been replaced by the ith row of A, a matrix having two
identical rows.
0 ,ifisj
The product A.adj(A) is thus a diagonal matrix with the diagonal
elements all being | A|. Factor out all the diagonal elements to get |A| I,,.
Thus, A.adj (A) = |A| L.

Since |A| # 0, we can rewrite this equation as A. (ﬁ adj (A)) = I,.

Therefore (7, j) th element =
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Similarly, it can be shown that

<|ix|' adi (A)> A=1,

Thus, A= = ﬁ. adj (A), thus proving the theorem.

The necessity of this result lies in that it gives us a formula for the inverse
of an arbitrary non-singular matrix that can be used in theoretical work. The
Gauss-Jordan algorithm presented earlier is much more efficient than that
formula for computing the inverse of a specific matrix. However, the Gauss-
Jordan method cannot be used to describe the inverse of an arbitrary matrix.

The following theorem complements the previous one. It tells us that the
non-singular matrices are the only matrices that have inverses.

Theorem 2.9:
A square matrix A is invertible, iff |A| # 0.

Proof:
Assume that A is invertible.
Thus, AA™! = I,.
This implies that [AA™!| = |I,,].
Properties of determinant give |A| [A™!| = 1.
Thus, |A| # 0.
Conversely, Theorem 2.8 tells us that if | A| # 0.
Then matrix A is invertible.
The inverse of A, i.e., A=}, exists if and only if |A| # 0.

Example 2.16:
Determine which of the following matrices are invertible:
1 -1 4 2
wa=[1 3] @s=]t?]
2 4 =3 1 2 -1
3 Cc=1| 4 12 -7 4 D=| -1 1 2
-1 0 1 2 8 0
Solution:

Compute the determinant of each matrix and apply the previous theorem.
We get
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(1) |A| =5 # 0 implies that A is invertible.

(2) |B| = 0 implies that B is singular. Thus, the inverse does not exist.

(3) |C| = 0 implies that C' is singular. Therefore, the inverse does not exist.
(4) |D| = 2 # 0 implies that D is invertible.

Example 2.17:
Determine the inverse of the matrix
2 0 3
A=| -1 4 =2
1 -3 5
Solution:

The determinant, i.e., |A| is computed and found to be 25. Thus, the
inverse of A exists.

We find that
14 -9 -12
adj (A) = 3 7 1
-1 6 8

The inverse of matrix A gives

14 -9 =12

1 25 25 25
-1 _ s _ 3 7 1
—1 6 8

25 25 25

2.9 Determinants and Systems of Linear Equations

Next, we discuss the relationship between the existence and uniqueness of the
solution to a system of n-linear equations in n-variables and the determinants
of the system’s coefficients.

Theorem 2.10:

Let AX = B be a system of n-linearly independent in n-variables. If
|A| # 0, then there is a unique solution. If | A| = 0, there may be many or no
solutions.

Proof:
If |A| # 0, we know that A~! exists and that there is then a unique
solution given by X = A~!B.
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If |[A] = 0, then the determinant of every matrix including the reduced
echelon form of A is zero. Which implies the reduced echelon form of A is
not I,,. Thus the solution to the system AX = B is not unique.

The following systems of equations show that there may be many or no
solutions.

T, — 229 +3x3 =1 T1 4+ 220 + 3x3 =3
3x1 — 4xo + dxg =3 2x1 + 12+ 3x3 =3
2x1 — 3x9 + 43 = 2 1+ x2+223=0

Many solutions No solutions.
T =71,T9 =2r,x3 =1
Example 2.18:
Check the uniqueness of solutions of the following system of equations:

3x1 + 310 — 223 = 2
4x1 + 9 + 3x3 = —H
Tx1+4x0+23=9

Solution:
The determinant of the matrix of coefficients gives
3 3 =2
41 3 |=0.
7T 4 1

Thus, the system does not have a unique solution.

We now introduce a Crammer rule result to solve a system of n-linear
equations in n-variables with a unique solution.

This rule is of theoretical importance in that it gives us a formula for the
solution of a system of equations.

2.10 Crammer’s Rule

Theorem 2.11 (Crammer’s rule):
Let AX = B be a system of n-linear equations in n-variables such that
|A| # 0. Then the system has a solution given by

|Ad] |Az| |An|

xr1 = ‘A‘ , L2 = ’A‘ y s Tn = |A’7
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which is unique and A; is the matrix obtained by replacing the column % of A
with B.

Proof:
Since |A| # 0, the solution to the system AX = B is unique and is given
by

X=A"1'B= |il|adj (A)B

zi. The ¢th element of X is given by

T = ﬁ [rowiof adj (A)] x B

= % [c1is €21y Ca

by
= %‘ (brc1i + baca; + + -+ + bycni)

The expression in parenthesis is the co-factor expansion of | A;| in terms
of the ith column.

Thus, z; = ‘éf' .

Example 2.19:
Use Crammer’s rule and solve the following system of equations:

r1+3x9 + 23 = —2
2x1 4+ dxo + 3 = —H
1+ 229+ 323 =06

Solution:
The matrix of coefficients A and column matrix of constants B are
1 3 1 -2
A=12 5 1 |andB=| -5
1 2 3 6

It is found that |A| = —3 # 0.
Thus, Crammer’s rule can be applied, and we get

—2 3 1 1 -2 1 13 —2
Ai=| -5 5 1| ,A=[2 =5 1| ,43=|2 5 =5 |,
6 2 3 1 6 3 12 6
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giving
’A1| = -3, |A2| =0, |A3‘ =-9.
Crammer’s rule now gives

A =3 |[Aof 6 |As| =9
T4 T 3T T Al T o3 BT T T3

The unique solution is

r1=1,29=—-2,23=3.

Example 2.20:
Find the values of \ for which the following system of the equation has
non-trivial solutions. Find the solutions for each value of A:

A+2)z1+ A +4)z2=0
21‘1+(>\+1)1‘2:0

Solution:

This system is a homogenous system of linear equations.

The above system is a homogenous system of linear equations. Thus, it
has a trivial solution. But according to Theorem 2.10, there is the possibility
of other solution, if the determinants of the matrix of coefficients is zero.

Equating this determinant to zero, we get

A4+2 A+4| 0
2 A1

A+2)(A+1)—=2(A+4)=0

AM4+A-6=0

A=2)(A+3) =0
The determinant is zero if A = —3 or A = 2 results in the system.
A = —3 results in the system

T+ = -2

=T =T,Ty=T.
221 — 229 = 0 1 > 42

This system has many solutions.
A = 2 results in the system

4x1 4+ 622 =0
2x1 + 319 =0
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This system has many solutions

3r
r1 = —? s, Lo =T.

2.11 Curve Fitting, Electrical Network, and Traffic Flow

Systems of linear equations are used in such diverse fields as electrical
engineering, economics, and traffic analysis. We now discuss applications in
some of these fields.

2.11.1 Curve fitting

The following problem occurs in different branches of the sciences. A set
of data points (x1,y1), (z2,y2),- -, (Zn,yn) is given, and it is necessary to
find a polynomial whose graph passes through the points. The points are often
measurements in an experiment. The x-coordinates are called base points. It
can be shown that if the base points are all distinct, then a unique polynomial
of degree n — 1 (or less)

y=ag+arx+- - +an_ 92" % +ay 12" "
can be fitted to the points (see Figure 2.1).
4

(2

(x3, y3)

s ¥,)
(ESN)

fo X
Fitting a graph to data points

Figure 2.1 Curve fitting with a set of data points.

The coefficients ag, a1, ,ay—2,a,—1 of the appropriate polynomial
can be found by substituting the points into the polynomial equation and
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then solving a system of linear equations. (It is usual to write the polynomial
in terms of ascending powers to find these coefficients. The columns of the
matrix of coefficients of the system of equations then often follow a pattern.
More will be said about this later.)

We now illustrate the procedure by fitting a polynomial of degree two, a
parabola to a set of three such data points.

Example 2.21:
Determine the equation of the polynomial of degree two whose graph
passes through the points (1,6) (2, 3) (3, 2).

Solution:

Observe that in this example, we are given three points, and we want to
find a polynomial of degree two (not less than the number of data points). Let
the polynomial be

y=ay+axr+ a23:2.

We give three points and shall use these three sets of information to

determine the three unknowns ag, a1, and a9, substituting

r=1Ly=6z=2,y=3;0 =3.y=2.

In turn, the polynomial leads to the following system of three linear
equations in ag, a1, and as.
apg+a; +ax =26
ap + 2a1 + 4as = 3
ag + 3a1 + 9as = 2

Solve this system using the Gauss-Jordan elimination

111 11 1
6 - R2+(—1)R1 _6
1243~R+(_1)R 01 3 -3
1 39 2 3 L'1o 2 8 -4
10 -2 9
~ Ri+(-1)Ry 01 3 -3
R3+(—2)R2 00 2 9
~ 10 -2 9
1, |01 3 -3
2t | g g 1 1
100 11
R1—|—(2)R3 01 0 —6
Ry + (—3) R3 001 1
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We get ag = 11, a3 = —6, ao = 1. The parabola that passes through
these points is y = 11 — 6z + =2 (see Figure 2.2).

o

Figure 2.2 Fitted parabola with a set of data points.

2.12 Electrical Network Analysis

Systems of linear equations are used to determine the currents through various
branches of electrical networks. The following two laws, which are based on
experimental verification in the laboratory, lead to the equations.

Kirchhoff’s law:

1. Junction:
All the current flowing into a junction must flow out of it.

2. Paths:

The sum of the IR terms (I denotes current and R denotes resistance) in
any direction around a closed path is equal to the total voltage in the path in
that direction.

Example 2.22:
Consider the electrical network of Figure 2.3. Let us determine the
currents through each branch of this network.

Solution:

The batteries are of 8 and 16 volts. The following convention is used in
electrical engineering to indicate the terminal of the battery out of which the
current flows.
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Figure 2.3 Electrical network diagram.
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The resistances are one 1-ohm, one 4-ohms, and two 2-ohms. The current
entering each battery will be the same as that leaving it.
Let the currents in the various branches of the above circuit be Iy, I,
and I3. Kirchhoff’s law refers to junctions and closed paths. There are two
junctions in this circuit, namely points B and D. There are three closed
paths: ABDA, CBDC, and ABCDA. Apply the laws to the junctions and

paths.

Junctions:

Junction B:

Junction D:

L+ 1, =1I3.

Is=1 + I,.

These two equations result in a single linear equation

L+1,—13=0.

Paths:

Path ABDA:

Path CBDC:

211 + 113+ 21; = 8.

4]2 + 1]3 =16.
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It is not necessary to look further at paths ABCDA. We now have a system
of three linear equations in three unknowns I, Is, and I3. Path ABCDA, in
fact, leads to an equation that is a combination of the last two equations; there
is no new information.

The problem thus reduces to solving the following system of three linear
equations in three variables:

IL+1I,—13=0
4[1—|-13:8
4IQ+1I3:16

Using the method of the Gauss-Jordan elimination, we get

11 -1 0
40 1 8
0 4 1 16
B 1 1 -1
- 0 -4 5 8
Fat (=98 | g 4 1 16
~ 11 -1 0
1y 01 -2 -2
() B2 0 4 1 16
1o i 2
o Bt (DR | o A 5
Rs+(=4) Ry | o o 4 o
- 10 1 2
1N 01 -2 —2
(5) fts 00 1 4
_ 100 1
Rit(3)Bs | g 1 ¢ 3
Ro+ (DR | g g1 4

The currents are I; = 1, Is = 3, I3 = 4. The units are amps. The solution
is unique, as is to be expected in this physical situation.

Example 2.23: in the Figure 2.4

Determine the currents through the various branches of the electrical
network in the figure. This example illustrates how one has to be conscious
of direction in applying law 2 for closed circuits.



2.12 Electrical Network Analysis

Solution:
Junction:
Junction B:

L+ I, = Is.
Junction D:

Is =1 + L.
Giving

L+ 1,— 13 =0.
Paths:
Path ABCDA:
1[1 —+ 2[3 =12.

Path ABDA:

1y +2(—1) = 12+ (—16).

~

1

A
4 1

" |
12 volts
1 ohm
1 L

A

2 |, <
B' Ir D
2 ohms 16 volts
L C
2 ohms

Figure 2.4 Electrical network diagram.
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Observe that we have selected the direction ABDA around this last path.
The current along the branch BD in this direction is — /o, and the voltage is

—16. We now have three equations in the three variables I1, I, and I3.

L+1I,—1I3 =0
Il —|—2[3:12
L -2, =-4

Solving these equations, we get
I = 2,1 =3, I3 = 5amps.
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In practice, electrical networks can involve many resistances and circuits;
determining currents through branches involves solving large equations on a
computer.

2.12.1 Traffic flow

Network analysis, as we saw in the previous discussion, plays an essential
role in electrical engineering. In recent years, the concepts and tools of
network analysis have been found to be helpful in many other fields, such as
information theory and the study of the transportation system. The following
analysis of traffic flow mentioned in the introduction illustrates how linear
equations with many solutions can arise in practice.

Consider the typical road network of Figure 2.5. It represents an area of
downtown Jacksonville, Florida. The streets are all one-way, with the arrows
indicating the direction of traffic flow. The traffic is measured in vehicles
per hour (vph). The figures in and out of the network given here are based
on mid-week peak traffic hours, 7—9 a.m. and 4—6 p.m. Let us construct a
mathematical model that can be used to analyze the flow with 1, C, x4 in the
network.

Assume that the following traffic law applies.

All traffic entering an intersection must leave that intersection.

This conservation of flow constraint (compare it to Kirchoff’s laws for
electrical networks) leads to linear equations.

These are by intersection:

—Z

225 vph 350 vph

400 vph A Duval Street B 125 vph
- X -
£ £
(7] (7]
g Sy x
22 3
o=
800 vph D Monroe Street c 300 vph
X3
250 vph 600 vph

Downtown Jacksonville, FL

Figure 2.5 Traffic flow model.
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A: Traffic in = x1 + x9; Traffic out = 400 + 225. Thus, 1 + 2 = 625.

B: Traffic in = 350 + 125; Traffic out = 1 + x4. Thus, x1 + x4 = 475.

C: Traffic in = x3 + x4; Traffic out = 600 + 300. Thus, x3 + x4 = 900.

D: Traffic in = 800 + 250; Traffic out = x9 + x3. Thus, o + x3 = 1050.
The following system of linear equations describes the constraints on the

traffic:

T1 + x9 = 625
T1 + x4 = 475
x3 + x4 = 900
To + x3 = 1050

The method of Gauss-Jordan elimination is used to solve this system of
equations. The augmented matrix and reduced echelon form of the preceding
system are as follows:

11 0 0 625 1 0 0 1 475
1 0 0 1 47 01 0 -1 150
0 0 1 1 900 0 01 1 900
01 1 0 1050 0 00 O 0

The system of equations that corresponds to this reduced echelon form is

T, + x4 = 475
.21?2—1'4:150 .
z3 + x4 = 900

Expressing each leading variable in terms of the remaining variable, we
get

T, = —x4 +475
T9 = x4 + 150
x3 = —x4 + 900

As was perhaps to be expected, the system of equations has many solu-
tions. There are many traffic flows possible. One does have a certain amount
of choice at an intersection. Let us now use this mathematical model to arrive
at information. Suppose it becomes necessary to perform road work on the
stretch DC of Monroe Street. It is desirable to have as small a flow x3 as
possible along this trench of road. The flows can be controlled along various
branches using traffic lights. What is the minimum value of x3 along DC
that would not lead to traffic congestion? We use the preceding system of
equations to answer this question.

All traffic flows must be non-negative (a negative flow would be inter-
preted as traffic moving in the wrong direction on a one-way street). The third
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equation tells us that “z3” a minimum and will be as large as possible, as
long as it does not go above 900. The most significant value of x4 that can be
without causing negative values of x1 or x3 is 475. Thus, the smallest value
of x3 is —475 + 900 or 425. Any road works on Monroe should allow for at
least 425 vph.

In practice, networks are much faster than the one discussed here, leading
to larger systems of linear equations that are handled on computers. Various
values of variables can be fed in, and different scenarios created.

Exercises

1. If A is a square matrix of order n and « a scalar, then prove that
det (aA) = o™ det A.

2. Let A be a skew-symmetric matrix of odd order. Then prove that
det A = 0.

3. For a triangular matrix A, prove that det A is the product of its diagonal
entries.

4. Prove that

1 a o? 0 1 a+p
1 g F|=(-p)|1 8 p
1 6 &2 1 6 &
01 a+p8
—(a-B)(B-)@E-a)|0 0 1
16 o
5. Without expanding, prove that
1 1 3
@2 9 1|=0.
4 11 7
b+c 1 a
| c+a 1 =0.
b+a 1
a b c y b q T Yy z
©|z y z|=|z a p|=|p qT
p oq T z ¢ r a b c
T Yy =z 1 1 1
(d) :EZ y2 22 — .1)2 y2 22
Yz zx Ty 3 oy 23
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a+b b+c cHa a b ¢
©|p+q g+r r+p |=2|p q T
rT+y y+z z+x r Yy z
T r+3 46
®)z+1 z4+4 47 |=0.

r+2 z+5 48

4 7 10
(2| 10 13 16 | =0.
20 23 26

1 a a®>—bc

|1 b b —ca |=0.

1 ¢ —ab

rT—Yy Yy—z Z—x
|y—2 z—z xz—y |=0.
Zz—r x—Y Yy—=2

. Without expanding, prove that

1 yz y+=z 1 1 1
1 2z 242 |=| 2 y =z
1 2y x+vy 2 2 2
. Prove that
1 z 22
@1 vy 9?2 |=@—y)y—2(z—a).
1 z 22
1 z yz
Ol y zz|=@-vy) (y—2) (z—x).
1 2z zy
x+a b c d
a xT+b ¢ d 3
(c) u b oxtc  d =z’ (x+a+b+c+d).
a b c x+d
. If wy, ws, and w3 are the three cube roots of unity, then prove that
1 T X3 3
xr3 X1 T | = H (xl + Towji + xlw?) .
g I3 X1 i=1
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This determinant is called a circulant of the third order. Write down a

circulant of order n. Write also its value.
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10.

11.

12.

13.

14.
15.
16.

System of Linear Equations and Determinants

. (a) Prove that the equation of a circle through three points

(1,91) , (w2,92), and (x3,y3) is given by

2 + y2 r oy
w4yl 11 on
x5 +ys T2 Y
a3+ Y5 r3 Y3

—_ =

(b) Determine the equations of the sphere passing through the points
(x1,91,21), (T2, Y2, 22) , (x3,Y3, 23), and (x4, Y4, z4) in the determinant
form.

Solve the equation

T+ a b c
c T+ b a =0
a b r+c

Without expanding, prove that

1+a 1 1 1
1 1+b 1 1| 1 1 1 1
1 1 1—|—C 1 —abcd<1+a+b+c+d>
1 1 1 1+d

If A and B are square matrices of order n, then prove that
det (A" B) = det (ABT) = det (A" B”) = det (AB).

If A is a square matrix, then prove that det (A") = (det A)" for all
positive integers n.

Prove that the determinant of an idempotent matrix is either O or 1.
Evaluate det A, if A is a nilpotent matrix.

Prove that )
1 a d? 3 at+b+c a?+b+c?
@l|1l b b | = a+b+c a2+ +E G+ +3
1 ¢ ¢ aA?+2+c B+ +SE a4
0 2z y 2 y? + 22 Ty Tz
®|z 0 x| = Ty 22 422 Yz
y z 0 zx Yz 2+ 92
2z — a2 22 y? T Yy 2 2
(©) 22 2zx — 12 z? =y z =z
y? z? 2y — 22 z x oy




17.

18.

19.
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2
a1 12 o3 A A Ass

Prove that | a1 oo o3 =| Ay Aoy Aoz |, where Aij is the
a3 32 Q33 Az1 Az Asg

co-factor of ayj.

Use Crammer’s rule (if applicable) to find the solutions of the following
system of linear equations:
r+y=1
@ 5y y2y—3°
20 — 3y =17
r+4y=1
r+2y+32=3
©) 2z —z=14 .
dr + 2y +2z=5
r—y+2z2=1
d 2r+22=3
3cr+y+32=7
z+y+2z=3
() 2¢+2y+22="7
3z +4y+3z2=2
Reduce the following matrices to row-reduced echelon form:

(b)

1 -1 1 3 2 31
@|3 -1 2|m|[4 3 5 2
'3 1 1 2110
1 2 3 4 -1 ;g??
|4 15 —6 10 | @
2.0 2 -2 2 1230
L 3 -1 0 1|
_11_111(1) 12 0 0 ]
(e) |11 -1 2
0 1 2 -1 02 1 1
1 1 0 -2 .
(3 1 -1 0 6 6 1
1 2 3 -8 7 2 3
@lys0 1 |®W] 39 1 1
|15 3 1 1 =1 0
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1 0 7 9
15 2 2 10
13 9 3 11

29 -1 3 8

20. Solve the following systems of linear equations by using the row-

reduced method:
20 -3y =1

(@) 2z —y+2=2
3x+y—2z2=1
y—2z=3

(b) 3z+2z=14
r+y+z=1
z—y+2=0

©) 224+y—3z=1
—xr4+y+2z2=-1
r—y+3z=1

d 2z4+y—2=2
3r—y+22z=2

r+y—2z=3
e) 3x+y—2=28
20 —y+2=0

21. Determine whether the following systems of linear equations are consis-
tent. Discuss the solution completely in the case of consistent systems.
Ty — X9+ 23+ 34 =1
201 4+ 220 + 224 =1
41 +29 —a3—24 =1
1+ 229+ 323 =1
T1+ 209 +4x3+ 14 =4
201 —x3+3x4 =14
1 — 229 —x3=0
3x1+a9 —x3—dxy =7
201 + w3 — x4+ 15 =2
) z1+x3—24+2x5=1
1221 4 229 4 8x3 4 205 = 12
Ty + 2x9 —x3 — 224 =0
(d) 2z 4+ 4xo + 223 +4x4 =4
3x1 + 6x2 + 3x3 + 624 =6

(a)

(b)



(e)

)

(&

(b)

®

@

(9]

)

$1—$‘3:1

211 + 79 + w3 =2
x2—$3:3
r1+x9t+a3=4
2.%‘2—1‘3:0

T+ 223 =1
201+ 20+ 223 =1
1‘2—21'3:1

r1t+axo=1
r1—x9+4x3 =1

2z1+ 22+ 23+ 24 =2
3x1 —To+x3 — T4 =2
1+ 22 —23+T8 =1
6x1+2z2+23+24=05
1+ 3x9 —3x3 + 224 =1
dr1+ a9 — 2234+ 24 =1
6x1 + dxo + 103 + 324 = 15
T1+ 229 +3x3+ 714 =6
$1—2$2—$3:—1
2l‘1—$3—3$4:1
3x1+ 20 —x3—dry =1
201+ 3234+ 14 =0

3x1 + 6x9 + 3x3 + 624 =5
T, + 2209 — 23 — 224 = —1
3x1+ 622 + T3+ 224 = 3
T+ 209 + 223+ 424 =3
ZL’1—$3:2

T1+ 29+ 223 =4

T1+ 29 — 223 =4
r1+x9t+a3=4

T1 4+ 3x0 — 3 =8
201+ 20+ 223 =1
r1+x20=0

T1 — 2x9 + 623 =3
1'1—21'3:1

T — T9 +4xg =2

2.12 Electrical Network Analysis

57



58  System of Linear Equations and Determinants

x1 + x9 — 3 — 614 + 625 = —19
(m) x1+ Txy — Txs = 28
2x9 — 3x3 + 18x4 — 45 = 24
T1 —3x2+x3—24 =7
(n) 2x1 4+ 4x9 —x3+ 624 = —6
201+ a0+ 14 =0
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Vector Spaces

This chapter introduces the notion of an abstract vector space with its typical
features. Vector spaces occur in various branches of mathematics and have
many applications in science and engineering. In this chapter, we generalize
the concept of vector space R™ and examine its underlying algebraic struc-
ture. Any set with this structure has the same mathematical properties as R™
and will be called a vector space. The results that were developed for the
vector space R™ will also apply to such spaces. We shall, for example, find
that specific spaces of matrices and functions have the same mathematical
properties as the vector space R"™. The concepts of linear independence,
spanning set, basis, linear transformations, and dimension will be extended
to these spaces.

Standard features of vector spaces:
The typical features of a vector space V are:

(1) It consists of a non-empty set of objects, including zero, called vectors,
and zero is called a “zero” vector.

(2) The addition of two vectors gives another vector.

(3) Multiplication of a vector by a scalar gives a vector.

(4) It requires a field to perform the operations.

3.1 Field

A field generally consists of scalars, usually R or C, and accordingly the
vector space will be called real or complex vector space depending on
whether the field is R or C.

3.2 Vector Spaces

The vector space R™ is a set of n vectors on which two operations, namely
addition and scalar multiplication, have been defined.
A vector space is also said to be a linear space.

59
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3.3 The Notion of a Vector Space

Definition 3.1:

A vector space V is a set of elements called vectors having addition and
scalar multiplication operation on V.

The vector space V satisfies the following conditions:

Let u, u1,us,us € V and k1 &k are scalars over the field F'.

Closure axiom:

(1) If the sum u; + w9 exists and is an element of V, then V is said to be
closed under the operation addition.

(2) If kuy is a component of V, then V is said to be closed under the
operation scalar multiplication.

Addition axiom:

3) u1 + us = ug + u; (Commutative).

(4) u1 + (u2 +uz) = (u1 + u2) + ug (Associative).

(5) There exists an element u of V called the zero-vector denoted as 0,, such
that v + 0, = u.

(6) For every element u € V, there exists a part called the negative of u
denoted by —u such that u + (—u) = 0,.

Scalar multiplication axiom:

(7 k (Ul + UQ> = kui + kuo.
8) (k1 + ko) ur = kiuy + kaus.
(9) kl(kgul) = (klkg) Uui.

(10) 1u = wu.

The two most common sets of scalars used in vector spaces are real

numbers and complex numbers.

Examples of vector space:
The vector space V over R or C is then called real and complex vector
space.

Vector space of matrices M,,,:
The set of real m x n matrices M,,, is a vector space over R.

Vector spaces of functions:

(1) The set of all functions f (x) form a vector space over R.
(2) All functions defined on real numbers with pointwise addition and scalar
multiplication operations are a vector space.
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(3) The complex vector space C™ over C.

Theorem 3.1:
Let u be a vector and 0,, the zero-vector defined on a vector space V. Let
k € F be any scalar and O the zero scalars. Then

(1) Ou = 0,.
(2) c0, = 0,.
3) (-1)u = —u.
(4) If ku = 0, then either £ = 0 or u = 0.
Proof:
Ou+0u=(0+0)u (Axiom— 8)
= Ou '

Add the —ve of Ou, namely —Ou, to both sides of this equation:

(0u + O0u) + (—0u) = Ou + (—0u)

= 0u+ (Ou+ (—0u)) =0, (Axiom:(4)&(5))
= 0u+0, =0, (Axiom:(6))

= 0u=0, (Axiom:(5))
(—Du+u=(—1u+1lu (Axiom:(10))
=[(-1)+ 1Ju ( Axiom:(8))

=0u =0, (Property of Scalar 0)

Thus (—1) u is the negative of u. (Axiom: vi)

3.4 Subspaces

Definition 3.2:

Let U be a non-empty subset of a vector space V. If U satisfies the
operations of addition and scalar multiplication of a vector space V over a
field F, then U is said to be a subspace of V.

That is, the non-empty subset U is a subspace of a vector space if it is
closed under the operation of addition and scalar multiplication.

The non-empty subset U then acquires the other properties of vector
space from the vector space V.

Generally, a vector subspace is itself a vector space contained within a
larger vector space.
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Example 3.1:

Let us consider a linear homogenous system AX = 0 in n—unknowns
defined over some field F.

Let S denote the set of all solutions in n—column vectors X of the linear
system AX = 0 over the field F. Then S is a subset of R", and it indeed
contains the zero vector.

Now since S satisfies all the operations of addition and scalar multiplica-
tion of a vector space V over a field F, so S is said to be a vector subspace
of R™.

Vector addition:
If X7 and X are the solutions of the linear system AX = 0 and k is any
scalar, then
A (Xl + Xz) =AX;+AX,; =0.

Thus, X3 + X2 belongs to S.

Scalar multiplication:
Let X; € S and k € F be any scalar.
Then
A (kX;)=k(AX;)=0.

Thus, £X1 belongs to S.
Hence, S is a subspace of the vector space V = R"™.

Remark:
This subspace S is called the solution space of the homogenous linear
system AX = 0, also known as the null space of the matrix A.

Example 3.2:
Let us consider the subset W of R? consisting of vectors of the form
(a, a,b), where the first two components are the same, i.e.,

W = {(a,a,b) :a,b € R}.

If we add two such vectors (a,a,b) and (c,c,d), we get a vector
(a + ¢,a + ¢, b+ d) with identical first components.

If we multiply (a, a,b) by a scalar k, we get (ka, ka, kb), again a vector
with identical first components.

= W is closed under addition and scalar multiplication.

Hence, W is a subspace of R?.
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Example 3.3:
Consider the subset W of R> consisting of vectors of the form (a, a?, b),
where the second component is the square of the first, i.e.,

W = {(a,aQ,b) :a,bER}.

On adding two such vectors (a,a?b) and (c,c? d), we get
(a+c,a2 +02,b+d).

The second component of the vector is not a square of the first.

= The vector is not in W.

=W is not closed under addition.

Hence, W is not a subspace of R3.

Example 3.4:
Prove that Dao the set of 2 x 2 diagonal matrices forms a subspace of the
vector space V. = Moo

Solution:

Vector addition:
Let

We get
a0 p 0
v (58]0 [1
_la+tp O '
o [ 0 b+q } €v
Since u; + ug € U is a diagonal matrix, U is closed under addition.

Scalar multiplication:
Let k be a scalar.
We get ku; = k [ %1 1?1 ] = [ ]@81 k'(l))l }
This implies that ku; € U, since ku; is a 2 x 2 diagonal matrix.
Thus, U is closed under scalar multiplication.
Hence, U is a subspace of Mao.

Example 3.5:

Let P, (x) denote the set of all real polynomial functions having
deg < n. Then Py, (x) forms a vector space under the operation of addition
and multiplication on polynomial P, (x) in a pointwise manner.
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Theorem 3.2:
Let U C V be a subspace of a vector space V. Then U contains the zero
vector 0y, of V.

Proof:

Let U C V and v € U be an arbitrary vector in U and 0y € V be the
zero vector of V.

Let O € F be the zero scalars.

As we know, Ou = 0Oy, (as U is closed under scalar multiplication).

So, it implies that Oy, is in U.

Remark:

This theorem tells us, for example, that all subspaces of R? containing
the zero vector, i.e., (0,0,0), which means that all subspaces of a three-
dimensional space pass through the origin. This theorem can sometimes be
used as a quick check to show that any subsets cannot be subspaces.

That is, if a given subset does not contain the zero vector O, then it cannot
be a subspace of a vector space V.

Example 3.6:
Let U = {(a,a,a+2) : a € RR} and U C V. Then show that U is not
a subspace of R3.

Solution:

First, we check about the presence of zero vector in U, i.e., whether
(0,0,0) is in U or not.

For this, we have to check whether there a value of a for which
(a,a,a+2)is (0,0,0).

On equating U to 0, = (0,0,0), we get

(a,a,a+2) = (0,0,0).

On equating the corresponding components, it gives

a=0anda+2=0=a= -2

This implies that this system of the equation has no solution.

Thus, 0, = (0,0, 0) is not an element of U. Hence, U is not a subspace
of V.= R3.
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3.5 Linear Combinations

Definition 3.3:

Let vy, v, - - - , v, be vectors in a vector space V. Then the vectorv € V
is a linear combination of the vectors vy, v, - -+ , vy; if there exist scalars
C1,C2,"+ ,Cn, such that v = cyvy, +cova + -+ - + ¢y, Un.

Example 3.7:

The vector (7,3,2) is a linear combination of the vectors (1,3,0) and
(2,—3,1) because it can be written as a linear combination of the vectors
(1,3,0) and (2,-3,1),1ie.,(7,3,2) = 3(1,3,0) +2(2,-3,1).

Example 3.8:

The vector (3,4,2) is not a linear combination of the vectors (1,1,0)
and (2, 3,0) because there are no values of ¢; and ¢y for which the vector
(3,4,2) can be expressed as a linear combination of (1,1,0) and (2, 3,0),
ie., (3,4,2) # c1(1,1,0) + 2 (2, 3,0) is true.

3.6 Spanning a Vector Space

Definition 3.4:

Let v1,v9,--- , vy, be a set of m vectors in a vector space V. If every
vector v € V can be expressed as a linear combination of the set of vectors
V1, V2, , Unm, then these vectors vy, v, - - - , Uy, Span the vector space V.

Example 3.9:

The vectors (1,0,0), (0,1,0), and (0,0, 1) span R3. Since any arbitrary
vector (a, b, c) of R? can be expressed as a linear combination of these vectors
(1,0,0), (0,1,0), and (0,0,1), i.e.,

(a,b,¢) =a(1,0,0) +b6(0,1,0) + ¢ (0,0,1).

It implies the set of vectors (1,0,0) ,(0,1,0), and (1,1,1) also spans
R3, as (a, b, c) can be expressed as a linear combination of the set of vectors
(1,0,0), (0,1,0),and (1,1,1), i.e.,

(a,b,¢) =(a—1¢)(1,0,0) +(b—¢)(0,1,0) + ¢ (1,1,1) .

But the vectors (1,0,0),(0,2,0), and (3,4, 0) do not span R? because
any vector (a,b,c) € R3 cannot be written as a linear combination of these
vectors (1,0,0),(0,2,0), and (3,4,0).
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Similarly, the vectors (1,1,0) and (0,0,1) span the subspace R> that
consists of vectors of the form (a,a,b) because we can write (a,a,b) =
a(1,1,0) +5(0,0,1).

Example 3.10:
Show that the vectors (1,2,0),(0,1,—1), and (1, 1,2) span R3.

Solution:
Next, we determine whether any arbitrary vector of R? can be expressed
as a linear combination of the given vectors (1,2,0),(0,1,—1),and (1, 1, 2).
Let (7,9, z) be an arbitrary element of R3.
We have to determine whether we can write

(l‘,y,Z) = (15270) + c2 (Oa ]-a 71) +c3 (1’ 172)
= (z,9,2) = (c1 + ¢3,2¢1 + 2 + ¢3, —¢c2 + 2c3) '

Thus,
ci+c3=x,2c1 +ca+c3=1y,—co+ 2c3 = 2.
Using Gauss-Jordan elimination, it is found that
cp=3x—y—2z,c0=—4x+2y+ zc3 = —2x+y + 2.

Hence, the vectors (1,2,0), (0,1, —1), and (1, 1,2) span R3.

3.7 Generating a Vector Space

Theorem 3.3:

Let v1,v9, -+ , vy be a set of vectors in a vector space V. Let U be the
set consisting of all linear combination of the vectors vy, va, - - - , Up,. Then U
is a subspace of V spanned by these vectors vy, va, - -+ , Uny,.

That is, the set U is said to be the vector subspace of a vector space V
generated by v1,va, - - - , U, and it is denoted as Span [vi,va, - , U]
Proof:

Let w1 = ajv1 +agvo+ - - - + G, and uo = byvy +bove + - - - + by v
be any arbitrary elements of U. Then

uy +ug = (a1v1 + vy + - 4 Amom) 4 (b1vr + bavg + - - - + by
= (a1 +b1)v1 + (a2 +b2) va + - + (am + b)) vm '

It implies that w; + w2 is a linear combination of vy, v, - - - , Unp,.-
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It implies that u; +ug € Uisin U.
Thus, U is closed under vector addition.
Let £ be an arbitrary scalar. Then

kuy = k (a1v1 + agva + -+ - + amvm)
= kajv1 + kagvy + - -+ + kamvm

is a linear combination of vy, vo, - -+ , Up,.
It implies that ku; is in U.
Thus, U is closed under scalar multiplication.
It implies that U is a subspace of V.
By the definition of U, since every vector in the vector space U can be

written as a linear combination of vy, v, - -+, Up,,
thus, v1, v, - , Uy is in Span U.
Example 3.11:

Let v; and vy be two vectors in the vector space R3.

The subspace Span [v; , v] generated by vy and v; is the set of all vectors
of the form c;v; + cov9, as shown in Figure 3.1.

In general, this space is the plane defined by the vectors v; and va. Now if
v1 and vg are collinear, then the vector space will be the line defined by these
vectors.

Oy +00

L J

Figure 3.1 Spanning of vectors.
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Example 3.12:

Let v; and v5 be any two vectors that span a subspace of a vector space
U of a vector space V. Let k1 and ks be non-zero scalars. Then show that
kiv1 and kovg also span U.

Solution:
Let v € U be a vector in U.
Since v1,vo € Span U, there exist scalars a1 and ao
such that v = a1v1 + agvs.
However, we can write

ay

a
I (k1111) + 22 (k?gvg) .

ko

v =

Thus, the vectors kqv1 and kovs are also in Span U.

3.8 Finitely Generated Vector Spaces

A vector space V is finitely generated if there is a finite subset
{v1,va,- -+ v} of V such that v = (vy,v9, -+ ,vx), i.e., if every vector
v € V can be expressed as a linear combination of vectors vy, va, - , Vg
and so has the form cyv1 + covg + - - - + ¢ v, for some scalar ¢;.

On the other hand, the vector space V is infinitely generated if there is no
finite subset present in 'V that generates the vector space V.

Example 3.13:
Show that the Euclidean space R" forms a finitely generated vector space,
i.e., R™ is finitely generated.

Proof:
Let X1, X, ...,X,, be the column vectors of the identity matrix I, in R".
ai

az
IfA=| . is any vector in R", then A = a1 X14+a2Xo+- - -+a, X,.

Qn
This implies that the column vectors X, X5, - - - , X,, generate the vector
space R, and, therefore, this vector space R" is finitely generated.
Contrarily, one does not have to look far for infinitely generated vector
spaces.
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Example 3.14:
Show that the vector space P (X) = {p(z):x € RR} of all real
polynomials is infinitely generated.

Proof:

It can be proved by the method of proof by contradiction. Let us sup-
pose that the vector space P (X) is finitely generated with polynomials
p1(x),p2 (), - ,pr (x), and let us look for a contradiction.

Let us assume that p; (x) # 0, for all i =1,2,--- , k.

Let m be the largest of their degrees. Then the degree of any linear

combination of p; (z),p2(x), -+, pr (x) certainly cannot exceed m. But
this means that 2™+ is not such a linear combination.
Therefore, py (z),p2 (x), - ,pk (x) do not generate P (X), and we

have grasped a contradiction.
Hence proved.

3.9 Linear Dependence and Independence

Definition 3.5:

1. The set of vectors {vi,ve, -+ ,v,,} in a vector space V is linearly
dependent if there exist scalars ¢y, ca, -+, cpy, not all zero such that
c1v1 + Covg + -+ + CpUm = Oy

2. The set of vectors {vy, v, -+, vy} in a vector space V is said to be
linearly independent if c;v1 + cove + - -+ + ¢ = 0, implies ¢; =
cg=-=¢y=01e,alcs=0.

Example 3.15:

The set {(1,0,0),(0,1,0),(0,0,1)} is said to be linearly independent in
R3, since

¢1(1,0,0) 4¢3 (0,1,0) + ¢3 (0,0, 1) = (0,0,0)

can only be satisfied if c; = 0,co = 0 and c3 = 0.

Example 3.16:

Consider the set {(1,2,3),(5,1,0),(2,0,0)}.

The identity ¢; (1,2,3) + c2(5,1,0) + ¢3(2,0,0) = (0,0,0) leads to
c1=0,c0 =0and c3 =0.

It implies that the vectors (1,2,3),(5,1,0), and (2,0,0) are linearly
independent in R3.



70 Vector Spaces

Example 3.17:
Consider the set {(4,1,0),(2,1,3),(0,1,2)}. It can be seen that

1.(4,1,0) — 2(2,1,3) +3(0,1,2) = (0,0,0).
Thus, the vectors (4,1,0), (2, 1,3), and (0, 1, 2) are linearly dependent in R3.

Theorem 3.4:

A set consisting of more than one vector in a vector space V is linearly
dependent if and only if it is possible to express one of the vectors as a linear
combination of other vectors in V.

Proof:
Let us consider the set {vy, va, ..., U, } to be linearly dependent. There-
fore, there exist scalars c1, cs, - - - , ¢, DOt all zeros, such that

c1v1 + V2 + - - - + CpUm = 0y,

Let us assume ¢; # 0.
Then the proceeding identity can be rewritten as

c &
v = <—2> (20 i <—m> U
1 1

Thus, vy is a linear combination of vg, - - - | Uyy,.
Conversely:

Assume that v; is a linear combination of vs, - - - , v,,; therefore, there
exist scalars do, ds, - - - , d;, such that

v1 = doUg + - + dpmUm,-
Rewrite this equation as
Loy + (=da)va + -+ (—dp) vy, = Oy

Thus, the set {v1,va,+ - -+ + vy, } is linearly dependent.

Linear dependence of {v, v2}:

The set {v1,va} is linearly dependent if and only if it is possible to write
any one vector as a scalar multiple of the other vector.

Let vo = cvy; then it implies that vy, v are collinear.

On the other hand, the set {vy,v2} is linearly independent if it is not
possible to express one vector as a multiple of the other, as shown in
Figure 3.2.
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{'.'1_ , } Linearly dependent: vectors lie on {‘.'1. 1.‘J}Lincarly independent; vectors do not lie

a line. on a line
Linearly dependent and independent of {‘.'1. vy } in R?.

Figure 3.2 Dependency of Vectors.

Theorem 3.5:
Any set of vectors in a vector space V that contains the zero vector 0, is
linearly dependent.

Proof:
Let us consider the set {0,, v, - - - , vy, }, Which contains the zero vector.
Let us examine the identity by considering the linear combinations of
0y, V2, , U, 1€,

€10y + covg + -+ + CpUm = Oy,

which shows that the identity is valid for
cog=---=¢pn =0 and ¢; # 0 (i.e., not all zero).
Thus, the set of vectors 0,, vo, - - - , vy, are linearly dependent.

Theorem 3.6:

Let us consider the set {vy,ve, -, vy} to be linearly dependent in a
vector space V. Any collection of vectors in V that consists of vy, va, - -+ , U,
will also be linearly dependent.

Proof:
Let the set {v1, vo, - , vy, } be linearly dependent; so there exist scalars
c1,C2, -+ ,Cm, Not all zero such that civ; + covg + - - - + U = 0,
Consider the extended set of n vectors {v1, v, , U, Umt1, s Un}
that contains the given vectors vy, v, -« , Up.
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With the choices of scalars, not all zero, namely c1,co, -+ , ¢, 0,0..0,
such that

c1v1 + cov2 + -+ + U + 0041 + - + 0.0, = 0y,

which implies {v1, va, ", Um, Um+1, - , Uy} are linearly dependent.
Example 3.18:

Show that the vectors [ 2_ 1 } , [ ; ] , [ 2_ 4 ] are linearly dependent
on R2.

Solution:
Consider the linear combination of the vectors

oot e s oo )= 10]

where c1, co, and, c3 are any scalars.
This is equivalent to the homogenous linear system

—c1+cag+2c3=0
2¢1 + 2¢9 — 4c3 = 0.

As the number of unknowns is higher than the number of equations, this
system has a non-trivial solution.

Hence, the vectors are linearly dependent.

The following theorem discusses more the linear dependency of column
vectors in a matrix equation.

Theorem 3.7:
Let C1,Cy,---,C,, be vectors in the vector space R"™. Put A =
C1:Cy: - -:Cyy |, as m x m matrix. Then the vectors Cy,Co,--- ,C,, are

linearly dependent if and only if the number of pivots of A in row echelon
form is fewer than m.

Proof:
Let us consider the identity

k1Cy + koCo + -+ - + £y Cry, = 0,

where k1, ko, - - - , k,,, are scalars.
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On equating the entries of the vectors on the left side of the equation to
zero, it finds that this equation is similar to the homogenous linear system

k1
ko
A =0
km,
Thus, the condition of the non-trivial solution k1, ks, - - - , k;, is that the

number of pivots is fewer than m, i.e., n < m. Hence, this is the case for the
set of column vectors to be linearly dependent as the number of row vectors
n 1s less than the number of column vectors, i.e., m.

3.10 Properties of Bases

Theorem 3.8:

Let the vectors vy, ve,--- , v, span a vector space V. Then each vec-
tor v € V can be expressed uniquely as a linear combination of these
vectors vy, Vs, - - - , U, if and only if the vectors vy, va,- - , v, are linearly
independent.

Proof:

Let us consider that the vectors v1,vs, - - - , v, are linearly independent.
Letv € V be avectorin V.

Since the vectors v, ve, -+ , v, span the vector space, we can express a
vector v € V as a linear combination of vy, v, - -+ , Uy,

Let us consider that v can be described as a linear combination of these
vectors in more than one way.

Suppose that we can write

v =cv1 + vy + - + vy and v = dyvy + dovg + - - - + dpUn.

Then

vy + cava + - - + cpup = divr + dava + - - - + dpup,.
It implies that

(c1 —dy) v+ (ca —da)va + -+ + (¢ — dy) vy, = 0.
Since v1,v2, - - - , Uy, are linearly independent, it implies that

cp—dy=0,c2—-dp=0,---,¢, —dy, =0,
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which implies that
C1 :dl7c2 :d2)"' yCn :dn-

Thus, it can be concluded that there is only one way of expressing v as a

linear combination of the vectors v{, vo, - -« , Up,.
Conversely:

Let v be a vector in V. Let us assume that v can be written in only one
way as a linear combination of the vectors vy, va, - -+ , vy,.

Note that

Ovy + 0vp + - - - 4+ Ov,, = 0.

This must be the only way that 0, can be written as a linear combination
of vi,va, -+, vUp.

Thus, c1v; 4+ cov2 + - - - + ¢cpv, = 0, can only be satisfied when ¢; =
O,CQ :0,"- , Cn =0.

Hence, it implies that vy, vs, - - - , v, are linearly independent.

3.11 Basis and Dimensions

Definition 3.6:

A finite set of vectors {vy, v, -+ ,v,} is a basis for a vector space V if
the set {vy,v2,- - , v, } spans V and is linearly independent.

That is, each vector v € V can be expressed particularly as a linear
combination of the vectors v{, ve, - - - , v, in a basis.
Example 3.19:

The set {(1,0,0),(0,1,0),(0,0,1)} spans R? and is linearly indepen-
dent. It implies that it is a standard basis for R3.

Example 3.20:
The set {(1,2,0),(1,1,—2),(0,1,—1)} also spans R? and is linearly
independent and implies that it is a basis for R.

Example 3.21:
The set {x2 + 1,3z -1, -4z + 1} spans P» and is linearly independent.
It is a basis for P.

Theorem 3.9:
Let {v1,vg, ..., v, } be a basis for a vector space V. If {wy, wa, -+, wy,}
is a set of more than n-vectors in V, then this set is linearly dependent.
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Proof:
Consider the identity

crwi + cowg + - - - + crwy, = 0. 3.1

We shall show that values of ¢, co, - - - , ¢, not all zeros exist, satisfying
the identity. Thus, it is proved that the vectors are linearly dependent.
The set {vi,vg, -+ ,v,} is a basis for V. Thus, each of the vectors
w1, W3, ..., Wy, can be expressed as a linear combination of vy, va, ..., Up,.
Let
w1 = a11V1 + Q1202 + - - + A1plp
W2 = 21V1 + A22V2 + - - - + A2pVp

Wy, = QAm1V1 + Gmp2vU2 + -+ - + AmpUn

Substituting for wy, wa, - - - , wy, in eqn (3.1), we get

c1 (a11v1 + a1202 + ... + a1np) + 2 (a2101 + a2V + -+ - + a2,0n)
+... + cp (am1v1 + amava + -+ -+ ampvy) = 0, '

Rearranging, we get

vy (Clall 4 C2a91 + ...+ Cnaml) -+ V9 (Clalg + C2029 + o4 Cn(lmQ)
—i—'w—i—vn(01a1n+02a2n+"'+Cnamn):Ov .

Since wvi,v9,...v, are linearly independent, this identity can only be
satisfied if all the coefficients vy, vs, ...v, are zero. Thus,

crail + cea21 + - + cpamy =0
c1a12 + c2a22 + -+ + cpama = 0

c1a1n + c2a9y + ... + cnmn =0

Thus, finding ¢;s that satisfy eqn (3.1) reduces the solution to this system
of n—equations in m—variables.

Since m > n, the number of variables is greater than the number of the
equation. We know that such a system of the homogenous equation has many
solutions. There are, therefore, non-zero values of cgs that satisfies eqn (3.1).

Thus, the set {wy, wa, -+ ,wy, } is linearly dependent.

Theorem 3.10:
Let V be a vector space. All bases for a vector space V have the same
number of vectors.
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Proof:

Suppose {v1,ve, - ,v,} and {wy,ws,- - ,wy,} are two bases for a
vector space V. Then, if we assume {vq,v9, -+ ,v,} as a basis for V
and {wy,wse, - ,wy,} as a set of linearly independent vectors in V, then
Theorem 3.9 tells us that m < n.

Conversely:
Let us assume {wy, we, -+ ,wy,} as a basis for V and {v1,va, -+ ,v,}

as a set of linearly independent vectors then n < m.
Thus, n = m, which proves that both the bases of V consist of the same
number of vectors.

Definition 3.7:

The dimension of a vector space defines the number of basis vectors
present in a vector space V, i.e. if a vector space V has a basis consisting
of n—vectors, then the dimension of the vector space V is said to be n.

Note: dim (V) for the dimension of V.

Example 3.22:

Consider the set of vectors {(1,—2,3),(2,3,1)} in R3.

The vectors (1,—2,3) and (2,3,1) generate a subspace U of R3
consisting of all vectors of the form

v="ki(1,-2,3) + k2 (2,3,1).

Thus, the vectors (1,—2,3) and (2,3, 1) span this subspace U of R3.
Similarly, the second vector (2,3, 1) is not a scalar multiple of the first
vector (1, —2, 3); so these vectors are linearly independent.
Thus, {(1,-2,3),(2,3,1)} forms a basis for V.
Hence, dim (U) = 2.

Theorem 3.11:

(1) The origin (0,0, 0) is a subspace of R3, and hence the dimension of this
subspace is zero.

(2) The one-dimensional subspaces of the vector space R are the lines
through the origin.

(3) The two-dimensional subspaces of the vector space R> are the planes
through the origin.

Proof:

(1) Let U be the set consisting of a single element {(0,0,0)}, i.e., the zero
vector of V = R3,
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Let k € F be an arbitrary scalar.
Since (0,0,0) + (0,0,0) = (0,0,0)
and £ (0,0,0) = (0,0,0),
it implies that the set U is closed under the operation of addition and
scalar multiplication.
Thus, U is a subspace of R3.
Hence, the dimension of this subspace U is defined to be zero.
(2) Let {u} be a basis for a one-dimensional subspace U of R3.
Each vector u in U is thus of the form cu, for some scalar c.
These vectors form a line that passes through the origin.
(3) Let {uy,us} be a basis for a two-dimensional subspace U of R3.
Since {u1,us} is a basis of V. = R3, every vector in U is of the form
c1uy + coug and thus U is a plane through the origin (0, 0, 0), as shown
in Figure 3.3

The two-dimensional subspace of Riwith
One-dimensional subspace of R’with a 2 basis {Iﬁ-ff:}iﬁ a plane through the
basis {u} is a line through the origin. origin.

Figure 3.3 One- and two-dimensional subspace of R>.

Theorem 3.12:
Let V be an n-dimensional vector space.

(1) If U = {ui,ug, - ,u,} is a set of n-linearly independent vectors in
V, then U is a basis for vector space V.

(2) fU = {uq,ug,- -+ ,uy,} is a set of n-vectors that span the vector space
V, then U is a basis for vector space V.

Theorem 3.13:
Let us consider an n-dimensional vector space V. Let {v1, v, -+ , U}
be a set of m linearly independent vectors in the vector space V,
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where m < n. Then there exist vectors vp,41,Vm+2, - ,Un Such that
{v1,v2,"* , U, Um+1, Um+2, " -, Up } is a basis of V.

Proof:

Since m < n, {vy,va, -+ , vy} cannot be a basis of V.

Thus, there exists a vector v, 1 in 'V, which does not lie in the subspace
generated by v1,va, - -+, Un,.

The set {v1,v2, -+ , U, Um+1 + Will be linearly independent.

Now if m + 1 = n, then {v1,va, -+ , Um, Um+1} is a basis of V.

If m+1 < n, there will be a vector v,, 42 that does not lie in the subspace
generated by {vi,v2, -+, VU, Umg1, Ums2}-

If m 4+ 2 = n, then {v1,v2, -+, Um, U1, Um+t2} is a basis for V.

One thus continues adding vectors until a basis is found.

3.12 Rank
Definition 3.8:

Let A be a m x n matrix. The rows of the matrix A may be
outlined as row vectors Ri, Ro,---, R,, and the columns as column
vectors C1,Co, - ,C),. Each row vector R;, (i =1,2,---,n) will have
n—components, and each column vector will have m—components. The
row vectors R;,(:=1,2,---,n) will span a subspace of the vector
space V. = R called the row space of A, while the column vectors
Cj,(j =1,2,---,m) will span a subspace called the column space A.
Example 3.23:

Consider the matrix

1 -2 1 0
A=13 -4 1 6
5 3 -1 2

Solution:
Let us consider the row vectors of the matrix A are

Ry =(1,-2,1,0)

Ro=(3,-4,1,6) .
R3 = (5737_172)

The row vectors Ry, Ro and R3 span asubspace Uof V = R* called the
row space of the matrix A. Similarly, the column vectors C, Co, C3 and Cy
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of the matrix A are

1 9 1 0
Ci=13]|,C=|-4|,0=| 1| ,ci=1]6
5 3 1 p

These column vectors C', C2, C3 and Cy span a subspace U of V = R*
called the column space of the matrix A.

Theorem 3.14:
The row space and the column space of a matrix A have the same
dimension.

Proof:

Let the row vectors of A be Ry, Ro, - -+ , R, and the ith vector be R; =
(@1, ago, -+ 5 ain).

Let r be the dimension of the row space, and the vectors vy, va, - , v,
form a basis for the row space.

Let the j vector of this set be v; = (dj1,dja, -+, djn).

Each of the row vectors of the matrix A is a linear combination of
V1, V2, ", Up.

Let

Ry = c11v1 + c1av2 + -+ - + c1pvp
Ry = co1v1 + co2v2 + -+ - + copvy
Ry, = cmiv1 + emava + -+ - + Cop Uy
Equating the i*P components of the vectors on the left and right, we get
a1; = c11dy; + ciado; + - - - + cipdyy
ao; = ca1d1; + ca2da; + - - - + copdyy
Umi = Cm1d1; + Cmada; + - -+ + Cprdy;

This may be written as

aij C11 C12 Clr

az; C21 C22 Cor
=dy | . +dy; | . +oootdy | )

Ami Cml Cm?2 Cmr

which implies that each column vector of A lies in a space spanned by a
single set of r vectors.
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Sincer is the dimension of the row space of A, we get

dim (Column Space of A) < dim (Row Spaceof A).
By similar reasoning, we can show that

dim (Row Space of A) < dim (Column Space of A) .
Combining these two results, we see that

dim (Row Space of A) = dim (Column Spaceof A).

Definition 3.9:
The dimension of the row space and the column space of a matrix A is
called the Rank of A. The Rank of A is denoted as Rank(A) or p(A).

Example 3.24:
Find the Rank of the matrix

-1 2 3
A= 1 1 -2
2 -5 8
Solution:
Rank (A) = 3.

Note: It is not applicable in a higher-order matrix.

Theorem 3.15:

The non-zero row vectors of a matrix A are in reduced echelon form
(REF), a basis for the row space of the matrix A. Therefore, Rank A is the
number of non-zero row vectors.

Proof:

Let A be a m xn matrix with its non-zero row vectors be R1, Ra, - , Ry.

Let us consider the identity

k1Ry + koRo + -+ - + kr,Rr, = 0, where kq, ko, - - - , kz, are scalars.

The first non-zero element of R; is one, and is the only one, of the row
vectors to have a non-zero number.

Thus, upon adding the vectors k1 R, koRo, -+ ,kp Rr, we get a vector
whose first component is k7.

On equating this vector to zero, we get k1 = 0.
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The identity then reduces to
koRo + -+ krRy, = 0.

The first non-zero element of Ry is 1, and it is the only one of these
remaining row vectors with a non-zero number in this component. Thus, ky =

0. Similarly, k3, k4, - - - , kr, are all zero.
The vectors R1, Ra,--- , Ry are therefore linearly independent. These
vectors span the row space of A. Thus, Ry, Ro,--- , Ry form a basis for the

row space of the matrix A.
The dimension of the row space is L. Thus, the Rank of A is L, i.e., the
number of non-zero row vectors in A.

Example 3.25:
Find the Rank of the matrix

SO O
oS O O

oS O = O
o= OO

Solution:

The matrix A is in reduced echelon form. Here the three non-zero
row vectors, namely (1,—2,0,0) ,(0,0,1,0), and (0,0,0, 1), form a basis
for the row space of A. Therefore, by Theorem 3.15, the row vectors
(1,-2,0,0),(0,0,1,0) and (0,0,0,1) form a basis for the row space of
the matrix A.

Hence, Rank(A) = 3.

Theorem 3.16:

Let us consider two row equivalent matrices A and B. Then the row
equivalent matrices A and B have the same row space, i.e., Rank(A) =
Rank (B).

Proof

Since A and B are row equivalent matrices, the rows of the matrix B
can be obtained from the rows of A through a sequence of elementary row
operations. This implies that each row of the matrix B is a linear combination
of the rows of the matrix A. Thus, the row space of the matrix B is contained
in the row space of the matrix A.
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Similarly, the rows of the matrix A can be obtained from the rows of the
matrix B through a sequence of elementary row operations, which results in
the row space of A being equal to the row space of B, which shows that
the row spaces of A and B are similar. Since the row spaces of matrices
are equal to their Ranks, the Rank of both matrices B must be equal, which
implies Rank(A) = Rank (B).

Theorem 3.17:

Let E be the reduced echelon form (REF) of a matrix A. If the non-zero
row vectors of E form a basis for the row space of the matrix A, then the
Rank of A is the number of non-zero row vectors in E.

Example 3.26:
Determine a basis for the row space of the following matrix

A=

— N =
— Ol N
U W

and hence find its Rank.

Solution:
Upon using the elementary row operations on the matrix A to get the
reduced echelon form (REF) of the matrix A, we get

1 2 3 1 2 3 10 7
25 4|=|0 1 -2(~]|01 -2
1 15 0 -1 2 00 0

As the two vectors (1,0, 7) and (0,1, —2) form a basis for the row space
of A, Rank(A) = 2.

Example 3.27:
Determine a basis for the subspace U of V = R* spanned by the vectors
(1,2,3,4) ,(—1,-1,—4,-2) ,(3,4,11,8).

Solution:
Here we construct a matrix A by considering these vectors as their row

vectors, 1.€.,
1 2 3 4

A= -1 -1 —4 -2
3 4 11 8
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Upon using the elementary row operation on the matrix A, the reduced
echelon form of the matrix can be obtained as follows:

1 2 3 4 1 2 3 4

-1 -1 -4 -2 |=|0 1 -1 2

3 4 11 8 0o -2 2 -4
)

~| 01 -1 2

00 0 O

It can be seen from the reduced echelon form of the matrix that the
non-zero vectors of this reduced echelon form, namely, (1,0,5,0) and
(0,1, —1,2), form a basis for the subspace U of R*.

Hence, the dimension of this subspace U is 2, i.e., dim U = 2.

Theorem 3.18:
Consider a non-homogenous linear system of equations AX = B having
m-linear equations in n-unknown variables.

(1) If p[A : B] = p(A) = r = n, then the solution of AX = B is unique.

(2) If p[A : B] = p(A) = r # n, then the system AX = B has infinitely
many solutions.

(3) If p[A : B] # p(A), then the solution of AX = B does not exist.

Proof:
Let us consider the system of equation AX = B.
The system can be written as

a1 a12 Q1n b1
a1 a22 a2n by
x1 | . +xo | . + ... +x, | . =
am1 Am?2 Amn bm
That is,
airi + aoxo + ... + apry, = b. 3.2)

Thus, the existence and uniqueness of the solution depend upon whether
b can be written as a linear combination of a1, Gs, ..., @, or this combination
is unique or not.

Let us now look at three possibilities that can arise.
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(1) Since the matrix of coefficient and augmented matrix Ranks are the
same, b must be linearly dependent on ay, ag, - - - , Gy.

Furthermore, since the Rank is n, the vectors are linearly independent
and form a basis for the column space of the augmented matrix.
Therefore, eqn (3.2) has a unique solution. Thus, the solution to the
system is unique.

(2) Since the Ranks of the matrix of coefficients and the augmented matrix
are the same, b must be linearly dependent on @y, as, - - - , Gp.

However, since the vectors are linearly dependent, b can therefore
be expressed in more than one way as a linear combination of
a1,a2, " ,Qn.

Thus, eqn (3.2) has many solutions, which implies that the solutions to
the systems exist but are not unique.

(3) Since the Rank of the augmented matrix is not equal to the Rank of the
coefficient, it implies that b is linearly dependent of a1, as, - - - , Gy
Thus, eqn (3.2) has no solution, which implies that a solution to the
system does not exist.

Geometrical interpretation:

(1) Ifay,as,--- ,a, are a basis for V and b lies in V, then the solution is
unique. -
(2) If a1, as, - - - , ay are linearly dependent and b lies in 'V, then there are

many solutions.

(3) If b does not lie in V, then there is no solution.

(4) Space spanned by the column vectors of A, ay,as,- -+ ,ay, as shown in
Figure 3.4.

Figure 3.4 Geometrical interpretation of solutions to AX = B.
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Summary of results:

Theorem 3.19:
Let A be an n x n matrix. Then the following statements are equivalent.

(1) The matrix A is non-singular, i.e., |A| # 0.

(2) The matrix A is invertible.

(3) The matrix A is a row equivalent to an identity matrix I,.

(4) The non-homogenous system of linear equations AX = B has a unique
solution.

(5) The Rank of a matrix A is n, i.e., Rank(A) = n.

(6) The column vectors of the matrix A form a basis for V.= R".

Example 3.28:
Verity the summary of results as in Theorem 3.19 for the matrix A, i.e.,
1 -1 -2
A= 2 -3 -5
-1 3 5

3.13 Sum and Intersection of Subspaces

Let U; and U2 be the subspaces of a vector space V. Then these two
subspaces U; and Uz can be combined in a natural way to form a new
subspace of V. The first one is the intersection of both these subspaces, i.e.,
U; () Uy, the set of all vectors belonging to both U and Us.

The second one is the union of both these subspaces, i.e., U | J Uz that
can be formed from U, and Us is not generally closed under addition. So, it
may not be a subspace.

Finally, the subspace we are looking for is the sum U; + Uz defined as
the set of all form vectors Uy + Uy = {u+ v : u € Uy,v € Ua}.

Theorem 3.20:
Let U; and Uz be the subspaces of a vector space V. Then their
intersection Uy () Uz and the sum U + Uy are also the subspaces of V.

Proof:

Both U; and Uy, are closed under the operations of vector addition and
scalar multiplication and contain the zero vector. Hence, their intersection
U1 [ Uz also has the zero vector and is closed under vector addition and
scalar multiplication operations.
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Thus, Uy () Uz is a subspace of a vector space V.

Similarly, it can be checked for U; + Us.

Since both U; and Uy contains the zero vector, clearly U + Usg
contains the zero vector, since 0, + 0, = 0,.

Now, if u1, uo and wy, wy are vectors in Uy and Usg respectively and & is
any scalar, then

(u1+w1) —|—(UQ—|—w2) = (U1+UQ)+(1U1 —I-wg) e U; +U,

and ¢ (u1 + wy) = cuy + cwy € Uy + Ua.

This implies that U; + Us is closed under the operations of vector
addition and scalar multiplication; so Uy + Uz is a subspace of the vector
space V.

Example 3.29:
a 0
. b d 4
Let us consider the subspaces Uy = c and Uy = . of R
0 f

respectively. Here, a, b, ¢, d, e and f are arbitrary scalars.
Then their intersection Uy (| Uz consists of all vectors of the form

o0 SO

While Uy + U, equals V. = R?, Since every vector in R* can be
expressed as the sum of a vector in U; and a vector in Us.

Theorem 3.21:
Let U; and Uj be the subspaces of a finitely generated vector space V.
Then dim (Ul + Uz) = dim (Ul) + dim (Uz) — dim (Ul ﬂ Uz).

Proof:

If U; = 0y, then obviously

U; + Uy = Uz and Uy ﬂUz = 0y.

Here, the formula is undoubtedly true, when Ug = 0Oy,.

Let us assume that Uy # 0, Uz # 0

and put m = dim (Uj) and n = dim (Uy).

Consider the first case, where Uy () U2 = Oy,.

Let {uy,ug, - ,un} and {wi,ws, - ,wy,} be bases of Uy and Ug
respectively.
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Then the vectors wui,ug,:-- ,Um, Wi, ws, - ,w, indeed generate
U; + Us.

These vectors are also linearly independent; for if there is a linear relation
between them, say

]{71U1+k’2u2+“‘+k’mum+ZIUJ1+121U2+"'+lnwn:0,
then

kiuy + koug + -+ - + ki = (=l1) w1 + (=l2) wa + -+ + (=1n) wy.

A vector that belongs to both Uy, Ug and to Uq (| Ug, is the zero
subspace. Therefore, this vector must be the zero vector Oy,.

Consequently, all the k; and /; must be zero since u; are linearly indepen-
dent, as is w;. Thus, the vectors uy, ug, - - - , U, w1, w2, - - -, w, form a basis
for Uy + Us.

So

dim (U + Uz) = m + n = dim (Uy) + dim (Usa)

(since U1 Uz = 0y).

Next, let us consider the case where Uy (| Uz # 0y,

Let us choose a basis for Uy (| Ug, say (21,22, , zr).

Since A linearly independent subset of finitely generated vector space V,
is contained in some basis of V.

So, the basis for U; () Uz can be extended to bases of Uy and of Us,
say

{Z1> R2y 0ty Rry Up 1, Up 42, "+ ,Um} and {Z1> 22yt 5 Rry Wr41, Wr4-2,

-, wy, } respectively.
Now the vectors

Z15R22y 3 Rpy Up41y Up42, "+ 3 Um, Wr41, Wr42, -+ , Wp

generate Uy 4+ Ug; for which we can express any vector of U; or Ug in
terms of them.

Next, to prove that they are linearly independent, let us consider the linear
relation, i.e.,

Zkizi+ Z kjuj+ Z lyw, =0,
=1

j=r+1 k=r+1

where k;, k;, and [}, are scalars.
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Then,
Z lywy = Z (_kz) Zi + Z (_kj) Ujs
k=r+1 i=1 j=r+1

belongs to both U3,Uz and so to Uy [ Usz.
Thus, the vector ) | [;wy, can be expressible as a linear combination of the
z; and u; since these vectors are known to form a basis of Uy ( Us.
However, 21,29, -, 2p, Wy4+1, Wr42,- -+ , Wy are linearly independent.
Therefore, all the [; are zero, and our linear relation becomes

i kiz; + i k‘juj =0.
=1

j=r+1

But since the vectors z1, 22, -, 2p, Upg1, Upt2, - , Uy, are linearly
independent, it implies that k; and k; are also zero, which establishes the
linear dependence.

We thus conclude that the set of vectors

21,22,y Zpy Upgls Upg 2y ©** 5 Uy, Wrg 1, Wet2, - - , Wy forms a basis
of Uy + Us.

Hence,

dim(Ui+Uz)=r+(m—-r)+(n—r) =m+n—r
= dim (Ul) + dim (Uz) — dim (U10U2) )

Example 3.30:

Consider that Uy and Uy subspaces of the vector space V = R!Y have
dimensions 6 and 8 respectively. Then, find the smallest possible dimension
of U1 ﬂ Uz.

Solution:

Since dim (Rm) = 10 and U; 4 Uz is a subspace of R0, its dimension
cannot exceed 10.

Therefore, by the previous theorem

dim (Ul ﬂUz) = dim (Ul) + dim (Uz) — dim (Ul + Uz)
>6+8—-10=4 ’

Thus, the dimension of Uy [ Uz is at least 4.
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3.14 Direct Sums of Subspaces

Let U; and Ug be two subspaces of a vector space V. Then the vector
space V is said to be the direct sum of Uy and Ug, ie., V =U; & Upy,
ifV=U;+U; OrUlﬂUz = 0.

A consequence of the definition:

Let V be a vector space. Then each vector v € 'V has a unique expression
of the form v = u + w, where u € Uy and w € Ua.

Indeed, if there are two such expressions, i.e.,

v =u1 +wy, = ug + we with u; € Uq and w; € Us.

Then u; —ug = wg—w; which belongs to Uy (| Uz = 0; hence, u; = uz
and w; = ws.

Example 3.31:
Let U; denote the subset of the vector space V. = R? consisting of all
a
vectors of the form | b | and let Us be the subset of all vectors of the form
0
0
0 |, where a, b, c are arbitrary scalars.
c
Then U; and Uy are the subspaces of the vector space V = R3.
Besides,

U; + Usy =V=nR? andUlﬂUz =0.
Hence, R3 = U; ¢ U,.

Theorem 3.22:
Let V be a finitely generated vector space and U; and Ug be subspaces
of the vector space V such that V = U; @ Us.
Then
dim (V) = dim (Ul) + dim (U2) .

This follows from the theorem that dim (U1 () Uz) = 0.

3.15 Direct Sums of More Than Two Subspaces

The direct sum of subspaces can be extended to an arbitrary number of
subspaces.
Let Uy, Ug, - - -, Uy be subspaces of a vector space V.
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Let us define the sum of these subspaces Uy + Ug + - - - + Uy as the set
of all vectors of the form uq + uo + - - - + ug, u; € Uj.

This implies that it forms a subspace of V.

The vector space V is said to be the direct sum of the subspaces
U;,Usz,--- ,Ug,ie,V=U; Uz ... 6 Uy.

If the following holds
1V =U1+Uz+.---+ Uy
(2) Foreachi =1,2,--- , k, the intersection of U; with the sum of all other

subspaces Uj,j # ¢ equals zero.

These are equivalent to desiring that each element of V can be expressible
in an exclusive way as a sum of the form w; + ug + - - - 4+ ug, where each
u; € Uj.

The practical approach of a direct sum is that it generally allows us to
express a vector space as a direct sum of subspaces that are, in some sense,
simpler.

3.16 Generating a Basis for a Direct Sum of Two
Subspaces

Let us consider an n-dimensional vector space V = R" defined over a field
F and suppose a specifically ordered basis.

Assume that the vectors uy, us, - - - ,u, and wi,ws, - - , Wy are generat-
ing the subspaces of U and Ug respectively.

Claim: To determine bases for the subspaces U + Uz and Uy [ Uz and
hence to compute their dimension.

Initially the problem is to be translated to the vector space F™.

Associate with each u; and wj, its coordinate column vectors C; and
D; with respect to the given ordered basis of V. Then C1,C5,--- ,C; and
D1, Do, -+, Dg generates respective subspaces U and Uz of F™.

From these bases U and Usg, the bases for Uy + Uz and Uy () Uz can
be find out.

So here let us assume that V.= F™ and let us take the case of Uy [ Uz
first.

Let A be the matrix whose columns are u1, uo, - - - , u,. Also let B be the
matrix whose columns are wy, wa, - - - , Ws.

Then U; + Us is defined the column space of the matrix M = [A:B].
A basis for U; + Uz can therefore be found by putting M in reduced
column echelon form and deleting the zero columns.
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Next, consider the case of Uy [ Us.
Here for scalars k; and [;, every element of Uy (1 Uz, can be expressed
as
k1ur + kaug + - - - + kpuy = Liwy + lawa + - - + Lws.

Equivalently, kyuy + koug + - -+ + kpup + (=l1) w1 + (—lo2) wy + -+ +
(—ls)ws = 0.
Now, this equation asserts that the vector
oy T

Ky

! belongs to the null space of [AEB] .
=l

_ls 4
A method for finding a basis for the null space of a matrix is described
in an earlier section. To complete the process, read off the first r entries of

each vector based on the null space of [AEB} and take these entries to be

k1, ka,- -+, k.. The resulting vectors form a basis U; [ Uz.
Example 3.32:
1 0 2 1
2 1 5 2
Let M = 9 _9 _1 _1 and U; and Uz be the subspaces of
1 1 5 3

V = R* generated by the columns C;,Co and C3, Cy of M respectively.
Find a basis for Uy 4+ Us.

Solution:

Upon applying the procedure for finding a basis of the column space of
the matrix M by using the method of reduced echelon form, we obtain

0 0
1 0
0 1

W o o
o O OO

Wl
ol

The first three columns of this matrix form a basis of U + Us.
Hence, dim (U + Ug) = 3.
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Example 3.33:

Determine a basis of U [ Uz, where Uy and Uy are the subspaces of
V = R? generated by columns Cy, Cy and by C3, Cy of M respectively.
Here the matrix M is defined as

1 0 2 1
2 1 5 2
M = 2 -2 -1 -1
1 1 5 3

Solution:
Upon following the above procedure, here the matrix M is in reduced row
echelon form, i.e.,
1 0 0 -1
010 -1
001 1
000 O

From this, a basis for the null space M can be read off as described in the
preceding paragraph. In our case, the basis has a single element.

-1
1

Therefore, a basis for Uy ) Uz is obtained by taking the linear combina-
tion of the generating vectors of U; corresponding to the scalars in the first
two rows of this vector, that is to say

1 0 1
2 1 3
Lo+ o=
1 1 2

Thus, dim (Ul ﬂ Uz) =1.

Example 3.34:

Determine the bases for the sum and intersection of the subspaces
U; and Uy of P4 (R) generated by the respective sets of polynomials
{1+2x—|—a:3,1—x—;v2} and {m+m2—3m3,2+2m—2x3}.
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Here the first step is to translate the problem to R*, by writing down the
coordinate columns of the given polynomials concerning the standard ordered
basis 1, z, 22, 2% of P4 (R).

Arrange as the columns of a matrix. These are

11 0 2
2 -1 1 2
A= 0 -1 1 0
1 0 -3 -2

Let U*; and U*y be the subspaces of R* generated by the coordinate
columns of the polynomials that generate U; and Usg, that is, by columns
C1,C5 and by Cs, Cy of the matrix A, respectively.

Now find bases for U1* + Ug* and U1* () U2* just as in the previous
example. It emerges that Uy * 4+ Ug*, which is just the column space of A,
has a basis

OO =
O = O
= o O

-3

[\)

-5

On writing down the polynomials with these coordinate vectors, we
obtain the basis

1 — 323,z + 223, 22 — 523 for Ur* + Usg*.

In the case of Uj (] Usg, the procedure is to find a basis for U;* (| Uz*.

This turns out to consist of the single vector

1
1
1
-1
Finally, read off that polynomial as
1.(1+2:p+x3) + 1. (1—:L'—1:2) =242 —2°42°
which forms a basis of U [ Ua.

Exercises

1. Determine whether the vector (8,0,5) is a linear combination of the
vectors (1,2,3), (0,1,4), and (2, —1,1).
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. Determine whether the vector (4,5,5) is a linear combination of the

vectors (1,2,3), (—1,1,4), and (3, 3,2).

. Consider the vectors (—1,5,3) and (2,-3,4) in R3. Let U =

Span [(—1,5,3), (2, —3,4)]. Then U will be a subspace of R? consist-
ing of all vectors of the form ¢; (—1,5,3) + c2 (2, —3,4).

. Determine whether the matrix [ _8 _71 } is a linear combination of
10 2 -3 0 1 1.
[2 1],[0 9 },and{2 0}1nthevect0rspaceM220f2><2
matrices.
. Show that the function f(z) = 42% + 3z — 7 lies in the space

Span {g, h} generated by g (v) = 222 —5and h (z) = = + 1.

. Determine whether the set {(1,2,0),(0,1,—1),(1,1,2)} is linearly

independent in R3.

. Show that the set {:c2 +1,3x —1,—4x + 1} is linearly independent in

Ps.

. Show that the set {z + 1,2 — 1, —x + 5} is linearly dependent in P; .
. Let the set {v1, v2 } be linearly independent. Prove that {v; +va, v1 —va}

is also linearly independent.
Prove that the set {(1,3,—1),(2,1,0), (4,2,1)} is a basis for R3.
Determine a basis for the column space of the following matrix A =
[ 1 1 0

2 3 =2
| -1 —4 6
Let Uy, Us, Us be subspaces of the vector space V = R, which consists
of all vectors of the form

0 0 d
0 b
a |, | 0|, | O respectively, where a,b,c,d,e are arbitrary
0 c 0
0 0 e
scalars.

Then V = R° = U; & Uy & Us. Find the bases for the sum and
intersection of subspaces Uy, Uz, Us.
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Eigenvalues and Eigenvectors

This chapter discusses the properties of eigenvalues and eigenvectors
along with some properties of inner product spaces. It also includes the
Gram—Schmidt orthogonalization process and QR-factorization. Eigenvalues
and eigenvectors are particular scalars and vectors associated with matrices.
They can be expressed in terms of determinants. Many numerical meth-
ods make use of eigenvalues and eigenvectors. We shall use eigenvalues
and eigenvectors to make long-term predictions of populations in analyzing
oscillating systems and in studying the connectives of road networks.

4.1 Introduction

Eigenvalues and eigenvectors are particular scalars and vectors associated
with matrices. These are used in many branches of the natural and social
sciences and engineering.

General applications of eigenvectors are:

(1) To rank pages in the search engine Google.

(2) To use in demography to predict long-term trends.

(3) To use meteorology with an example of weather prediction for Tel Aviv.
(4) To study the oscillating system.

We commence our discussion with the definition of an eigenvalue and
eigenvector.

Definition 4.1:

Let us consider an n X n square matrix A. Then a scalar A\ is said to
be an eigenvalue of the matrix A, if there exists a non-zero vector X € R"
such AX = AX. The vector X is called an eigenvector corresponding to the
eigenvalue \.

95
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The eigenvectors and eigenvalues have an actual application in the study
of linear differential equations, the system of linear recurrence relation, the
Markov process, and many more fields of study.

Let us look at the geometrical significance of an eigenvector that corre-
sponds to a non-zero eigenvalue.

Geometrical significance:
The vector AX is in the same or opposite direction as X depending on the
sign of A.

AY

Figure 4.1 Direction of eigen vector X with vector AX.
X is an eigenvector of A. AX is in the same or opposite direction as X.

4.2 Computation of Eigenvalues and Eigenvectors of a
Matrix

Let X\ be an eigenvalue and X be the corresponding eigenvector of an n X n
matrix A.
Thus,
AX = MAX ,whereX € R". 4.1

Eqgn (4.1) may be rewritten as

AX-)XX =0,

—(A-A,)X=0, 4.2)

This matrix equation (4.2) represents a system of homogenous linear
equations having the matrix of coefficient (A — A\I,,).

Eqn (4.2) implies either

|A — A, =0o0rX =0,.
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Since the eigenvectors are defined to be the non-zero vectors, the nontriv-
ial solutions to this system (5.2.2) can only exist if the matrix of the coefficient
is singular, i.e.,

|A — \I,| =0. 4.3)

Eqn (4.3) is called the characteristic equation of the matrix A.

Upon solving eqn (4.3),

ie., |A — A, =0 for \.

It leads to all the eigenvalues of A.

Next, on expanding the determinant |A — \[,,|, we get a polynomial
in X\ called the characteristic polynomial of A. Then by substituting back
the eigenvalues into the equation (A — \[,)X = 0,, we can find the
corresponding eigenvectors.

4.3 Properties of the Characteristic Polynomials,
Eigenvalues, and Eigenvectors

Let us consider an n x n-matrix A = [a;;]. The matrix M = A — \I,, can be
obtained by substituting A down the diagonal of the matrix A.

Here, I, is the identity matrix of order n and A is an intermediate to be
determined.

The determinant of A — \I,,,

ie, A(N) =det(A—\,)
is a polynomial in X\ of degree n called the characteristic polynomial of the
matrix A.

The characteristic polynomial of degrees 2 and 3:
There are elementary formulas for the characteristic polynomial of
matrices of order 2 and 3.

(1) Let us consider A = [ a1z }Then
a1 a2

A ()\) =)\ (a11 + QQQ) A+ det (A)
=X —tr(A).\+det (A) ’

where tr (A) denotes the trace of A, which is the sum of the diagonal
elements of the matrix A.
(2) Suppose
ail a12 a13
A= an a2 a3
az1 a3z ass
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Then
A(A) =X —tr(A) N + (A1) +Agz + Agz) A — det (4)

where A11,A99 and Ass denote, respectively, the cofactors of the diagonal
elements a11 , age and ass.
It can be written in the following form:

A(N) =2 —S1\% + So\ — S3,
where
Sp =tr(A), So = (A11 + A2 + A33) and S3 = det (A).
Note: Each S}, is the sum of all principal minors of the matrix A of order k.

The characteristic polynomial of an n x n matrix:
Next, let us discuss the characteristic polynomial of an n X n matrix A.
Let A (A) denote the characteristic polynomial of A and it can be defined

as
air — A a2 e ain
any g — A - aonp
AN =
an1 an?2 o Qpp — A

Here, upon recalling the definition of a determinant, the term A (\) with
the highest degree in A can be expressed as.

The term A (\) with the highest degree in A arises from the product

(a11 — A) (a22 — A) -+ (ann, — A)and is clearly (—\)".

The terms of degree (n — 1) can also be obtained from the same product.

Thus, the coefficient of A1 is

(—1)n_1 (@11 + a2 + -+ anp) ,

where the sum of the diagonal entries of the matrix A can be termed as the
trace of A:

ie,tr(A) =an +ax+ - +ap,
implies that the coefficient of A"“!can be expressed of the form
tr(A) (=A)" L

The constant term A (\) can be found by simply putting A = 0 in
A (X) = det (A — A\I,,), i.e., by merely evaluating det (A).

Hence, the characteristic polynomial A (\) of the matrix A can be
summarized by the formula

AN = (=A)"+ tr(A) (=A)"" 4. 4 det (4).
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The other coefficient in the characteristic polynomials is not so easy to
express, but they are signified as sub-determinants det (A).

For example:

If we take the case of A2, then the terms in A"~ 2 can be summarized in
two ways:

Either from the product

(a11 — A) (a22 — A) -+ - (apn — A) or from products like

—aizaz1 (azg — A), -+, (@ — A) -
Such a typical expression to the coefficient of A" 2 is

ail  ai2

1" 2 (11099 — ajoas) = (—1)" 2
(=1)"" (a11a22 12a21) = (—1) 4oy G

From this, it is apparent that the term of degree (n — 2) in A (\) is just
(=A)""? times the sum of all the 2 x 2 determinants of the form

i i , where 7 < j.
aji  Ajj
Example 4.1:
Determine the eigenvalues and eigenvectors of the matrix
2 -1
A= [ 2 } .
Solution:

Consider a 2 x 2 matrix

2 —1
A—[Q 4}. (4.4)

Let X = { il ] be a column vector.
2

z1

The case for the vector X = [ .
2

} to be an eigenvector of A is that
AX = A\X, forsomescalar A € R. 4.5)
Eqn (4.5) is equivalent to

(A— M) X =0,, (4.0)
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which asserts that X is a solution of the linear system,

ie.,
2—X -1 z1 | |0
A “
For non-trivial solutions x; and x3 of eqn (4.7), the determinant of the
coefficient matrix A — AI5 must vanish,
1.e.,
2—Xx -1
‘ 9 4_)\’—0, 4.8)

which implies
A2 —6)A+10=0. (4.9)

Upon solving eqn (4.9), the roots of this quadratic equation (4.9) can be
obtained as A\; = 3 + v/—1 and \y = 3 — /—1, which are the eigenvalues
of the matrix A. The corresponding eigenvectors of eqn (4.6) can be found by
using these values of ) in the equations

(A — )\IQ)X = OU, i.e., (A — /\1[2)X = 0 and (A — )\QIQ)X =0.

Now for the case of A = Ay, we get

A—XML)X=0
N (—1—\/j1)$1—$2:0
2r1 + (1 - \/—1) z9=0 "~
Thus, the general solution of system (4.10) is
T = % (—1 + \/—1) and xo = k, where k is an arbitrary scalar.

Therefore, the eigenvectors of A associated with the eigenvalue \; are the
non-zero vectors of the form

k [ st ] .

(4.10)

2
1

Similarly, the eigenvectors for the eigenvalue A = Ay = 3 — +/—1 can
also be found in vector form as

2
1

where [ # 0.
These two vectors, jointly with the zero vector, form a one-dimensional
subspace of R?.
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Theorem 4.1:

Let A be an eigenvalue of an n X n matrix A. The set of all eigenvectors
analogous to the eigenvalue )\, together with the zero vector 0,, is a subspace
of R". This subspace is called the eigenspace of the eigenvalue .

Proof:

Let X be the set of all eigenvectors of the matrix A corresponding to the
eigenvalues A, together with the zero vector Oy,.

To show that the set X is a subspace, we have to show that X is closed
under the operation of vector addition and scalar multiplication.

Let X; and X2 be two eigenvectors in X and let A be a scalar.

ThenAX1 = )\Xl andAX2 = )\XQ.

This gives

AX1 +AXs = X1 + 2\ X

:>A(X1 +X2) :)\(Xl —|—X2) .

Thus, X1 + X3 is an eigenvector corresponding to X.
Hence, X is closed under the operation of vector addition.
Further, since

AX| = A\Xq,

then for any scalar c,

= cAX1 = c\X;
=A (CXl) =A (CXl) )

Therefore, ¢ X is also an eigenvector corresponding to the eigenvalue A.
Thus, X is closed under scalar multiplication.
Hence, X is a subspace of R" called the eigenspace of the eigenvalue .

Remark: An eigenvalue )\ is said to be of multiplicity k if the eigenvalue
occurs as k times repeated roots of the characteristic equation.

Example 4.2:

Let A1, Ao, .-+, A\, be the eigenvalues and X1,X5, -, X, be the cor-
responding eigenvectors of an n x n matrix A. Prove that if ¢ # 0, then
the eigenvalues of cA are cAy, cAo, - - - , ¢\, With corresponding eigenvectors
XlaX27 T 7X'n,~

Note: Every characteristic polynomial of a real matrix may not have real
eigenvalues in R, while the complex matrices always have all their eigen-
values and eigenvectors in C.
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Example 4.3:

-1 0
mial is A2 4 1, which implies that it has no real roots. Thus, the matrix has no
real eigenvalues in R.

However, if the matrix A is complex, its characteristic equation will have
n complex roots, some of which may be equal.

Let us define a theorem for the eigenvalue and eigenvectors of a matrix
defined on a complex field C.

Theorem 4.2:
Let A be an n X n complex matrix. Then

. . 0 1 .
Let us consider a matrix A = { ] whose characteristic polyno-

(1) The eigenvalues of the matrix A are precisely the n roots of the
characteristic polynomial det (A — A\1I,,).

(2) The eigenvectors of the matrix A associated with an eigenvalue A are the
non-zero vectors in the null space of the matrix A — AI,,.

Example 4.4:
Find the eigenvalues and eigenvectors of the matrix

2 -1
=[5
Solution:

The characteristic polynomial of the matrix

A B
A—[_2 4}m
2—-X -1 | 9

The eigenvalues of the matrix A are the roots of the characteristic
equation, i.e.,
A2 — 61410 =0,

which gives
AM=3++v—-land Ay =3 —+/—1.

The eigenspaces of A1 and )y are generated by the vectors
(V=) ~(1+v=1)
r % and s % , respectively.
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Example 4.5:
Determine the eigenvalues of the upper triangular matrix
air @12 -+ Qln
0 az -+ az
A=
0 0 - apy

Solution:
The characteristic polynomial of the upper triangular matrix A is

ail — A a2 a1n
O CLQQ*)\ a9on
9
0 0 e Qg — A

which, by definition, equals

(a11 — )\) (CLQQ — )\) (ann — )\)
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Thus, the eigenvalues of the matrix A are, therefore, just the diagonal

entries of the upper triangular matrix, i.e., ai1, @22, -+ , Gpn.
Example 4.6:
Find the eigenspace of the matrix
2 -1 -1
A=| -1 2 -1
-1 -1 0
Solution:
Consider a 3 x 3 matrix
2 -1 -1
A=| -1 2 -1
-1 -1 0

The characteristic polynomial of this matrix A is
2—-X -1 -1

—1 2—=X =1 |==X+4\2-)—6.
-1 -1 =X
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It can be easily guessed that a root of this cubic polynomial is A = —1.
Divide the polynomial by A + 1 using long division so that we get the
quotient
A4 —6=—A—2)(A—3).

Thus, the characteristic polynomial of the matrix A can be entirely fac-
torized as — (A + 1) (A — 2) (A — 3), and the eigenvalues of the matrix A are
—1,—2 and 3.

The corresponding eigenvectors can be found by solving the equation

A+1I3)X=0,(A—2[3)X=0,and (A —3I3)X =0

for different eigenvalues ).

Upon solving the above equations, we can obtain that the respective
eigenvectors X, which are the non-zero scalar multiples of the vectors, as

1 [ 1] 1
Ei| 1|, ko| 1 |andks| —1
| 2 ] | -1 0
Hence, the eigenspaces of A are generated by these three vectors
1 1 1
ki | 1 , ko 1 |,and k3 | —1 [, where each has dimension 1.
2 -1 0

In general, one can prove by considering the properties of characteristic
polynomials that the following statement is true.

Corollary 4.1:

Let us consider an n x n square matrix A. Then the eigenvalue product
is equal to the determinant of the matrix A, and the sum of the eigenvalues
equals the trace of A.

Theorem 4.3:
Let us consider an n X n square matrix A over the complex field C'. Then
the matrix A has at least one eigenvalue.

Theorem 4.4:

Suppose X1, X9, -+, X, are the non-zero eigenvectors of a matrix A
belonging to distinct eigenvalues Ai, Ao,---, A,. Then the eigenvectors
X1,Xs, -+, X, are linearly independent.

Theorem 4.5:

If A (X) is the characteristic polynomial of an n x n matrix A, which is a
product of n-distinct factors, say

A()\):()\—au)(A—agg)---()\—am).
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Then the matrix A is similar to the diagonal matrix D =
diag (a1, a2, - - ann)-
Definition 4.2:

Let A be an eigenvalue of a matrix A. Then the algebraic multiplicity of
the eigenvalue is defined as the multiplicity of the characteristic polynomial
of the matrix A.

The geometric multiplicity of the eigenvalue ) is defined as the dimension
of its eigenspace, i.e., dim F).

Theorem 4.6:
The geometric multiplicity of an eigenvalue A of a matrix A does not
exceed its algebraic multiplicity, i.e., G.M < A.M.

Theorem 4.7:
The eigenvalues A of a real symmetric matrix A are all real.

4.4 Cayley-Hamilton Theorem

Theorem 4.8 (Cayley-Hamilton theorem):
A matrix A satisfies its own characteristic equation.

Proof:
LetP =A — A\, and
Ap ()\) =detP
=po+ A+ X+ P AT
Consider the adjoint of the matrix P as adj P. By the definition of

determinant, there is an n» X n matrix whose entries are polynomials in A
of degree at most n — 1; so we have

adjP =Py + P A +Po)\> + - 4+ P, A",

for some n x n matrices Pg, P1,P3,--- ,Pp,_1.
Since, by definition, for every n X n matrix A, we have

A.adjA = (detA) I, = adjA.A.
So here we have
P.adjP = (detP) I,,,
which implies
(detP) I,, = P.adjP
=(A—\,).adjP
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=A.adjP — \I,.adjP.
We have the polynomial identity

poln + prlaX + palud® 4 - - + ppln A" = APg + APIA + AP N + - - +
APn_l)\n_l — Po)\ — P1)\2 — PQ/\3 — e =Py A"

On equating the coefficient of like powers, we obtain

pol, = APy
pil, =AP; — Py

pnflln :APnfl - Pn72
pnln = _Pnfl

On multiplying the first equation on the left by A° = I,, and similarly the
second equation by A, the third equation by A2 and so on, we obtain

poln, = AP
plA :A2P1 —APO

pn1A" L =A"P, 1 — AP, ,
Pn "= _AnPn—l

Adding these equations together, we obtain Ag (A) = 0.

Note: The Cayley-Hamilton theorem is quite significant, stating that an n x n
matrix should satisfy a polynomial equation of degree n.

4.5 Google, Demography, and Weather Prediction

We now look at applications of eigenvectors. We discuss the role of eigenval-
ues and eigenvectors play in Google.

4.5.1 The Google search engine

Google is a web search engine that was developed by Lary Page and Sergey
Brin, when they were graduate students at Stanford University. There are
usually a huge number of webpages that correspond to a specific query.
Google finds pages that match that query and lists them in the order of
their page rank. Page rank in Google is a primary way of deciding a page’s
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importance to a given query. We now see that page rank is calculated from
the eigenvector of a very large matrix A (2.7 x 2.7billion in 2002).

Let n be the number of pages that Google examines in a search; number
these pages from 1 to n. In searching the web page to page, Google finds that
some pages have outgoing links whereas other pages do not (are dead ends).
Let p be the fraction of the total number of pages searched that have outgoing
links. An n X n matrix G is defined as follows:

- J Tlifthereisalink from pageito page j
95 =\ Ootherwise

(G is, in fact, the adjacency matrix of the digraph having pages as vertices
and links as arcs.) Let ¢; be the sum of the elements in the 4% column of G.
Then A is an n X n matrix defined by

9ij I—p
v (3)(5)
Cj n

Google usually takes p = 0.85. A theorem in linear algebra called the
Perron—Frobiniuous theorem guarantees a matrix having the largest eigen-
value 1 with the corresponding eigenspace of dimension 1. Let z be an
eigenvector corresponding to A = 1. Normalize = such that }  z; = 1. The
element s of this normalized vector is the Google page rank.

The determinant method introduced in this section can be used for finding
eigenvectors of small matrices but is not practical for large matrices and most
certainly not for a matrix of the size encountered in a Google search. The
Google company has not revealed how it calculates the eigenvector x of this
very large matrix A, but it is generally believed that it is based on the power
method.

More in-depth information on page rank can be found in

1. The World’s Largest Matrix Computations by Cleve Moler, MATLAB
News and Notes, October 2002, Pages 12—13.

2. Google Page Rank Explained by Phil Craven, www.webworkshop.net/
agerank.html.

Long-term prediction:

We now discuss how eigenvalues and eigenvectors can be used to
predict the long-term behavior of certain Markov chains. Applications in
demography and weather prediction are given.

Let us return to the population movement model where we found
that a sequence of vectors could describe annual population distributions


http://www.webworkshop.net/agerank.html
http://www.webworkshop.net/agerank.html
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X0,X; (= Pxo),x2 (= Px1),x3 (= Pz2),---, P is a matrix of transition
probabilities that takes us from one vector in the sequence to the following
vector. Such a sequence (or chain) of vectors called a Markov chain of
particular interest are Markov chains called regular Markov chains where
the sequence xg, X, Xs, - - - converges to some fixed vector x where Px = x.
The population movement would then be in a “steady state,” with the total
city population and total suburban population remaining constant after that.
We then write
X0, X1, Xy, — X.

Since such a vector x satisfies Px = x, it would be an eigenvector
corresponding to eigenvalue 1. Knowledge of the existence and value of
such a vector would give us information about the long-term behavior of the
population distribution.

A particular class of Markov chains has these desired properties. We
now define this class, discuss their properties, and apply the results to our
population movement model to make long-term predictions.

Definition 4.3:

The transition matrix P of a Markov chain is said to be regular if all the
components’ power is positive. The chain is then called a regular Markov
chain.

For example:

A= 83 82 } is regular because all the elements are positive.
(o7 17, s [0.79 07
B = 03 0 ] is regular, because B“= { 021 03 ]
(04 0.
C= 06 1 } is not regular, because
9 1016 0 3| 0.064 0
C_[0.84 1 = 0936 1 | "

The element in row 1, column 2, will always be zero.
The following theorem, which we do not prove, leads to information
about the long-term behavior of Markov chains.

Theorem 4.9:
Consider a regular Markov chain having an initial vector x( and transition
matrix P. Then
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1. X0,Xy,X9, - -+ — X where x satisfies Px = x. Thus, x is an eigenvector
of P corresponding to A = 1.

2. P,P?,P3 ... — Q, where Q is a stochastic matrix. The columns of Q
are all identical, each being an eigenvector of P corresponding to A = 1.

Let us now apply this theorem to population movement.

4.5.2 Population prediction

Example 4.7:
Determine the long-term trends in population movements between US
cities and suburbs.

Solution:

We remind the reader of the model that was developed earlier. The
population of US cities and suburbs in 2007 were described by the following
vector X (in units of one million), and Markov chains give the populations in
the following years with the transition matrix P.

InitialFrom

Populations city suburb to

o [ 82 } city _ [ 0.96 0.01] city
0 163 | suburb ’ 0.04 0.99 | suburb

Observe that all the elements of P are positive. Therefore, the chain is
regular, and the preceding theorem results can be applied to give the long-
term trends. The theorem tells us that P will have an eigenvalue of 1 and that
the steady-state vector x is a corresponding eigenvector. Thus,

Px =x
= (P — Ig) x=0
0.96 — 1 0.01 21| _p '
0.04 099-1 xo |
This leads to the system of equations

—0.04z1 +0.01z5 =0
0.0421 — 0.01z9 =0

Giving xo = 4x;. The solution to this system of equations is 1 = r, xo =
4r where r is a scalar. Thus, the eigenvectors of P that correspond to A = 1
are non-zero vectors of the form
, 1
BE
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The steady-state vector x will be a vector of this form. Let us assume that
there is no total annual population change over the years. Therefore, the sums
of the elements of x and xg are equal.

r+4r =82+ 163
r =49 )

The steady-state vector is thus

] 49
=196 |-
This implies the following long-term prediction:
US cities populations — 49 million.
US suburban populations —196 million.

The above theorem gives further information about long-term population
trends. Each column of the matrix () is an eigenvector corresponding to the

eigenvalue 1. Let
s s
Q= [ 4s 4s } '

Since () is a stochastic matrix, the sum of the elements in each column is
1. Thus,

s+4s=1
s=20.2
We get (exhibiting the elements to two decimal places for ease of reading)
P P? pP3 Q
0.96 0.01 0.92 0.02 0.89 0.03 | . 0.2 02| .
0.04 099 |’| 0.08 0.98 || 0.11 0.97 0.8 0.8

Let us interpret these results. We focus on the (2,1) element in each
matrix, and a similar interpretation will apply to the other elements. We get
the sequence

0.04,0.08,0.11,--- — 0.8.

These are the probabilities of moving from city to suburbia in one year,
two years, three years, etc. The probability gradually increases approaching
0.8. @ is thus the long-term transition matrix of the model. It gives the long-
term probabilities of living in a city or suburbia.

(from)

city suburb (to)
102 0.2 city

@= { 0.8 0.8 } suburb
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Observe that the long-term probability of living in the city is 0.2, while the
long-term probability of living in suburbia is 0.8. These probabilities are inde-
pendent of initial locations. The long-term probabilities being independent of
the initial state are a characteristic of regular Markov chains.

We now discuss an interesting application of Markov chains in a model
that describes rainfall in Tel Aviv.

4.5.3 Weather in Tel Aviv

Example 4.8:'

The probabilities used were based on daily rainfall data in Tel Aviv
(Nahami Street) for the 27 years from 1923 to 1950. Days were classified
as wet or dry according to whether or not there had been recorded at least
0.1 mm of precipitations in the 24 hours from 8 a.m. to 8 a.m. the following
day. A Markov chain was constructed for each of the months from November
through April, these months constituting the rainy season. We discuss the
chain developed for November. The model assumes that the probability of
rainfall on any day depends only on whether the previous day was wet or dry.
The statistics accumulated over the years for November were

A given day Following day
Wet 117 out of 195
Dry 80 out of 615
Thus, the probability of a wet day following a wet day is % = 0.6.
The probability of a wet day following a dry day is % = 0.13. These

probabilities lead to the following transition matrix for the weather pattern
in November.

(A given day)

wet  dry
0.6 0.13 | wet _ :
P= [ 0.4 0.87 ] dry (following day)

On any given day in November, one can use P to predict the weather
on a future day in November. For example, if today a Wednesday is wet, let
us compute the probability that next Saturday will be dry. Saturday is three
days; hence, the various probabilities for the weather on Saturday will be

'K. R. Gabriel and J. Nemann have developed a Markov chain model for daily rainfall
occurrence at Tel Aviv, Quart J. R. Met. Soc., 88(1962), 90—95.
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given by the elements of P. It can be shown that (exhibiting the elements to
two decimal places for ease of reading)

(Today — Wednesday)

wet dry
0.32 022 ] wet
3 _
F _[0.68 0.78] dry (Saturday)

If today is wet, the probability of Saturday being dry is 0.68.

Observe that P, the matrix of transition probabilities, is regular. Eigen-
vectors can thus be used to obtain long-term weather predictions. The
eigenvectors of P corresponding to the eigenvalue 1 are found to be non-zero
vectors of the form

. [ 0.325 ]
1 .

The column vectors of the long-term transition matrix () will be eigen-
vectors of this type, whose components add up to 1, since () is stochastic.
Therefore, 0.3257 + r = 1 giving r = 0.75(to 2 decimal places). Thus,

0.25 0.25
@= [ 0.75 0.75 ] '

We can interpret this matrix as follows:

(Today)

wet dry

0.32 0.22 | wet . . '
[ 0.68 0.78 } dry (day in the distant future)

This implies the following weather forecast for Tel Aviv in November.
Long-range forecast for Tel Aviv in November:

0.25 probility wet
0.75 probability dry

4.5.4 Weather in Belfast

Example 4.9:
A matrix model for weather in Belfast, Northern Ireland, is given by
William J. Stuart in Introduction to Numerical Solution of Markov Chains
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(Princeton University Press, 1994, 6). Three weather conditions are consid-
ered rainy (R), cloudy (C), and sunny (S).
The matrix describes daily changes.

(A given day)

R C S

0.8 0.15 0.05 R .
P=1]07 02 0.1 C (following day)

0.5 03 0.2 S

Thus, for example, if today is cloudy, the probability that tomorrow is
sunny is 0.3. The eigenvectors corresponding to the eigenvalue 1 are found to

be of the form
1

r| 1
1

Using r = % leads to the stochastic matrix that describes the long-term
forecast,

(today)
R C S
IR
3 3 3| R
1 1 1 . . '
Q=| = = = | C (dayinthedistant future)
3 3 3
LLL|s
L3 3 3 -

There is the same probability for any future day in Belfast to be rainy,
cloudy, or sunny.

Exercises

1. Determine the eigenvalues and the corresponding eigenspaces for the
following matrices:

31 1 3
@[ty |of] Jels

3.2 4 100 0 i i
@20 2[@|210[|®O]|i 0 i

4 2 3 320 i i 0
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32 1 0
01 0 1
® 102 -1 0
00 0 1%

Diagonalize the matrices of (b), (c), and (g) in problem 1.

. Find the characteristic polynomial of the matrix

1 0 0 O
-1 7 0 . . o .
9 1 i o |0 diagonalize the matrix, if possible.
-
i —iom -1

. If A is an eigenvalue of the matrix A, prove that

(a) A% is an eigenvalue of A2

(b) A™ is an eigenvalue of A™.

(c) a) is an eigenvalue of aA , where « is a scalar.

(d) g (\) is an eigenvalue of g (A), where g is a polynomial.

. If X is an eigenvector of A corresponding to the eigenvalue A, prove that

(a) X is an eigenvector of A™ corresponding to the eigenvalue A™.
(b) X is an eigenvector of g (A) corresponding to the eigenvalue g ()).

. Prove that A = 0 is an eigenvalue of the matrix A iff A is singular.

. If A is an eigenvalue of the matrix A, prove that

(a) A is also an eigenvalue of AT,
(b) % is an eigenvalue of A7l ifAds non-singular.

. If X is an eigenvector of A corresponding to the eigenvalue A, prove that

(a) X need not be an eigenvector of A corresponding to the eigenvalue
A

(b) X is an eigenvector of A~! (if A is non-singular) corresponding to

: 1
the eigenvalue 5.

. Prove that the eigenvalues of a triangular matrix are its diagonal

elements.
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Linear Transformation

This chapter discusses an integral part of this subject, i.e., linear trans-
formations, including the range and Kernel of transformation, one-to-one
and invertible transformation, coordinate representation, change of basis,
isomorphism, matrix of linear transformations, visualization of the matrix
representation, and relation between matrix representation. The significance
of vector spaces arises from the fact that we can pass from one vector space
to another by means of functions that possess a particular property called
linearity. These functions are called linear transformations.

This chapter aims to familiarize the students with the fundamental prop-
erties of linear transformations. A topic such as a Kernel, range, and rank
nullity theorem are presented here. Linear transformations, range and Kernel,
are used to give the reader a geometrical picture of the sets of solutions
to systems of linear operations, both homogenous and non-homogenous.
The rank nullity theorem and its consequences are presented in detail. The
theory developed so far is applied to operator equations and, in particular,
to differential equations. This application discloses that the solution space
of the nth-order homogenous linear ordinary differential equations is an
n-dimensional subspace of n-times continuously differentiable functions.

5.1 The Idea of a Linear Transformation

Definition 5.1:

Let V and W be vector spaces defined over the same field of scalar F.
Let v1 and vy be vectors in V and let k be a scalar.

A linear transformation (or linear mapping) from V to W is a function
T : V — W that is said to be linear. If

T(Ul—f-vg) = T(U1)+T(1)2).
T (kv) = kT (v).

Forall v1,v3 € Vand k € F.

115
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Shortly, the transformation T is necessary to act linearly on the sum and
scalar multiples of the vectorsin V. If T : V — V is a linear transformation,
then we shall say that T defines a linear identity operator on V.

The operation of addition and scalar multiplication preserves under a
linear transformation.

Example 5.1:

(1) Let V and W be two vector spaces defined over the same field F'.
Then the transformation that sends every vector V into the zero vector
in W is called a zero linear transformation. It is denoted by 0,, or 0.

(2) The transformation I,, : V — V terms as the linear identity operator on
V.

Example 5.2:
Prove that the transformation T : R? — R? defined by
T (x1,x2) = (221,21 + x2) is linear.

Example 5.3:

Let P,, (R) be the vector space of the real polynomial function deg <
n. Show that the following transformation T : Py — P; defined by
T (az? + bz + ¢) = (a + b) z + cis linear.

Theorem 5.1:

Let T : V — W be a linear transformation. Let 0, and O, be the zero
vectors of V and W. Then T (0,) = 0, i.e., a linear transformation T' maps
a zero vector into a zero vector.

Proof:
Let T : V — W be a linear transformation.
Letve V,we W,and T (v) = w.
Let O be the zero scalars.
Since 0.0, = and 0.v = 0, and T is linear, so we get

T(0y)=T(0.v) =0.T (v) =0.w = Oy.

5.2 The Range and Kernel of Transformation

Definition 5.2:
The vector sets in V that mapped into the zero vector in W under the
transformation T : V. — ‘W are called the Kernel of T, denoted by Ker (T).
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w

T —

Kernel
All vectors in V that are mapped into O.

T —

Range
All vectors in W that are images of vectors in V.
Figure 5.1 The Range and Kernel of Transformation.

Similarly, the vector sets in W that are the images of vectors in V are
called the range of T. The range of T is denoted by Range (T'), as shown
Figure 5.1

Theorem 5.2:
Let T : V — W be a linear transformation. Then

(1) The Ker (T) is a subspace of V.
(2) The Range (T) is a subspace of W.

Proof:

We know that the Ker (T) is non-empty since it contains the zero vector
inV.

To prove that the Kernel is a subspace of V, it remains to show that it is
closed under addition and scalar multiplications.



118 Linear Transformation

Closure under addition:
Let vy, v9 € Ker (T)
Thus, T (v1) = 0y and T (v2) = Oy
Now by using the linearity of T, we get

T(U1+’U2):T(U1)+T(v2):Ow+0w = Oy

This implies that the vector v; + vo maps into the zero vector Oy, in W.
Thus,
U1 + V2 EKeI“(T).

Let us now show that the Ker (T) is closed under scalar multiplication.

Let k£ € F be a scalar.

Again, using the linearity of T, we get

T (kvi) = kT (v1) = k.0y = 0y, which implies that the vector kv; maps
into the zero vector 0,, in W.

Thus, kv, € Ker (T).

Since the Ker (T) is closed under addition and scalar multiplication
operations, Ker (') is a subspace of V.

The previous theorem tells us the range is non-empty since it contains the
zero vector of V.

To prove that the range is a subspace of V, it remains to show that it is
closed under addition and scalar multiplications.

Let w; and wy be elements of Range (T').

Thus, there exist vectors v and vy in the domain V such that

T(vl) = W1 and T(Vz) = W2

Using the linearity of 7,
T(Ul + ?)2) = T(Ul) + T(Ug) = w1 + wa.

The vector wy + wo is the image of v1 + vs.
Thus, wy + wo is in the range.
Let k be a scalar. By the linearity of 7',

T(kvl) = kT (1)1) = kwl.

The vector kw; is the image of kv;. Thus, kw; is in the range.
Since the range is closed under addition and scalar multiplication,
Range (T) is a subspace of W, as shown in Figure 5.2.
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Example 5.4:

Determine the Ker(T) and Range(T) of the linear operator
T (1'1, x2, 333) = (l'l, x2, O)
Solution:

Here, T : R® — R3. So the Ker (T) and Range (T) will both be
subspaces of R3.

Kernel of T
Since the Ker (T') is the subset that maps into the zero vector (0,0, 0) of
R3, we see that

T (21,22, 23) = (x1,22,0) = (0,0,0).

Ifx1 =0 and xo =0 ,then Ker (T) is the set of all vectors of the form
(O, 0, .%'3) .

Geometrically, Ker (T) is the set of all vectors that lie on the z axis, as
shown in Figure 5.2.

X3

(x1, %, 3)

X2

v

(XllXZI 0)

X1

Projection: f (z1,z2,z3) = (21, 22,0)
Figure 5.2 Range of T and Kernel of 7'
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Range:

The Range (T) is the set of all vectors of the form (x1,x2,0). Thus,
Range (T) = {(z1,22,0)}.

It implies Range (T) is the set of all vectors that lie in the xy-plane.

5.3 One-to-One Transformation and Inverse
Transformation

An element in the range of a transformation may be the image of a single
component or multiple elements in the domain.

Definition 5.3:
A linear transformation T' : V. — W is said to be one to one if each
element in the range W is the image of just one component of the domain V.
The transformation 7 is said to be one to one if T (v1) = T (vy) implies
v1 = w9, as shown in Figure 5.3.

y v ¢ . /

T is not one to one

Figure 5.3 One to one transformation.
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Example 5.5:
A linear transformation T : V — W defined by

(1) T (x) = 2x is one to one.
(2) T (x) = 22 is not one to one.

Theorem 5.3:
A linear transformation 7 : V. — W is said to be one fo one if and only
if the Ker (T) is a zero vector.

Proof:
Let us consider that the linear transformation T : V. — W is one to one.

Claim:

The Ker (T) consists of all the vectors in V that map into zero vector of
W.

Since the linear transformation T : V. — W is one to one, the Ker (T)
must consist of a single vector.

Still, we identify that the zero vector must be in the Ker (T).

Thus, the Ker (T) is the zero vector.

Conversely, let us suppose that the Ker (T) is the zero vector.

Let v; and vy be vectors in V such that

T (Ul) =T (2}2) .
Using the linear property of T, we get

T(’Ul) — T(UQ) = Ow
= T(’Ul — UQ) = 0yp.

Thus, v; — vy is in the Ker (T).
But the Ker (T) is a zero vector. Therefore,

v — v = Oy

= U1 = V2.

Thus, the linear transformation 7 : V — W is one to one.

Theorem 5.4:
Let T : V — W be a linear transformation. Then

dim (ker (T)) + dim (range (T)) = dim domain (7).
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Proof:
Let us assume that the Kernel consists of more than the zero vector and

that it is not the whole of V.

Let v1,ve, .. ., Uy, be a basis for ker (T).

Add vectors vy 41, Um+2, - - - , Un to this set to give a basis vy, va, ..., v,
for V.

We shall show that T (v, +1), T (vm+2) s - .., T (v,) form a basis for the
range.

Thus, the theorem is proved.
Letv € V be a vectorin V.
Then the vector v can be expressed as a linear combination of the basis

vectors vy, va, . . ., U, as follows:

V= a1v1 + ag02 + - -+ + AU + Om4+1Vm+1 + G 2Vm42 + -+ - + AQpUn.

Thus,
T (1}) =T (G/l’l)l + agvo + - -+ + AmUm + Am+1Vm+1
+amy2Vm42 + - + anvn) .
The linearity of T gives

T (v) = a1T (v1) + a2T (v2) + - - - + amT (vm)
+am T (Uerl) + apmp2T (Um+2) + - +a,T (Un) ’

Since vy, v, ..., v, are in the Kernel, this reduces to
T (v) = am1T (Vmt1) + ami2T (Vmy2) + -+ + anT (vn) )

which implies that T' (v) represents an arbitrary vector in the range of 7.
Thus, the vectors T (vyy+1) , T (Vm+2) s - - ., T (vy,) span the range of T.
It remains to prove that these vectors T (vy41) T (Vm+2) ..., T (vp)
are also linearly independent.
Consider the identity:

bm+1T (Um—i-l) + bm+2T (vm+2) + -+ bnT (Un> = O’UJ7

where b s are scalars. (i = m + 1,m +2,....,n).
The linearity of T implies that

T (bm+1Vm+1 + bnt2Vmt2 + -+ - + bpvn) = Oy
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This means that the vectors b,,+1Vm+1 + bm+2Vm42 + - - - + byvy, are in
the Kernel. Thus, it can be expressed as a linear combination of the basis of
the Kernel.

Let

bm+1Vm+1 + bmt+2Uma2 + - -+ + bpvp, = c1v1 + coua + - - - + U

=bm+1,bm+2, - . ., by are all zero.

=T (Vm+1), T (Vm+2) ..., T (vy,) are linearly dependent.

= The set of vectors T (vy+1), T (Um+2) , ..., T (v,) is a basis for the
range.

Hence proved.
Theorem 5.5:

The linear transformation T : R™ — R™ defined by T (X) = AX is one
to one if and only if the matrix A is non-singular.

Proof:
Let us consider the linear transformation 7' : R — R" to be one to one.
Thus, Ker (T) = 0.
Hence, the rank nullity theorem implies dim (Range T) = n.
It implies that the n columns of the matrix A are linearly independent.
Thus, the Rank is n, and hence the matrix A is non-singular, i.e., |A| # 0.

Conversely:

Assume that the matrix A is non-singular, i.e., |A| # 0.

This implies that the Rank of A is n.

Since the Rank of A is n, it implies that the n column vectors of the matrix
A are linearly independent.

Thus, dim (Range T) = n.

Hence, the rank nullity theorem implies that Ker(T) = 0.

This implies that the linear transformation T': R™ — R" is one to one.

Remark:
A linear transformation T' : R™ — R™ defined by T (X) = AX with
|A| # 0 is said to be a non-singular transformation.

Example 5.6:
Determine whether the linear transformations T4 and T'p defined by the
following matrices are one to one or not.

1 -2 5 7
1HA=(0 1 9 8
0 0 1 3
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-1
2
5

2) B =

o w N
TN

Solution:
Since the rows of the matrix A are linearly independent.
It implies that Rank (4) = 3.
=dim (Range (T4)) = 3.
Now the domain of T4 is R*.
So, it implies that dim domain (T4) = 4.
Thus, by the rank nullity theorem, dim (ker (T4)) = 1.
And since dim (ker (T4)) # 0,
it implies that the Kernel is not the zero vector.
Thus, the mapping is not one to one.
Since |B| = —9 # 0,
= the matrix B is non-singular;
= the transformation T'g is one to one.

Theorem 5.6:
Let T : V — W be a one-to-one linear transforma-
tion. If the set {wy,va,...,v,} is linearly independent in V, then

{T (v1),T (v2),...,T (vy)} is linearly independent in W, that is, one-to-
one linear transformation preserves linear independence.

Proof:
Let us consider the identity

a1T (v1) + aoT (v2) + -+ - + ap, T (vy,) = Oy

having scalars a1, as, ..., a, € F.
Since the transformation 7' : V. — W is linear, it may be written as

T (ajv1 + aguz + - - - + apvy) = Oy

Since the transformation T is one to one, the Kernel is the zero vector,
1.e., 0. Therefore,

a1v1 + aovs + -+ + apvy = Oy.

But the set {v1,vo, ..., vy} is linearly independent.
Thus,a; =0,a2 =0,...,a, =0.
=The set {T (v1),T (v2),...,T (v,)} is linearly independent.
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5.4 Invertible Linear Transformation

Definition 5.4:

Let T : R™ — R™ be a linear transformation. Then the linear transfor-
mation 7' is said to be invertible, if there is a linear transformation S : R —
R"™, such that S (T (v)) = v and T (S (v)) = v for every vector v in R".

Remark:
If such a transformation S' exists, then it is unique and linear.

Theorem 5.7:
Let T : R™ — R" be a linear transformation. Then the transformation 1’
is invertible if and only if it is non-singular.

Proof:

Assume that T is invertible, So, by definition, there is a transformation S
such that T (S (u)) = u for every vector u in R".

Let S (u) = v imply that there is a vector v such that T (v) = u for every
vector v in R"™.

= The range of T is thus R".

=Ker(T) is the zero vector.

= The transformation T is one to one.

= The transformation 7 is non-singular.

Conversely:
Assume that the transformation T is non-singular.
Let the standard matrix of T be A.
Since T is non-singular, A is invertible.
Thus, A™" (Au) = uand A (A~ 'u) = u, for every vector u in R".
Let S be the linear transformation with the standard matrix A=,
Then S (T (u)) =wand T (S (u)) = u.
= The transformation S is invertible of T.
= The transformation T is invertible.

Properties of invertible linear transformation:
Let T : X — AX be a linear transformation defined by T (u) = Au. Then
the following statements are equivalent.

(1) The transformation T is invertible.

(2) The transformation T is non-singular (|A| # 0).

(3) The transformation T is one to one.

(4) The Kernel of the transformation 7 is the zero vector.
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(5) The range of the transformation T is R".
(6) The inverse transformation T ~1is linear.
(7) The matrix defines the inverse transformation 7~ is A ™!,

Example 5.7:

Let us consider the linear transformation T' : R?> — R? defined by

T (z,y) = (3z + 4y, 5z + Ty) .

(1) Prove that the linear transformation T is invertible and find the inverse

of the linear transformation 7.
(2) Find the pre-image of the vector (z,y) where (z,y) = (1, 2).

Solution:

(1) Let the linear transformation T be defined by
T x | 3r+4y
Yy | b+ Ty |
We find the images of the vectors on the standard basis
1 3 0 4
(o)== () =[]

These are the columns of the standard matrix A of T
We find that A is invertible, proving that T has an inverse.

3]sy
A1 s the standard matrix of T~!, and we get
(V)= S-S
Y -5 3 Y -5z + 3y
Writing in row form for convenience

T (z,y) = (Tx — 4y, —5z + 3y) .

(2) The pre-image of (1,2)will be T~* (1,2),i.e., T-1(1,2) = (—1,1), as

shown in Figure 5.4.
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Figure 5.4 Image and Preimage of transformation.

5.5 Transformation and Systems of Linear Equations

Linear transformations and the concepts of Kernel and the range of a linear
transformation play an essential role in analyzing linear equations.
We find that they enable us to visualize the set of solutions.

T(X)=4X

Set of all solutions to AX = Y. If Y is not in the range (all vectors mapped into Y, then
there is no solution.

Figure 5.5 Transformation of Systems of Linear Equations.
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A system of m-linear equations in n-variables can be written in the matrix
form AX =Y, where A is an m x n matrix, which is the matrix of coefficient
of the system, as shown in Figure 5.5.

The set of solutions is the set of all X’s that satisfy this equation.

We now have an exquisite way of looking at this solution set.

LetT : R — R™ be the linear transformation defined by the matrix A.

The system of the equation can now be written as T' (X) = AX =Y.

It implies that the set of solutions is thus the set of vectors in R" that are
mapped by T into the vector Y. If Y is not in the range of T, then the system
has no solution.

Homogenous system:

Theorem 5.8:
The set of solutions to a homogenous system AX = 0, of n-linear
equations in n-variables is a subspace of R".

Proof:

Let T : R — R" be a linear transformation defined by T' (X) = AX.

The set of solution vectors X is the set of vectors in 2" mapped by the
linear transformation T into the zero vector Oy,.

The set of solutions X is the Kernel of the transformation 7" and thus forms
a subspace.

Example 5.8:
Solve the following homogenous system of linear equations.

x4+ 229 + 323 =0
—x9+x3=0
1+ a9 +4x3=0

Interpret the set of solutions X as a subspace. Then, sketch the subspace
of solutions.

Solution:
Using the Gauss elimination method, we get
1 2 30] [1 2 3 0]
0 -1 1 0|~]|0 —-110
1 1 40 0 -1 10
1 2 3 0] [10 5 0]
~|0 1 -1 0|~=|[01 -120
0 -1 1 0 00 0 O
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Thus,

331+5:U3:0
$2—£L’3:0

= x1 = —5x3 ,To = I3.
On assigning the value r to 3, an arbitrary solution is thus
T =—br,xo=71,r3 ="

The solutions of the system are vectors of the form (=57 ,7,7).

These vectors (=57, 7, 7) form a one-dimensional subspace of R? having
abasis (—5,1,1).

This subspace is the Kernel of the transformation 7" defined by the matrix
of coefficient A of the system, as shown in Figure 5.6.

1 2 3
0 -1 1
1 1 4
a
X3 Set of solutions
(-5,1,1)
o "

X1
Figure 5.6 Subspace of solutions.

Non-homogenous system:
We now find that the set of solutions to a non-homogenous system of
linear equations does not form a subspace.
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LetAX = Y,(Y # 0) be a non-homogenous system of linear equations.
Let X; and X5 be solutions.
Thus,

AX1 =Y andAX2 =Y.
= AX; +AXy =2Y
=A (Xl +X2) =2Y.

Therefore, X1 + X2 does not satisfy AX =Y.
= It is not a solution.

The set of solutions is not closed under addition.
= It is not a subspace.

Remarks:

The set of solutions to a non-homogenous system is not itself a subspace.
The collection can be obtained by sliding a specific subspace.

Theorem 5.9:

Let us consider a non-homogenous system AX = Y of m-linear equa-
tions in n-variables. Suppose there is a particular solution X; of the non-
homogenous system. Every other solution of AX = Y is expressed in the
form X = z + X, where z is an element of the Kernel of the transformation

T and the solution are unique if the Kernel T consists of the zero vector
only.

Proof:
Let X; be a solution to the non-homogenous system AX =Y.
Then AX; =Y and let X be an arbitrary solution of AX =Y.
On equating both the systems AX; and AX, we get

AX; = AX
= AX —AX; =0y
:>A(X—X1):0w ’
= T (X —X;) =0,

Thus, X — X; € Ker (T) and call it z.

=X-X1=z
=X=z4X; ’

Note that this solution is unique if and only if the value of z is Oy, that is,
if the Ker (T) is the zero vector.
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Remark:

This result implies that the set of solutions to a non-homogenous system
of the linear equation AX = Y can be generated from the Kernel of the
transformation defined by the matrix of coefficient and a particular solution
X;. If we take any vector z in the Kernel and add X; to it, then we get a
solution.

Geometrically:
It means that the set of solutions is obtained by sliding the Kernel in the
direction and distance defined by the vector X1, as shown in Figure 5.7.

R

R
. /_= k. \\\\

S - -
T T(X)=4X ‘

——

-
-

Set of solutions to AX=Y.
Figure 5.7 Set of solutions to AX =Y.

Example 5.9:
Solve the following system of linear equations and sketch the set of

solutions:
x4+ 229 + 3x3 = 11
—To +x3 = —2
1+ 29 +4x3=9

Solution:
Using the Gauss-Jordan elimination method, we get
1 2 3 11 ] [1 2 3 11
0 -1 1 -2 |{~|0 -1 1 =2
1 1 4 9 0 -1 1 -2

%
O O =
—
I
[a—
[\]
X
(e
—
|
—
[\]
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=x1+dr3="7
x2—$3:2

:>{L‘1:—5.753+7
To =3+ 2

Hence, the solution set is (=57 + 7,7 + 2,r).

Here, we separate the part involving the parameter r from the constant
part. Thus, the part involving r will be in the Kernel of the transformation T
defined by T (X) = AX, while the continual part will be a particular solution
XitoAX =Y.

(=5r+7,7+2,7r)=7r(-5,1,1) + (7,2,0).

The Kernel of the mapping defined by the matrix of the coefficient is
indeed the vectors of the form r (—5, 1, 1). It can also be verified that (7,2, 0)
is indeed a particular solution to the given system. The set of solutions can be
represented geometrically by sliding the Kernel, namely the line defined by
the vector (—5, 1, 1), in the direction and distance determined by the vector
(7,2,0), as shown in Figure 5.8.

A

Kernel

Set of solutions
(Line parallel to kernel)

(7.2.0)

Figure 5.8 Set of solutions to system of linear equations.

Many systems:
Consider several linear systems of homogenous equations

AX =Y,
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AX =Y,
AX =Y;
AX =Y,

All systems are having the same matrix of coefficient A. Let T be the lin-
ear transformation defined by the matrix coefficient A and let X1, X2, X3, . ..
be particular solutions to these systems.

Then the sets of the solution to these systems are

Ker (T) + X1
Ker (T) + X»
Ker(T) + X3

These sets are parallel sets, each being the Ker (T) that is translated by
the amounts X1, X2, X3, . ..
Thus, for example, the solutions to the systems

T1 + 229 + 3x3 = a1
—T2 + 23 = az
T1 + 29 + 4x3 = as

will all be straight lines parallel to the line defined by the vector (—5,1,1).

5.6 Coordinate Representation

This section discusses the relationship between coordinate system and bases.
We have found that a linear transformation can be represented by a matrix
relative to a standard basis. We shall see that there is a matrix representation
relative to every basis. It will be interesting to find diagonal representation,
if possible, and determine the basis (or coordinate system) for which this
applies.

Eigenvalues and eigenvectors play an essential role in these discussions.
These techniques will enable us to find the most suitable coordinate system
for discussing physical situations such as vibrating string.

5.6.1 Coordinate vectors

We have discussed various types of vector spaces, the vector spaces R", the
space of matrices, and the space of functions.
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This section shall find how we can use vectors in R™ called coordinate
vectors to describe vectors in any real finite-dimensional vector spaces.

This discussion concludes that all finite-dimensional vector spaces are in
some mathematical sense the same as R".

Definition 5.5:
Let V be a vector space with a basis B = {u,us,...,uy}, and let u be
a vectorin V.
We know that there exist scalars a1, as, ..., a, such that
U = a1ul + agu2 + - + Apln.
ay
az . .
The column vector Vg = . is called the coordinate vector of V
(79
relative to this basis. The scalars a1, a9, ..., a, are called the coordinates of

V relative to the basis.

Remark:
Here we shall use a column vector form for coordinate vectors rather than
row vectors.

Example 5.10:
Find the coordinate vectors of u = (4, 5) relative to the following bases
B and B, of R?.

(1) The standard basis B = {(1,0),(0,1)}.

Solution:
By observation, we see that

(4,5) = 4(1,0) +5(0,1).

4
5
The given representation of U is, in fact, relative to the standard basis.
Let us now find the coordinate vector of V relative to B,., which is not the
standard basis.
Let (4,5) = a1 (2,1) + a2 (—1,1).

Thus, Vg =
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Thus,

(4,5) = (2a1,a1) + (—az, az)
= (2&1 —az,al + ag)

Comparing components leads to the following system of equations:

2a1—a2:4

a1 +ax =95
This system has a unique solution a; = 3 ,ay = 2.
3
Thus, VBT = 2
These coordinate vectors have geometrical interpretation, as shown in
Figure 5.9.

Denote the basis vectors as follows:
up = (1,0) ,u2 = (1,0) and

W= (2,1) = (~1,1).

We can write
u = 4uy + 5us and u = 3u) + 2u}

Geometrical representation:

4uy

u = 4ui + dus
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\ 4

w = 3u) + 2ub

Figure 5.9 Coordinate vectors relative to Basis.

In general, a linear equation system has to be solved to find a coordinate
vector relative to another basis. However, coordinate vectors can efficiently
compute relative to an orthonormal basis.

Example 5.11:
If B = {uj,us,...,u,} is an orthonormal basis for a vector space V,
then an arbitrary vector v in V can be expressed as

v = (v.uy) ug + (v.ug) ug + -+ - + (v.uy) Up.
Thus, the coordinate vector is

V.Ul
V.U

Vg

Example 5.12:
Find the coordinate vector of (2, —5, 10) relative to the orthonormal basis,

p- {00 (0.22) (0.4 2)).
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Solution:
We get
(2,-5,10).(1,0,0) =2
3 4
2,—-5,10).{0,=,= | =5
2.-5.10)-(0.3.3)
4 3
2,-5,10).({0,=-,—= ) = —10.
( bl ) ) ( 757 5)
2
Thus, Vg =| 5
—-10
Note:

There are occasions when bases other than orthonormal bases better fit
the situation. It becomes necessary to know how coordinate vectors relative
to different bases are related.

This is the topic of our subsequent discussion.

5.7 Change of Basis

Let B = {uy,ug,...,u,} and B, = {u),u), ..., ul,} be bases for a vector
space V. A vector u in 'V will have coordinate vectors Vg and Vp_ relative
to these bases. We now discuss the relationship between Vg and Vp, .

Let the coordinate vectors of wi,uo,...,u, relative to the basis B, =
{uy, uh, .. up ) be (ur)g , (u2)g s (Un)p, -

The matrix P having these vectors as columns plays a central role in our
discussion. It is called the transition matrix from the basis B to the basis B,..

Transition matrix:

P = {(ul)BT > (u2>BT DR (UN>BT} :

Theorem 5.10:

Let B = {uj,ug,...,u,} and B, = {u),ub,...,u),} be bases for a
vector space V. If u is a vector in V having coordinate vectors Vg and Vg,
relative to these bases, then Vg, = PVp. Here P is the transition matrix from
BtoB,, thatis, P = {(u1)p ,(u2)g ;... (un)p }-

Proof:
Since {u),uf,...,ul,} is the basis for V, each of the vectors
uy, u2, ..., U, of V canbe expressed as a linear combination of these vectors.
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Let
Uy = cnu’l + Cglué +--+ Cn1u;1

Uy = Clgull + CQQ’U/Q +--+ CnQu;1

If u = ayju; 4+ agug + - - - + anuy,, then we get

U = aiu] + aug + - - + apun
= ay (enuy + caruy + - -+ + caruy,) + ag (crau’ + caouh + -+ cpouy,)
+oFan (Clnull + C2nu,2 +ee Cnnu;L)
= (a1011 + ascig+ -+ ancln) ull + ((11621 “+ ags¢co0 + -+ + anCQn) u’2
+ -+ (a1cn1 + azcn2 + - + ancan) Uﬁl

The coordinate vector of V relative to B, can therefore be written as

aicil + a2cCi2 + - -+ + anCin
aica1 + a2c22 + - -+ + anCop
Ve, = | .
aicCpl + agcp2 + - - + anCpp
C11,C12, .-+, Cln ai
C21,C22,...,Con as
Cnl,Cn2y---,Cnn an
= [(ul)BT ) (UQ)BT ) (un)Br] Ve
Example 5.13:

Consider the bases B = {(1,2),(3,—1)} and B, = {(1,0),(0,1)}of

R?.If w is a vector in B such that Vg = i } , then find Vp,..

Solution:
We express the vectors of B in terms of the vector of B, to get the

transition matrix, i.e.,

(1,2) = 1(
(3,-1) = 3(

The coordinate vectors of (1,2) and (3, —1) are [ ; ] and { ?il ]
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The transition matrix P is thus
1 3
P= { 2 -1 ] ’

(Observe that the columns of P are the vectors of the basis B.)

()

Let B and B, be bases for a vector space. We now see that the transition
matrices from B to B, and B, to B are related.

Theorem 5.11:

Let B and B, be bases for a vector space V and let P be the transition
matrix from the bases B to B,., then the transition matrix P is invertible and
the transition matrix from B, to B is P~ '.

Proof:

Let w be a vector in V having column coordinate vectors and relative to
the bases B and B,..

Given P is a transition matrix from B to B,., and let Q be the transition
matrix from B, to B. Then we know that

VB,. = PVB and VB = QVBr

We can combine these equations in two ways.
On substituting Vg from the second equation into the first, and similarly
substituting for Vg _ from the first into the second, we get

Since these results hold for all values of Vp and Vg, we have that
PO=0P=1
=Q=P"L

The following example introduces a beneficial technique for finding the
transition matrix from one basis to another if neither basis is the standard
basis.
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Example 5.14:
Consider the bases B = {(1,2),(3,—1)} and B, = {(3,1),(5,2)} of
R2. Then, find the transition matrix from B to B,., if V is a vector such that

Vg = [ ? ] and find Vp, .

Solution:
Let us use the standard basis S = {(1,0), (0, 1)} as an intermediate basis.
The transition matrix P from B to .S and the transition matrix P, from B,

to .S are
1 3 3 5
P:[2 —1]’“:[1 2}'

The transition matrix from S to B, will be (P,.)".

The transition matrix from B to B, is (P,)” " P.
Thus, the transition matrix from B to B, is

35171 37 [2 =5][1 3] [-8 11
1 2 2 -1 | -1 3 2 -1 | 5 -6
-8 11 2 -5
o= [ S[0]-[5]
Remark from the last theorem of isomorphism:
Every real finite-dimensional vector space V is isomorphic to R™ for

some value of n. Thus, every real finite-dimensional vector space is identical
from the algebraic viewpoint to R".

Example 5.15:
Prove that the linear map T : V3 — V3 defined by T (e1) = e1 — ea,
T (e2) = 2e3 + ez, and T (e3) = e + es + es is neither one-one nor onto.
Since [61, €9, 63] = V3,

R(T) =T (e1),T (e2),T (e3)]
= [61 —e9,2e2 +e3,e1 + ex + 63] .
= [e] — e2,2ey + e3]

Because e + e + e3 is a linear combination of e; — e and 2e5 + e3, now
we see that e; — ez and 2es + e3 are LI. So, dim R (T') = 2. Therefore, R (T)
is a proper subset of V3. Hence, T is not onto.

To prove that T is not one-one, we check N (T').N (T) consists of those
vectors (z1, x2,x3) in V3 for which

T(ZL‘1,$2,£U3) =0
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or T (x1e1 + zoe2 + x3e3) =0
or IL‘1T(€1) + xoT (62) + x3T (63) =0.
Because T is linear,
(z1 + 23, —21 + 222 + 23,2 + 23) = (0,0,0),
i.e., x1+x3=0,20+23=0and —x; + 229+ 23 =0.
Solving these, we get x1 = xo2 = —x3. Therefore,

N (T) = {(z1, 21, —x1) : 21 isanarbitrary scalar} = [(1,1,-1)].

Hence, the linear map is not one-one.

Example 5.16:
Let T : V; — V3 be a linear map defined by
T(e;) = (1,1,1) ,T(e2) = (1,—-1,1),T(e3) = (1,0,0), T (eq) =
(1,0,1), and then verify that
r(T)+n(T)=dimU (= Vy) =4.

We know that R (T) = [(1,1,1),(1,-1,1),(1,0,0),(1,0,1)].
(1,1,1),(1,-1,1),(1,0,0) and (1,0 ) are LD, because a set of four
vectors of V3(dim V3 = 3) is always LD. We find that

1 1
5(1,1,1)—1—5(1,—1,1)—1-0(1,0,0).

(1,0,1) =
Hence, we can discard the vector (1,0, 1), so that
R(T)=1(1,1,1),(1,—-1,1),(1,0,0)].
To check whether (1,1,1),(1,—1,1), and (1, 0,0) are LI, we suppose
ay (1,1,1) + as (1,—1,1) + a3 (1,0,0) = 0 = (0,0,0)

or (a1 + ag + az, a1 — ag, a1 + az) = (0,0,0).
Solving this, we get «; = 0 = ay = a3. Hence, (1,1,1),(1,—1,1), and
(1,0,0) are LI and
dimR(T)=r(T) =3.

Now to find N (T), we suppose that T (u) = 0 = (0,0,0). If
u = (21, 72,73, T4) = T1€1 + Taea + Tze3 + T4e4.

Then T (x1, 2, x3,24) = T (z1€1 + 22 + x363 + 24€4) = (0,0,0).
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Or (z1+ 22+ 23+ 24,21 — 22,21 + 22 + 24) = (0,0,0).

Solving this, we get 11 = 22 = —% 23 = 0. So N (T) contains
the vectors of the form (z1,x1,0,—2x;), i.e., N (T) = [(1,1,0,—2)]. So
n(T) =dim N (T) = 1. Hence, r (T) +n (T) = 3+ 1 = 4 and the theorem
is verified.

The inverse of a linear transformation:

Example 5.17:

Prove that the linear map T : V3 — V3 defined by

T(e1) =e1+eg, T(ea) =ea+e3,T (e3) = e1+ea+e3 is non-singular,
and find its inverse.

First, let us find the value of T at a general element u = (x1, x2, x3):

T(aﬁl,wg,xg) = T(xlel + x9e9 + 1'363)
= (a?1 + 23,T1 + X9 + X3,T2 +x3) )

If T (x1,x2,x3) = 0, then
r1+23=0,21 +29 +23=0,29 + 23 = 0.

Solving these, we get x1 = 0 = z2 = z3.

So N (T) = {0,,} and hence T is one to one. It follows that T is also
onto. Hence, T is non-singular and T~ ! exists.

Now we shall give two methods to find the inverse 7!, which are also
linear, one-one, and onto map from V3 to V3.

Method-1:
We have T (e1) = e1 + ea, T (e2) = ea +e3, T (e3) = e1 + ea + es.
Therefore,

er =T "(ex+ex) =T " (1) + T (e2)
e2 =T "(e2+e3) =T " (e2) + T (e3)
e3 = T*l (61 + es 63) = Tﬁ1 (61) + Til (62) + Til (63)

Because T~ ! is linear, one-one, and onto, solving these three equations
for T=1 (e1),T 1 (e2),T ! (e3), we get

T (e1) =e3—ex=(0,-1,1)
T! (62) =e1+ e —e3 = (1, 1, —1)
T_l (63) =€3— €1 = (_1>O> 1)
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Now we extend T~ ! linearly and obtain

T! (w1, 2, 23) = T (x1€1 + x262 + x3€3)
= ZL‘1T71 (61) + :L‘2T71 (62) + l’gTil (63) .
= (x2 — w3, T2 — 71,71 — 2 + 23)

Method 2:
Let T~ (21,22, %3) = (Y1, Y2, y3). Then
T (y1,y2,y3) = (1,22, 23)

or T (y1e1 + y2e2 + y3e3) = (21, T2, 3)

or 1T (e1) + yoT (e2) + y3T (e3) = (21, x2,3)

or (y1+ys)er+ (y1+y2+y3)ea+ (y2 +y3) ez = (21,22, 23)
or (1 +y3, 91 +y2 +y3, 92 +y3) = (1, 22, 23).

This gives y1 + y3 = z1, Y1 + Y2 +y3 = x2 and Y2 + y3 = 3.
Solving these, we get y; = x2—x3, y2 = ro—x1 and y3 = 1 — T2+ 3.
So T ! (21,29, 3) = (22 — 3,02 — 1,71 — T2 + T3).

5.8 Isomorphism

Let T : U — V be a linear transformation. The linear transformation T is
one to one if each element in the range T corresponds to just one domain
component 7.

If every element of V is the image of a component of U, then the
transformation T is said to be onto.

Let T be a one-to-one linear transformation of U on to V; then T is called
an isomorphism. U and 'V are called isomorphic vector spaces.

Theorem 5.12:

Let V be a real vector space with basis {uj,u2,...,u,}. Let u be an
a1
. . . a2 . . .
arbitrary element of V with coordinate vector | . relative to this basis.
Qn

The following transformation T is an isomorphism of V on to R™ defined
by

T (u) =
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Proof:
First, to show that the transformation 7 is one to one.
Forit, if T (v1) = T (v2), then it implies that v; = va.

ai ai

a3 a
LetT (v1) = | . and T (ve) =

an an

Thus, vi = aju; + asus + - - - + apuy

and v9 = aquq + agug + - - - + Aply.

This implies that vy = vs.

Thus, the linear transformation 7T is one to one.

We now prove that the linear transformation T is onto by showing that
every element of R" is the image of some element V.

by
by
Let | . be an element of R".
bn
Then
by
by
T (byuy + baug + - - - + bpuy,) = :
bn
b1
bo
Thus, | . is the image of the vector byuy + boug + - - - + bpuy,.
bn

Therefore, the linear transformation T is onto.
Since the transformation T is linear, one-one, and onto, the linear
transformation implies that the transformation is isomorphism.

5.9 Transformations in Computer Graphics

Computer graphics is the field that analyzes the creation and manipulation
of pictures with the help of computers. The effect of computer graphics
is going through in many homes through video games; its applications in
industry, research, and business are vast and are ever-expanding. Architects
employ computer graphics to explore designs; molecular biologists display
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and manipulate pictures of molecules to gain insight into their structures.
Pilots are competent using graphics flight simulators, and transportation
engineers use computer-generated transforms in their planning work to refer
to a few applications.

The manipulation of pictures in computer graphics is carried out using a
sequence of transformations. Matrices define rotations, reflections, dilations,
and contractions. A sequence of such transformations can be carried out by
a single transformation described by the product of the matrices. Inappro-
priately, translation as it now stands uses matrix addition, and any sequence
of transformation involving translations cannot be combined in this manner
into a single matrix. However, if coordinates called homogenous coordinates
are used to describe points in a plane, translation can also be accomplished
through matrix multiplication. Any sequence of these transformations can be
described in terms of a single matrix. In homogenous coordinates, the third
component of 1 is added to each coordinate and rotation, reflection, dila-
tion/contraction, and translation R, F, D, and T are defined by the following
matrices.

x R F
x cosf —sinf 0 1 0 0
Y A= | sinf cosf 0 B=|0 -1 0
1 0 0 1 0 0 1
point rotation reflection
D T
r 0 0 1 0 h
C=|101r0 E=]10 1 k
0 01 001
dilation/contraction translation
(r>0)

Thus, a dilation D followed by a translation T and then a rotation R
would be defined by R°T°D (x) = AEC (z). A single matrix AEC' would
characterize the composite transformation R°7°D.

Some programming languages determine subroutines for rotation, trans-
lation, and dilation/contraction that can be used to move pictures on the
screen. The subroutines convert screen coordinates into homogenous coor-
dinates and use the matrices that define these transformations in homogenous
coordinates to carry out this movement.

We now demonstrate how the transformations are used to rotate a
geometrical figure about a point other than the origin.
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Example 5.18:

Determine the matrix that illustrates a rotation of points in a plane through
an angle 6 about a point P (h, k). Use this typical result to find the matrix
that describes a rotation of the points through an angle of 5 about the point
(5,4). Determine the image of the triangle having the following vertices
A(1,2),B(2,8), and C (3, 2) under this rotation (Figure 5.10).

Solution:

The rotation about P can be accomplished by a sequence of three of the
above transformations:

(1) A translation 7'y that takes P to the origin O.

(2) A rotation R about the origin through an angle 6.
(3) A translation T that takes back O to P.

y ‘f

oy

BI

Rotation about P
Figure 5.10 Rotation about P.

The matrices that determine these transformations are as follows:

T, R T,
1 0 —h cos) —sinf 0 1 0 A
01 -k sinf cosf O 0 1 k
00 1 0 0 1 0 0 1

The rotation Rp about P can be accomplished as follows:
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cos —sinf 0 1 0 —h T
sinf cosf O | x| 0 1 —k Y
0 0 1 0 0 1 1

cos —sinf —hcosh +ksinf+ h x
= | sinf cosf —hsinf —kcosf+k Yy
0 0 1 1
Leth=5k=4,and 0 = g, to get the specific matrix that describes the
rotation of the plane through an angle & about the point P (5, 4), as shown in
Figure 5.10.
For example, leth =5, k=4, and § = g The rotation matrix is

X

=T>°R°T, Yy

1
h
k
1

oo T R

1
=10
0

0 -1 9
M=]1 0 -1
0 0 1

To find the images of the vertices of the triangles, write these vertices in
columns form as homogenous coordinates and multiply by M. On performing
the matrix multiplications, we get

A Al C C
1 7 2 1 3 7
21 =10 8|1 — |1 2|1 = |2
1 1 1 { 1 ] 1 1
The triangle with vertices A (1,2),B (2,8),C (3,2) is transformed into
triangles with vertices A’ (7,0) ,B’ (1,1),C’ (7,2) (Flgure 5.10).

5.10 Fractal Pictures of Nature

Computer graphics systems positioned on traditional Euclidean geometry are
suitable for creating pictures of artificial objects such as machinery, building
and airplanes. Images of such objects can be formed using circles, lines, and
so on. However, these techniques are not suitable for constructing images of
natural objects such as trees, animals, and landscapes. In the words of math-
ematician Benoit B. Mandelbrot, “Clouds are not spheres, mountains are not
cones, Coastlines are not circles, and bark is not smooth nor does lightning
travelling in straight lines.” However, nature does get on its abnormality in
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an abruptly orderly fashion; it is full of shapes that repeat themselves on
different scales within the same object. In 1975, Mandelbrot introduced a
new geometry called fractal geometry that can be used to characterize natural
phenomena. A fractal is an appropriate label for irregular and fragmented
self-similar shapes. Fractal objects include structures nested within one
another. Each smaller structure is a miniature, though not necessarily identical
version of the larger form. The story behind the word fractal is appealing.
Mandelbrot came across the Latin adjective fractus from the verb frangere to
break in his son’s Latin book. The resonance of the foremost English cognates
fracture and fraction seemed appropriate, and he coined the word fractal!

We now discuss the methods developed by a research team at the Georgia
Institute of Technology to form images of natural objects using fractals. These
fractal images of nature are created using affine transformations. The figure
shows a fractal image of the fern being gradually generated. Let us see how
this is done.

Figure 5.11 A fractal image of the fern.

Consider the following four affine transformations T'y, ..., T4 and asso-
ciated probabilities py, . . ., p4 with these transformations
h ( Y ) - 003 822 ; + (1)5] 1 = 0.83
n([o)=[on w2 [3]+[ 0] oo
n((3])-[ 0w b5 ][]+ [0 ] m-on
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n([5])-[0 % ] [2] 0] m-om.

The following algorithm is used on a computer to produce the images of
the form.

1. Letz =0,y =0.

2. Use a random generator to select one of the affine transformations T';
according to the given probabilities.

. Let (/) =T (z,y).

. Plot (2/,y/).

- Let (a,y) = (', y).

. Repeat steps 2, 3, 4, and 5 twenty thousand times.

NN B W

As step 4 is executed, each of the twenty thousand times, the image of the
fern gradually appears.

Each affine transformation T; involves six parameters a, b, ¢, d, e, f
and a probability p; as follows:

n([G)=Le el L)L) o

The affine transformation corresponding probabilities that generate a
fractal are written as rows of a matrix called an iterated function system (IFS).
The IFS for the fern is as follows:

IFS for a fern
T a b c d e f P
1 0.86 0.03 —-0.03 08 0 1.5 0.83
2 02 -025 021 023 0 1.5 0.08
3 —0.15 0.27 0.25 0.26 0 0.45 0.08
4 0 0 0 017 0 0 0.01

The appropriate affine transformation that produces a given fractal object
is found by determining the transformation that maps the objects (called the
attractor) into various disjoint images, the union of which is the whole fractal.
A theorem called the collage theorem guarantees that the transformations
could be grouped into an IFS that produces that fractal.

Different probabilities do not generally lead to different images, but they
affect the rate at which the image is produced. Appropriate probabilities are

area of the image under transformation T}

bi= area of image of object
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These techniques are very valuable because they can be used to produce an
image to any desired degree of accuracy using a highly compressed dataset.
A fractal image containing infinitely many points whose organization is
too complicated to describe directly can be reproduced using mathematical
formulas.

Exercises

1. Let U and V be vector spaces over the same field of scalars and T be
a map from U to V. Then prove that T is linear iff T (qu; + ug) =
aT (u1) + T (ug) for all uy, ug € U and scalar o

2. Which of the following maps are linear?

(@) T: Vi — Vs defined by T () = (x, 2z, 3x).
(b) T: Vi — Vs defined by T (z) = (z,2?, z%).
(©) T: V5% — V39 defined by T (z,y) = (x + , y,0) ,a # 0.
(d) T:Vy — Vs defined by T (z,y) = (22 + 3y, 3z — 4y).
() T:V3 — Vadefinedby T (z,y, 2) = (:c + xy, xy, yz)
O T: V;),—>V2deﬁnedbyT(x y,z) = (x,y).
(@) T: V2% — 1,C defined by T (z,9) = (y, z).
(h) T : V3 — Vo definedby T (z,y,2) = (x +y + 2,0).
(i) T : P — P defined by T (P) = p? + p.
(G) T : P — Pdefined by T (p) (x) = xp (z) + p(1).
(k) T:C[0,1] — Va defined by T (f) = (£ (0), f (1)).
() T : P — P defined by T (p) (z) = 2 + 3z + Ta?p (x).
(m) T : P — P defined by T (p) () = p (0) + zp (0) + Lp” (0).
M) T:C™ (a,b) — C (a,b) defined by T (f) = aof +arf +---+
anf (), a;’s are fixed scalars.
() T : C?(a,b) — C(a,b) defined by T (f) = (322 +4) f" +
(7Tx +3) f'+ 3z +5) f.
(p) T : P — Pdefinedby T (p) = p(0).
(@ T:P — Pdefinedby T (p) =p'.

3. Determine whether there exists a linear map in the following cases and
where it does exist give the general formula.

(@ T:Va— Vasuchthat T (1,2) = (3,0) and T'(2,1) = (1, 2).
(b) T:Vy — Vosuchthat T(2,1) = (2,1) and T (1,2) = (4,2).
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(¢) T : Vo — Vasuch that T(0,1) = (3,4), T(3,1) = (2,2) and

T(3,2)=(5,7).

(d) T : V3 — V3 such that T(0,1,2) = (3,1,2) and T (1,1,1) =
(2,2,2).

(e T:P3 — Pysuchthat T(1+2)=1+2z,T(2+z) =z + 322
andT(a:Q) =0.

(f) T:Py — Pysuchthat T (1 +2) =1,T (z) =3and T (2?) = 4.
(g) T: VL — VF suchthat T (i,i) = (1 +1i,1).

. Determine a non-zero linear transformation T : Vo — V5, which maps
all the vectors on the line x = y on to the origin.

. Determine a linear transformation, T' : V5 — V5, which maps all the
vectors on the line = + y = 0 on to themselves (T # I).

. Let T : V5¢ — V5C be defined by T (a1 + if1, a0 4+ i32) = (a1, aa),
and then prove or disprove that T is linear.

. Prove that a linear transformation on a one-dimensional vector space is
nothing but multiplication by a fixed scalar.

Range and Kernel:
. Determine the range of the following linear transformations. Also, find
the rank of T, where it exists.
(@) T :Vy — V5 defined by T(l‘l,l‘Q) = (.’El + I‘Q,ﬂfl).
(b) T : Vo — Vs defined by T (x1, x2) = (x1, 1 + T2, T2).
(c) T : Vs — Vs defined by T (z1, 22, x3)
= (%331 + xo + 3,21 — %962,303)-
(d) T: V3 — Vzdefined by T (x1, x2, x3) = (x1, x3, T2).
(e) T:Vy — Vsdefined by T (21, x2, 3, 24)
= (xl — X4,T2 + T3,X3 — 1‘4).
(f) T : V3 — Vj defined by T (x1, x2, x3)
= (xl, Tr1 -+ X2,T1 + X9 + X3, :Ug).
(g) T:Vy — Vjdefined by T (21, x2, x3,24)
= (3%1 + 2x9, 21 — X3, %3?1 — x4,a:2).
(h) T:P — Pdefinedby T (p) (z) = xp (x).
(i) T : P — P defined by T (p) (z) = zp’ (z).
() T : P — Pdefined by T (p) (x) = p" (x) — 2p (x).
(k) T:C(0,1) = C(0,1) defined by T (f) (z) = f () sin .
() T:CcW(0,1) = C(0,1) defined by T (f) (z) = f' () €®.
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9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Determine the Kernel of the linear transformations of problem 1(a) —(i).
Also, find the nullity of T, where it exists.

LetT : V — W be a linear map and U be a subspace of V. Define
TWU) = {fweW:w=T(u) for some u € U}. Then prove that
T (U) is a subspace of W.

Let T : V — W be a linear map and W; be a subspace of W. Then
prove that the set {v € V : T (v) € W } is a subspace of V.

Let o171, 219, .., Q1p, @21, .. ., QOpyy - - s Qply -+« 5 Olppy be any pn fixed
scalars. Let T : V;, — V), be a linear map defined by T (e;) =
(0, 24, ..., 0pi) , 4 =1,2,...,n. Then prove that

T is not one-one if p < n.

T is onto

whenp =nand (aii,...,0p1), (@12,...,0p2), ..., (Q1p, ..., Qpp) are
LL

Find a linear transformation T : V3 — V3 such that the set of all vectors
(21, x9, x3) satisfying the equation 421 — 3z9 + x3 = 0 is the Kernel of
T.

Find a linear transformation T : V3 — V3 such that the set of all vectors
(21,2, x3) satisfying the equation 421 — 3x2 + x3 = 0 is the range of
T.

Pick out the maps in problem 1 that are

(a) one-one (b) onto (c) one-one and onto.

Let U be a vector space of dimension n and 7 : U — V be linear and
onto map. Then prove that T is one-one iff dim V' = n.

IfT:U — V is alinear map, where U is finite-dimensional, prove that
(@n(T) <dimU (b) r (T) < min (dim U, dim V)

Let Z be a subspace of a finite-dimensional vector space U and V a
finite-dimensional vector space. Then prove that Z will be the Kernel of
alinearmapT : U — ViffdimZ > dimU — dim V.

Let R, .S, and T be three linear maps from V3 to V3 defined by the values
in the given table. Determine which of them are non-singular and in each
such case find the inverse.

Value at e1 €9 es

Linear map

R e1 + eo e1 —eg+e3 | 3e; +4eg

S €1 — €3 €2 €1+ eg — 763
T e1 —eo+e3 | 3er — des 3e1 — 2eg




20.

21.

22.

23.

24.

25.

26.
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Show each of the following maps is non-singular and find its inverse:
(@) T : Vo — Vy defined by T (x1,x2) = (121, agx2) where o and
a9 are both non-zero.
(b) T : V3 — V3 defined by T (1, z2, x3)
= (.’El +Z9 +x3, T3 + I‘Q,l’g).
(¢) T : Py — Py defined by T (cg + a1z + agz?) = (ag + o) +
(a1 4 2a9) = + (o + a1 + 3az) 22
Let U be the subset {p € P : p(0) = 0} of P.
Then prove that the derivative D is a non-singular linear map from U to
P and the integral (I (p) (x)) = [3 p (z) dx is its inverse.
LetT : U — V be a non-singular linear transformation. Then prove that
(r)'=r
The spaceL (U, V):
Let the linear maps T : Vo — Vo and S : Vo — V5 be defined by

T(l’l,l‘g) = (.’El +x2,0)
S(:El,l‘z) = (2$1,3$1 + 4%2)

Determine the linear maps (a) 25 + 3T and (b) 35 — 7T.
Let the linear maps T': V3 — V and S : V3 — V3 be defined by

T(xl,xg,acg) = (2{51 — 3[52,4%1 + 6%2,1‘3)

S(e1) =ez —e3,5(e2) =e1, S(e3) =e1 +ea+es.

Determine the linear maps

(a) S+ T (b) 3S — 2T (c) S and find their values at (1, x2, 3).
Prove that the set of all linear maps from Vs to V5, which maps the
vectors on the line 4y = 0 onto the origin, is a subspace of L (V3, V2).
Let U be a subspace of a vector space V. Then prove that the set of all
linear transformations from V' to V' that vanish on U is a subspace of
LV, V).
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6

Inner Product Spaces

This chapter discusses the generalization process of the algebraic properties
to R", i.e., extending the concepts of dot products of two vectors to the norm,
the angle between vectors, and the distance between points in general vector
spaces.

This study will enable us to discuss the magnitude of orthogonal functions
and approximate functions by polynomials, a technique used to implement
functions on calculations and computers.

It will no longer be restricted to Euclidean geometry and create geome-
tries on Rn, such as introducing the geometry of special relativity and
discussing the implication of this theory for space travel by looking at a
voyage to the star Alpha Centauri.

6.1 Inner Product Spaces

The primary objective of this section is to generalize the scalar product R"
to a general vector space with a mathematical symbol, i.e., an inner product.
Later on, it can define the norm, angle, and distance for a general vector space.
An inner product space can be defined on a vector space V' with the definition
of the inner product.

The following example illustrates another inner product on R?.

Definition 6.1:

An inner product defined on a real vector space V is a function that
associates a number denoted by (u, v) each pair of vectors of V.

It satisfies the following conditions for vectors u, v, and w, for any scalar
k,ie.,

155
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Symmetry axiom: (u,v) = (v, u)
Addition axiom: (u + v, w) = (u,w) + (v, w)
Homogeneity axiom: (ku,v) = k (u,v)
Positive-definite axiom: (u,u) > 0 and (u, u) = 0 if and only if v = 0.
Example 6.1:

Let u = (z1,22) , v = (y1,y2), and w = (21, 22) be arbitrary vectors in
R2. Prove that (u,v) defined by (u,v) = x1y; + 422y is an inner product
on R2. Determine the inner product of the vectors (—2,5) and (3, 1).

Solution:
Upon using the axioms of inner product space, we can check the inner
product of the vectors on R2. Let us consider the following hypotheses:

Axiom 1:
(u,v) = z1y1 + 4a2y2 = Y121 + 4yo2 = (v, u)

Axiom 2:

(u+v,w) = ((z1,22) + (y1,92) , (21, 22))
= ((z1+y1, 22+ y2) , (21, 22))
= (z14+y1) 21 +4(z2 +y2) 22
= 2121 + Y121 + 4222 + 4y220
= x121 +4x220 + Y121 + 4Y222
= ((#1,22) , (21, 22) ) + ((y1,42) , (21, 22))

= (u,v) + (v, w).
Axiom 3:
<cu, U> = <C ($17 132) ) (yla ?/2)>
= ((cz1,cm2) , (Y1,92))
= cx1y1 + 4cxayo
= c(r1y1 + 4x2y2) = ¢ (u,v) .
Axiom 4:

<u7 u> = <($1¢$2) ) (:Cla x2)>
=21 + 432> > 0

Further, 212 + 4252 = 0 if and only if 1 = 0 and 25 = 0.
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That is u = Oy.. Thus, (u,u) > 0 and (u,u) = 0 if and only if u = 0.

Hence, the four inner product axioms are satisfied, so (u,v) = z1y; +
4x9y- forms an inner product on R2.

The inner product of the vectors (—2,5) and (3, 1) is

—~

(_27 5) ) (37 1)>
=(-2x3)+4(5x1)
4

Now we illustrate the inner products on the real vector spaces of matrices
and functions.

Example 6.2:
Consider the vector space Mo of 2 X 2 matrices.
Let u and v be defined as follows by the arbitrary matrices defined as

follows
| a by _ | a2 b2
= C1 d1 » U= C2 dg )

Prove that the following function forms an inner product on Mso, where
the inner product is defined by (u,v) = ajas+b1ba+cica+dids. Determine

. . 2 =3 5 2
the inner product of the matrices { 0 1 ] and [ 9 0 ]

Solution:
We shall verify hypotheses 1 and 3 of an inner product, leaving axioms 2
and 4 for the readers to check.

Axiom 1:
<u, U) = ajas + biby + c1co + dids
= aoaq + babi + cocy + dody
= <U7 u)
Axiom 2:

Let k be a scalar. Then

(ku,v) = kajag + kbibs + kcico + kdyds
=k (a1a2 + b1by + c1e9 + d1d2) =k <U,U>

Next, the computation of the inner product on the matrices gives
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Example 6.3:

Consider the vector space P, (R) of polynomials of deg < n.

Let f1 and f5 be elements of P,,. Prove that the following function defines
an inner product on P,, i.e., (f1, f2) = fo fi(x) fo (x) dx.

Determine the inner product of the polynomlals f1 (r) = 22 +2x—1and
f2 (J?) =4z 4+ 1.

Solution:
Here, hypotheses 1 and 2 of an inner product have been verified, leaving
hypotheses 3 and 4 for the readers to check.

Axiom 1:
1
(o= [ 1@ p@)ds
/f2 ) fi(x
= (fa, f1) -
Axiom 2:

1
i+ for fo) = /0 @) + o (2)] fs (2) da

1 1
:/ fi () f3 () da:+/ f2 (%) f3 (x) dw
0 0

= (f1,f3) + (f2, f3) -

Next, the inner product of the function
fi(x) =22 +2z —1and fp (z) = 4z + 1 gives

1
<x2+2:1:—1,4x+1>:/ (l‘2+2l‘—1) (4dz +1) dx
0

1
:/ (4x3+9x272x71) dr = 2.
0
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6.1.1 Norm of a vector

The norm of a vector v = (z1, 2, ...,Ty,) in R™ can be expressed in terms
of the dot product as follows:

(z1, @2, ..., @) = Va2 + 222 4 - - + 3,2
= \/($17$27- . 'awn) (3/171127'-- 7yn)

To obtain the norm of a vector in a general inner product space, these
definitions can be generalized using the inner product in place of the dot
product. It has sufficient applications in numerical work, although it does
not necessarily have geometric interpretations.

Definition 6.2:
Let V be an inner product space. The norm of a vector u is defined by
||lu|]| = +/(u, u) where the norm is denoted by ||u||.

Example 6.4:
Consider the vector space P,, (R) of polynomials with an inner product is

defined by (f1, f2) = fy f1 (x) f2 (z) da,
where the norm of the function f (z) is defined by

171 = VT 1) = / [f (2)]2 d.

Find the norm of the functionf (z) = 522 + 1.

Solution:
Upon using the definition of norm, we get

|52* + 1| = \//01 522 + 1]* dz
= \//1 (252% + 1022 + 1) dx
0
S
5
\f

o 28
Thus, the norm of f (z)is /%
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6.2 Angle Between Two Vectors

Generally, the angle between vectors can be found using the dot product of
vectors in R, but here we generalize this to define an angle for a real vector
space, using the inner product in place of the dot product.

The angle € between vectors u and v in R" is defined by

Cosh = =Y
[l o]
Definition 6.3:
Let V be a real inner product space. The angle 6 between two non-zero
vectors u; and us in 'V can be defined by Cosf) = IIS?HWQH )

Example 6.5:
Consider the inner product space P, (R) of polynomials with an inner

product defined by (f, f2) = fol f1(x) fo () dzr and the angle between

f1 and f5 is defined by Cosf = H% 1‘“@”, where f; and fy are non-zero

functions. Then determine the angle between the functions f; (x) = 522 and
f2 () = 3.

Solution:
We get

1
<f1, f2> = /0 (51’2) (3%) dx

= /01 (15:63) dr = ?
fll = [|527
_ /1 522 da.
0
=5
12l = (13|

= /01 32)? d.

|
>
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These give

Cosf =

&

D (0= 14.48%).

25

6.3 Orthogonal Vectors

Let V be an inner product space in 2. Then the two non-zero vectors u; and
ug in an inner product space V are said to be orthogonal if (uj, u2) = 0.

Example 6.6:
Show that the functions f; () = 3z —2 and f, () = x are orthogonal in
the space of polynomials P, (R) with an inner product defined by (f1, f2) =

I3 fi (@) fo (2) do .

Solution:
The inner product gives

1
(3x —2,x) _/0 (3x —2) (z) dx
= [x?’ —zQ}é =0.

Hence, the functions f; and f5 are orthogonal in this inner product space.

6.4 Distance

The next task is to extend the Euclidean concept of distance from a gen-
eral vector space to an inner product space with the help of a norm. It is
also helpful in numerical mathematics to discuss the distance between two
functions.

Definition 6.4:
Let V be an inner product space defined with the vector norm defined by

[ull = v/ {u, u).
The distance between two vectors (points) u; and wus is denoted by
d (u1,us2) and is defined by

d(ul,u2) = ||u1 — U2|| (: \/<U1 —Uug,uU1 — U2>) .
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Example 6.7:
Consider the inner product P, (x) of polynomials. Determine which of
the functions f () = 22—3z+5 or f3 (v) = 2% +4isclosest to f1 (z) = x2.

Solution:
We compute the distances between f; and f, and between f; and f3 using
the definition as

[d (f1, f2)° = (f1 — fo. f1 — fo)
= (3x — 5,3z — 5)

1
:/ (3z — 5)*dx =13
0

[d (f1, £3))° = (f1 — f3, f1 — f3)
= (—4,-4)

= /1 (—4)*dx = 16
0

Thus, d (fl, fg) = \/ﬁ and d (fl, fg) =4.

The distance between f; and f3 is 4, and as we might suspect, f5 is closer
than f5 to fi.

In practice, relative distances between functions are often more significant
than absolute distances.

Example 6.8:
Consider f) (t) = 3t — 5 and f> (t) = ¢ in the polynomial space P (¢)
with an inner product defined by (f1, fo) = fo f1(t) f2 (¢)dt.

Then find (a) (f1, f2) and (b) find || f1|| and Hf2||

6.5 Cauchy-Schwarz Inequality

Theorem 6.1 (Cauchy-Schwarz Inequality):
Let u; and uy be any two vectors defined on an inner product space V
ie., (u1,u2)? < (u,ug) (ur, ug) or |(ur, ug)| < [lua | |uzl.
The following examples examine the application of inequality for differ-
ent cases.

Example 6.9:
Consider any real number ai,a9,as,..., by,bs,b3,.... Then by the
Cauchy—Schwarz inequality, we can write
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(a1by + agby + -+ + anbn)2
< (a12+a22—|—‘--+an2) (b12+b22+‘--+bn2) :
That is, (u1, ug)? < ||Juy||* ||uz||?, where uy = (a;) , ug = (b;).

Let f; and f2 be continuous functions defined on the unit interval [0, 1].
Then by the Cauchy—Schwarz inequality, we find

[ risirs] < [ e [ 1o

That is, ({f1, f2))* < [lfi]I* || fall*.

Next, we will discuss the basic properties of the norm where for the proof
of the third property, it requires the Cauchy—Schwarz inequality.

Theorem 6.2:

Let V be an inner product space. Then the norm in an inner product space
V satisfies the following properties:

[N1] ||u|]| > 0 and ||u|| = 0 if and only if u = 0.

[No] [[kull = [&[ [lull

[N3] [Jur + uzl| < [lugl + [Juz| -

The third property [IV3] is called the triangle inequality because if we
view u1 + w9 as the side of the triangle formed with sides u; and uo, then
this triangle inequality states that the length of one side of a triangle cannot
be greater than the sum of the lengths of the other two sides.

Example 6.10:
Consider vectors u; = (2,3,5) and ug = (1, —4, 3) in R3.
Then (up,u) =2 — 12+ 15 = 5

|ui]] = VA4 9+ 25 = /38
ug|| = VI +16+ 9 = v/26.
5

Then the angle 6 between u; and us is given by Cosf) = NNtk

Note that § is an acute angle, since C'osf is positive.
Let f1 () = 3z — 5 and f» (z) = 22 in the polynomial space P (R)
with an inner product

(fi, f2) = fo f1(z) fo () da.
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It gives (f1, f2) = —13, [Lill = V13, || f2]| = 5V5.
Then the angel 6 between f1 and f5 is given by

11
Cost = 12 = %5

(V13) (3v5)  12V/13V5

Note that the angle 6 is obtuse, since C'osf is negative.

6.6 Orthogonal Complements

Let V be an inner product space and S C V. Then the orthogonal comple-
ment of S, denoted by S, consists of those vectors in V that are orthogonal
to every vector u € S, i.e.,

L={veV:(u) =0 forevery ueS}.
In particular, for a given vector v in V, we have
L={veV:{wu)y=0}.

That is, u™ consists of all vectors in V that are orthogonal to the given
vector u.

6.6.1 Subspace

We show that S is a subspace of an inner product space V.

Clearly, 0 € S™, since 0 is orthogonal to every vector in V.

Now suppose w1, us € S+. Then, for any scalars a and b and any vector
u € S, we have

(auy + bug,u) = a{uy,u) + b (uz,u)
=a0+00=0

Thus, auy + buy € S+ and therefore S+ is a subspace of V.

Proposition 6.1:
Let S be a subset of inner product space V. Then S* is a subspace of V.

Example 6.11:
Find a basis for the subspace u™ of R3, where u = (1,3, —4).
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Solution:

Note that u' consists of all vectors v = (21, x2, 23) such that (u,v) = 0
orx1 + 3xo — 4x3 = 0.

The free variables are xo and x3.

Set z9 = 1, x3 = 0 to obtain the solution v; = (—3,1,0).

Set 29 = 0, x3 = 1 to obtain the solution vy, = (4,0, 1).

Thus, the vectors vy, vy form a basis for the solution space of the equation

and form a basis for uL.

Remark:
Suppose U is a subspace of V. Then both U and U are subspaces of V.

Theorem 6.3:
Let U be a subspace of V. Then V is the direct sum of U and U, that
is, V=U@pU"L.

Definition 6.5:

A basis that forms an orthogonal set is said to be an orthogonal basis.
Similarly, a basis that includes an orthonormal set is said to be an orthonormal
basis.

Note:
The standard bases of R™ are orthonormal.

Standard bases:
The following standard bases

R?:{(1,0) (0,1)}
R3:{(1,0,0) (0,1,0) (0,0,1)}
R":{(1,0,0,...0)(0,1,0,...0) ......(0,0,...1)}

form an orthonormal base.

6.7 Orthogonal Sets and Bases

Consider a set S = {uy,us,...,u, : u; # 0} defined on an inner product
space V. Then the set S is said to be orthogonal if each pair of vectors (u;, u;)
in S are orthogonal, and the set S is said to be orthonormal if S'is orthogonal
and each vector in S has a unit length, i.e.,

Orthogonal: (u;,u;) = 0 for i # j.

Orthonormal: (u;, u;) = { (1) ff(())l;zi;ijj '
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Theorem 6.4 (Pythagoras):
Suppose {u1, ug, ..., u,} is an orthogonal set vector. Then
lur +wz + -+ | = [ |® + ual® + - + Jur .

Example 6.12:

Let E = {e1,e9,e3} = {(1,0,0),(0,1,0),(0,0,1)} be the usual basis
of Euclidean space R3.

Since(el, €2> = <€2, €3> = <€1, 63) = 0 and <€1, 61) = <€2, €2> =
<€3, €3> =1.

So it implies that E forms an orthonormal basis of R3, which is the usual
basis of R™ for every n.

Example 6.13:
Let V = C[—m, 7| be the vector space of continuous functions defined
on the interval —7 < x < 7 with inner product defined by

(f1, f2) = _W f1(z) f2 (x) de.

Then {1, cos z, cos 2z, cos 3z, . . ., sinz, sin 2z, . . .} is an example of an
orthogonal set in the vector space V, and it has essential applications in the
Fourier series expansion.

Theorem 6.5:

Let us consider V to be an inner product space. Let {u1,ug,...,uy}
be an orthonormal basis for V and v € V be a vector in V. Then the vector
v € V can be written as a linear combination of these basis vectors as follows,
ie.,v=(v.up)us + (v.aug) ug + - - - + (v.uy) Up.

Proof:

Since {u1,ug,...,u,} is a basis, then there exist scalars ki, ka, ..., &k,
such that v = kjuy + koug + - - - + kpun.

We shall show that k1 = v.uy, ko = v.us, ..., ky = v.uy,.

Let u; be the ith base vector. On taking the dot product on each side of
this equation with u; and using the properties of the dot products, we get

V.U = (klul + koug + ...+ knun) U
= kiuy.u; + kouo.uy + ...+ kpupn.uy

The vectors uy, us, . . . , u, are mutually orthogonal,
ie., uj.u; = 0 unless j = 1.



6.8 Projection of One Vector onto Another Vector 167

Thus, v.u; = k;u;.u;.

Furthermore, since the basis is orthonormal u;.u; = 1, therefore v.u; =
k;.

Thus, letting: = 1,2, ..., n, we get

ki =vau, ke = v, ... ky = v.au,.

Hence, we can write v = (v.u1) u1 + (voug) ug + - -+ + (v.up ) U,

Example 6.14:

Show that the following vectors u; = (1,0,0), up = (0,2,2), ug =
(0, g, —%) form an orthonormal basis for R3.

Express the vector v = (7, —5, 10) as a linear combination of these
vectors ug = (1,0,0), up = (0,2,2), uz=(0,3,-32).
Solution:

We get

vy = (7,-5,10).(1,0,0) = 7

3 4
v.ug = (7,—5,10) <0, 3 5> 5

4 3
s = (7,-5,10). (0,2, -2 ) = —1
v.ug = (7,—5,10) <0, 3 5) 0

34 4 3
~5,10) = 7. (1 {0,2,2)-10(0,2,-2).
= (7,-5,10) = 7.(1,0,0) + 5 (0,5,5) 0(0,5, 5)

6.8 Projection of One Vector onto Another Vector

Let V and U be vectors in R™ with angles o between them.

The vector O A indicates the vector v> momentum in the direction of U,
as shown in Figure 6.1(c)(a),(b) and (c).

We call the projection of v onto u. Let us find an expression for O A; we

see that
A =0BCosa = ||v]| Cosa

= vl (HUH’ Tl ) =Vl

The unit vector ﬁ defines the direction of the vector O A.

Thus, OA = (UL) = Ll

full ) llull ™ wu
This expression for projection also holds if & > 90°.
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v

|
|
|
|
L
0] A

Figure 6.1(a) Projection of One Vector onto Another Vector for o« = 90°.

IS
Q
c

Projection of v onto v OA = L%y,

u.u

Figure 6.1(b) Projection of One Vector onto Another Vector for o > 90°.

In this case, the projection is opposite to u, and the sign of ;" is negative.

Proj,v

v

u
o Proj,v="4u

uu

Figure 6.1(c) Projection of One Vector onto Another Vector for v < 90°.
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Definition 6.6:
The projection of a vector v onto a non-zero vector v in R" is denoted by
Proj,v and is defined by Proj,,v = %u

Example 6.15:
Determine the projection of the vector v = (6,7) onto the vector u =
(1,4).

Solution:
For these vectors, we get

v = (6,7).(1,4) =6+ 28 = 34

wa = (1,4).(1,4) =1+ 16 = 17.

Thus, Proj,v = 2%y = 31 (1,4) = (2,8).

The projection of v onto u is (2, 8).

Suppose the vector v = (6, 7) represents a force acting on a body located
at the origin (0, 0). Then Proj,,v = (2, 8) is the component of the force in
the direction of the vector u = (1,4).

Physically, the projection vector (2,8) is the effect of the force in that
direction. We now discuss a method for constructing an orthonormal basis
from a given basis. The technique uses vector projection.

Theorem 6.6:
Let {uy,uz,us,...,u,} be an orthogonal basis of an inner product space
V. Then for any v € V, it can be expressed as

_low) o o) o)
(ur,ur) " (ug,uz) (U, U )

n-.

Remark:
The scalar k; = % is called the Fourier c-efficient of v with respect

to u; as it is analogous to a coefficient in the Fourier series of a function.

Theorem 6.7:
Let us consider the vectors ui, ug,us, ..., u, form an orthogonal set of
non-zero vectors in an inner product space V. Let v € V be any vector in V.
Define v/ = v — (kyuy + koug + ksus + - - - + kyu,),

where ki = %,kz = <$}2:;M52>>7"'7kr = %

Then v’ is orthogonal to uy, us, . . . , U,
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Note:
Each k; in the above theorem is the component (Fourier coefficient) of v
along the given u;.

Remark 1:

The projection of a vector v € V along a subspace U of V is defined as
v=Ua U™

Hence, v may be expressed uniquely in the form v = u+u/, where v € U
and v/ € U+,

Remark 2:
We define v to be the projection of v along U and denote it by
Proj (v, U). If U = span (u1,us,...,u,), where u,s form an orthogonal

set, then Proj (v, U) = kjuj + koug +. . . + kyu,, where k; is the component
of v along w;.

Example 6.16:
Show that the set {(1,0,0), (0,2,2), (0,2, —2)} is orthonormal.

Solution:
First, to show that each pair of vectors in this set is orthogonal.

3 4
1,0,0).1{0,=-,=-] =0
<,,><75,5)

4 3
1,0,0).({0,=,—= ] =0
<,,>(,5, 5)

3 4 4 3
(235)-(05-2) -

This implies that the vectors
4 4
{(17 0,0), (07 g, 5) (O, £ —%)} are orthogongl.
Next, to show that each vector in the set is a unit vector.
Now,

1(1,0,0)] = /12 + 0% 4 02 = 1
028)] - () () -
[0 -2 - o ()" (-2) -
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Thus, the vectors are unit and orthogonal.
Hence, the set {(1,0,0),(0,2,2),(0,2,—2)} thus forms an orthonor-
mal set.

Theorem 6.8:
Let us consider an inner product space V. An orthogonal set of non-zero
vectors in V is linearly independent.

Proof:

Let {v1,v2, ..., vy} be an orthogonal set of non-zero vectors in an inner
product space V.

Let us examine the identity kyvy + kava + - - - + kv, = 0.

We shall show that k; = 0,ko = 0,..., k&, = 0 implies the vectors are
linearly independent.

Let v; be the vector of the orthogonal set.

Let us take the dot product of each side of this equation and use the dot
products’ properties. We get

(/{71’01 + kovg + -+ - + k:mvm) 2 = 0y.v;

= (klvl.vi + kovo.v; + -+ - + kmvm.vi) = 0,.

Since the vectors vy, v2, . . . , vy, are mutually orthogonal,

e, v;.v; = O unless j = 1.

Thus, k;v;.v; = 0.

Now since v; is a non-zero vector, v;.v; 7 0.

Thus, k; = 0.

Letting i = 1,2,...,m,we get k; = 0, ko = 0,...,k,, = 0, which
proves that the vectors are linearly independent.

6.9 Orthogonal Matrix Theorem

Theorem 6.9:
Let us consider an n X n square matrix A. Then the following statements
are equivalent:

(1) The matrix A is orthogonal.
(2) The column vectors of the matrix A forms an orthonormal set.
(3) The row vectors of the matrix A forms an orthonormal set.

Proof:
Assume that the matrix A is orthogonal.
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Thus, A=t = AT implies ATA =Tand AAT = T.

Let P = AT A. Then P;; is the dot product of row vector 4 of AT and
column vector j of A.

Since row i of A’ is column 4 of A, this means that P;; is the product of
column vectors 4 and j of A.

Since P is the identity matrix

Pi=1,ifi=j
Py=0,if i #j °

it implies that the column vectors of the matrix A thus form an orthonormal
set.

Similarly, if we start with P = AAT, we can show that the row vectors
of the matrix A form an orthonormal set. By using these arguments in the
reverse direction, it can be shown that the converse is true.

Orthonormality of rows or columns implies that A is orthogonal.

6.10 Properties of the Orthogonal Matrix

Theorem 6.10:
If A is an orthogonal matrix, then |A| = +1 and A~! is an orthonormal
matrix.

Proof:
Since A~1 = AT, we have AAT =T.
By the properties of determinants,

|AAT| =1
= |A].]AT| =1
= JA].]A] =1
= AP =1

Thus, |A| = £1.

The row vectors of A form an orthonormal set and also the columns of
AT form an orthonormal set.

Since A=! = AT, this means that the columns of A~! form an
orthonormal set.

The previous theorem now implies that A~! is an orthogonal set.
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6.11 The Gram-Schmidt Orthogonalization Process

Theorem 6.11:

Let V be an inner product space. Let {vy, v2,...,v,} be a basis for the
inner product space V. Then the set of vectors {uj,us, ..., u,} defined as
follows are orthogonal, as shown in Figure 6.2.

To obtain an orthonormal basis for V' normalizing each of the vectors
UL, U2y« v oy Up.

Ul = U1
ug = v — Proj, v
uz = vz — Proj, v3 — Proj,,v3

Up, = vy — Proj,, vy — Pr0j,), 00 — - -+ — Proj, _ vp

v—Proj v

Proj, v

Y
v

u
o (v="Proj,v) L u

Figure 6.2 Gram-Schmidt Orthogonalization Process.

Example 6.17:

Show that the set of vectors {(1,2,0,3) ,(4,0,5,8) ,(8,1,5,6)} are
linearly independent and form a basis for a three-dimensional subspace V
of R*. Hence, construct an orthonormal basis for V.

Solution:

Let v; = (1,2,0,3) ,v2 = (4,0,5,8) ,v3 = (8,1,5,6).

We now use the Gram—Schmidt process to construct an orthogonal set
{u1,ug,us} from these vectors.

Let u; = v1 = (1,2,0,3).
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Let
U = V2 — Projulvg
I (v2, w1)
(u1,u1)
(4,0,5,8)(1,2,0,3)
4,0,5,8 1,2,0,3
= ) - (1 2,0,3)(1,2,0,3)<’ ,0,3)
= (4,0,5,8) —2(1,2,0,3)
— (27 _4)5) )
Let
ug = vz — PI‘Oju1U3 — Proju2v3 = V3 — (1)371“) uy — (U?” U2) us
(w1, u1) (u2, ug)
8,1,5,6)(1,2,0,3
:(8,1,5,6)—( :1,5,6)(1,2,0, )(1,2,0,3)

(1,2,0,3)(1,2,0,3)
(8’ 1a 57 6) (23 *4a 55 2)

— 2,—4,5,2

(2,-4,5,2) (2, —4,5,2)( »=45,2)

=(8,1,5,6) —2(1,2,0,3) — 1(2,—4,5,2)

= (4,1,0,—2)

Thus, the set {(1,2,0,3),(2,—4,5,2),(4,1,0,—2)} is an orthogonal
basis for V.

Let us now compute the norm of each vector and then normalize the
vectors to get an orthonormal basis. We get

1(1,2,0,3)]] = V12 + 22 + 02 + 32 = V14

1(2,—4,5,2 H—\/22 ) +52422 =7

(41,0, ~2)] /42 + 12 1 02 4+ (~2)° = VAL

Upon using these values, we can normalize the vectors to arrive at the
following orthonormal basis for V:

() G7i8) (mme )}
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6.12 Projection of a Vector onto a Subspace

We have defined the projection of a vector onto another vector. We now
extend this concept to the projection of a vector onto a subspace. The
projection of a vector onto a subspace tells us “how much” of the vector
lies in the subspace.

Let OA be the projection of a vector v onto a vector u in R"™. See
Figure 6.3(a).

\ 4

Proj,v =04 =(v.u)u

Figure 6.3(a) Orthogonal subspace.

Let W be the one-dimensional subspace of R™ consisting of all vectors
that lie on the line defined by u. Note that the projection of v onto any vector u
that lies in this subspace is O A. Thus, we can determine the vector projection
of v onto the subspace W, written proj,,v, to be OA. The simplest expression
for OA is obtained by taking u to be a unit vector. We then get

proj,v = OA = (v.u)u (u is a unit vector).

Definition 6.7:

If W is a subspace of dimension, we extend this projection concept by
expressing the projection of v onto W as a linear combination of the vectors
of an orthonormal basis of W as follows.

Let W be a subspace of R"™. Let {uj,us,...,uy,} be an orthonormal
basis for W. If v is a vector in R", the projection of v onto W is denoted by
proj,,v and is defined by proj,,v = (v.u1) ui + (v.uz) ug+- - -+ (V.Up,) U,

See Figure 6.3(b)
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Figure 6.3(b) Orthogonal subspace.

We say that a vector v is orthogonal to subspace W if v is orthogonal to
every vector in W. The following theorem tells us that if we have a vector v
in R" and if W is a subspace of R", then we can decompose v into a vector
that lies in the subspace W and a vector that is orthogonal to W.

Theorem 6.12:

Let W C R™ be a subspace of R". Every vector v € R" can be written
uniquely in the form v = w + w', where w € W and w™ is orthogonal to
W. Then the vector w and w are w = Proj,,v and w = v — Proj,v.

See Figure 6.3(c)

Figure 6.3(c) Orthogonal subspace.

Proof:
Observe that w + w,; = proj,,v + (v—proj,v) = v.



6.12 Projection of a Vector onto a Subspace 177

Further proj,,v is in W. Let us now show that (v—proj,,v) is orthogonal
to W. Let {u1, ug,...,uy} be an orthonormal basis for W. We first show
that (v—proj,,v) is orthogonal to each of these base vectors of W. We will

then be able to show that (v—proj,,v) is orthogonal to an arbitrary vector in
W. We get

;. (V—proj,v) = u;. (v — (vaug)ug — (Vo) ug — -+ — (V) Up,)
= u;. v — Uy (Voug) ug — ug. (Vaug) ug — -0 — Ug (V) U,
= u;.v — (voug) (ugug) — (voug) (ugug) — - — (Vatlyy) (Uit

w;.v — (v.u;) (u;.u;) ,since u;.u; = 0 unless ¢ = j
= u;.V — V.U;,since u;.u; = 1

=0

Thus, (v—proj,,v) is orthogonal to each of the base vectors of W.
Let w' = ciuq + coug + - - - + ¢puyy, be an arbitrary vector in W. We get

w'. (V—proj,v) = (crui + caus + - + i) . (V—Proj,,v)
= c1uy. (V—Proj,v) + - -+ + CmUp. (V—pProj,,v)

=0

Thus, (v—proj,,v) is orthogonal to W.
The proof of uniqueness is omitted.

Example 6.18:

Let us consider a vector v = (3,2,6) € R3. Let W C R3 be the
subspace of R3 consisting of all vectors of the form (a,b,b), i.e., W =
{(a,b,b) : a,b € RR}. Decompose the vector v € R? into the sum of a
vector that lies in W and a vector orthogonal to W.

Solution:
Let us consider an orthonormal basis for W.
With the choice of arbitrary vectors of W, the vector (a,b,b) can be
written as
(a,b,b) =a(1,0,0)+b(0,1,1).

It implies that the set {(1,0,0),(0,1,1)} spans W and is linearly
independent.

Thus, it forms a basis for W, and hence the vectors are orthogonal.

Now normalize each vector (1,0,0) and (0,1,1) to get an orthonormal

basis {u1, ua} for W, where u; = (1,0,0) ,ug = <0, %, %)
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We get
w = Proj,,v = (vauy) up + (v.ug) us

=((3,2,6),(1,0,0)) (1,0,0) + ((3,276) (0,
=(3,0,0) + (0,4,4)

) 0-)

= (3,4,4)
and
wh =v— Proj,,v
=(3,2,6) — (3,4,4)
= (07 _27 2)

Thus, the desired decomposition of v can be expressed as
(3,2,6) = (3,4,4) + (0,-2,2).

Thus, it shows that the vector (3,4, 4) lies in W, and the vector (0, —2, 2)
is orthogonal to W.

6.13 Distance of a Point from a Subspace

Here we discuss the distance of a point from a subspace in R".

Let X = (z1,29,...,xy,) be the point in R", W be a subspace of R",
andY = (y1,Y2,.-.,Yn) be a point in W.

It is natural to define the distance of X from W, denoted to be d (X, W),
i.e., the minimum of the distance from X to the points of W and it can be
expressed as d (X, W) = min {d (x, y)}, for all points y in W.

Now we will find d (X, W) in terms of its projection.

Next, let us write X — Y = (X —Proj,X) + (Proj,X —Y), a
decomposition of the vector X — Y into the sum of a vector (X — Proj,,X)
that is orthogonal to W, and a vector (Proj,, X — Y) that lies in W.

Thus, the Pythagorean theorem gives

IX = Y|* = | X — Proj, X|* + ||Proj, X — Y.

Therefore, || X — Y| (which is equal to d (X,Y)) has a minimum value
|X — Proj,X]||; when Proj, X —Y = 0;ie., when Y = Proj,, X.
Hence, d (X, W) = || X — Proj,,X||, as shown in Figure 6.4.
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Figure 6.4 Distance of a Point from a Subspace.

Note:
A point from a subspace is the distance of the point from its projection in
the subspace.

Remark:
Proj,, X is the closest point to X in the subspace W.

Example 6.19:
Determine the distance of the point X = (4,1,—7) of R? from the
subspace W consisting of all vectors of the form (a, b, b).

Solution:
From the previous example, it is found that the set {uj,us} is an

orthonormal basis for W, where u; = (1,0,0) ,us = <0, \/Li’ \%)
Next, we compute Proj,, X.

Proij = (Xul) uy + (XUQ) u9
= ((4,1,-7).(1,0,0)) (1,0,0)

1 1 1 1
(. (055 (1)
= (4,0,0) + (0,-3,-3) = (4,-3,-3)

Thus,
[ X = Proj, X| = [I(4,1,-7) — (4,-3,-3)||
= ||(0747 _4)” = \/3_2

Hence, the distance from X to W is v/32.
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6.14 QR-Factorization

Theorem 6.13:

Let us consider a real m x n matrix A with rank n. Then the matrix A can
be written as a product, i.e., A = QR, where () is a real orthogonal matrix
and R is a real n x n upper triangular matrix having positive entries on its
principal diagonal.

Proof:

Let V denote the column space of the matrix A, forming a subspace of
the Euclidean inner product space R™. Since the matrix A has a rank n, it
implies that the n column vectors, i.e., X1, Xo,..., X, of the matrix A are
linearly independent and form a basis of the column space V.

Hence, the Gram—Schmidt process can be applied to these basis vectors
X1,Xo, ..., X, to produce an orthonormal basis of V say Y1,Yo,...,Y,.

Now upon using the Gram—Schmidt procedure, these vectors Y; have the

form
Y =buXy
Yo = b2 X1 + b22X5

6.1)

Yn = blnXl + b2nX2 +-+ bnan )
where b;; are real numbers with b; > 0, i.e., positive.
Upon solving eqn (6.1) for X1, X9, ..., X,, by back-substitution proce-
dure, we get a linear system of the same general form:

X1 =rnYy

T 62)
Xn=r1nY1+1r2, Yo+ -+ Ty Yy,
where 7;; are real numbers with ;; > 0, i.e., positive.
Thus, eqn (6.2) can be expressed in matrix form as
A= [X17X27"' 7XTL]
TiL T2 s Tip
0 7 -+ T2
=[Y1,Yo,...,Y,] ‘ .
0 0 - 7Ty
The columns of the m X n matrix, ie., @ = [Y1,Ys,...,Y,] form an

orthonormal basis since they constitute an orthonormal basis of R while
the matrix R = {r;;},  is an upper triangular matrix.
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Similarly, the most important case of this theorem is when the matrix
A is a non-singular square matrix, then the matrix ) is » X n matrix, and
equivalently it has the property

QTQ = Ip.
It just to say that Q7 = Q!
A square matrix A such that AT = A~Yis called an orthogonal matrix.

Remark:
Orthogonal matrices play an essential role in the study of the canonical
form of matrices.

Example 6.20:
Determine the factorization of the following matrix in the () R factorized
11 2
formA=|1 2 3
111

The method is to apply the Gram—Schmidt process to the columns
X1, Xs, X3 of the matrix A, which are linearly independent and form a basis
for the column space of A.

This yields an orthonormal basis {Y1, Y2, Y3}, where

1

1 1
Yi=—7|1|=—F4X1
Bl s
1
1 216 f
Yo=—| 2 = —X
2 NG 5 1+ 2
L[] 3f
Ys=—| 0 | =-"2X+v2X;5.
3 NG o 2 3
Upon back-substitution, we obtain the equations
X1 =V3Y;
4
X, = iY + £Y2
3 3
2 V6 V2
Xs=—7Y +—Yo2+—Ys3.
3 73 1+ 5 2 + 5 Y3
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Therefore, A = QR, where
1 1 1

1 1 4
Q=|vi v 0 |adR=| o ¥F
S S NG
Vi V6 V2 0 0 %
Example 6.21:
1 10
Consider the matrix A = | 1 0 1 | with the vectors
011
1 1 0
X = 1 ,XQ = 0 y X3 = 1 |, where Xl, XQ, X3 are
0 1 1
column vectors.
1
w=X1=1|1]/,
0
(75} X1
1: pr—
Jurll (1 Xl
1
1 1
_ o)
V2|0 e

U9 = X2 — (Xz.el) (&)

1
) 1
S I IO G A
1\/§¢05

v, = "2
Jua]

1 1

R T O

3| ¢ y6

2 V6

Il
T
Sl
Sl
5
Shog Sk
Il
Sl-al¢)-
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_ 1
. U3 Y?
3 = — = ==
[Jus]| v
V3
Thus,
Q = [61 (525 DO en:|
11 _1
I R
- V2 V6 V3
0 2 1
6 V3
and
i X1 €1 X2 €1 X3 €1
R = 0 X2 €2 X3.€2
L 0 0 X3.€3
r2 1 1
V2 V2 V2
= 0 2 L
V6 V6
0 0 %
L 3
Example 6.22:

Orthonormalize the set of linearly independent vectors (1,0,1,1)
(-1,0,—-1,1) (0,—1,1,1) of V4.
Let v; = (1,0,1,1). Then

(-1,0,—1,1).(1,0,1,1)

vy = (=1,0,—1,1) — 3 (1,0,1,1)
2 24
=(-20-2,-
< 377 3’3)
~1,1,1).(1,0,1,1
US:(O,—1,1,1)—(O’ L ;(’O’ ’ )(1,0,1,1)
O (R0 R 2 2
z 377 33

183
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The resulting orthogonal set is

2 2 4 1 1
1,0,1,1 ——,0,—=, = ——,—1,—=,0).
(705 ) ))< 3707 373>7< 27 9 2) >

The corresponding orthonormal set is

(1011><1012)<1210>
\/g? 7\/37 \/g ) \/67 ) \/67 \/6 ) \/g? \/g? \/g? N
Example 6.23:

Find an orthonormal basis of Pj[—1,1] starting from the basis

{1, 2,22 23} and use the inner product defined by f.g = f_ll f () g(t)dt.
We take v; = 1.

Then
x.1
UQZIE*T].
1 1
:x—</ tdt>:$
2/,
2.1 2
vgsz—x—l—yx
2 3
1/t 3 [t
:x2—< / t2dt>—< a:/ t3dt>
2/ 2 )
1
_ 23 =
31 3 3 2_1 1
U4:x3_x.1_a:2.xx_$ (ac2 3) (xz—)
2 3 £ 3
3
:333—g$

Thus, the orthogonal basis is {1, z,2? — £, 2% — 2z}.

To get the corresponding orthonormal basis, we divide these by the
respective norm and get

(10808 (2 1) 2 (2}
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Exercises

1. Determine the inner product u.v in the following cases:
(@ u=(1,-1),v=(2,3)
®) u=(1,2,3),v=(3,0,2)
(C) u = (_17 17 274) , U= (17 27 _la 1)

2. In an inner product space, show that

(a) Ifv.u =0forallu € V, thenv = 0.
(b) If v.ou = w.u forallu € V, then v = w.

3. Show that an inner product can be defined on V5 by

(1 —22) . (y1 — ¥2) N (w1 4+ 22) . (y1 +¥2)
4 4

In this inner product space, calculate
(a) €1.€2 (b) (1,—1).(1,1).
4. Prove that all the eigenvalues of a symmetric matrix are real.

(z1,72) . (Y1,92) =

5. Let the set {vi,ve,...,v,} be L.D. What happens when the

Gram—Schmidt process of orthogonalization is applied to it?
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7

Matrix Representation of Linear
Transformations

Matrices form a vital tool in the study of finite-dimensional vector spaces.
Hereafter though, for convenience, we deal with real vectors and the real
vector space V,,, all our definitions, unless otherwise restricted, will also
apply to complex vectors and the complex vector space V..

We have developed much mathematics around the concept of a basis.
In this chapter, we discuss the relationship between coordinate systems and
bases. We have found that a linear transformation can be represented by a
matrix relative to a standard basis. We shall find a matrix representation
relative to every basis. If possible, it will be of interest to find diagonal
representations and determine the basis (or coordinate systems) to which
this applies. Eigenvalues and eigenvectors play an essential role in these
discussions. This technique will enable us to find the most suitable coordinate
systems for discussing physical situations such as vibrating strings.

We shall define remarkable structure-preserving transformations between
various types of vector spaces. We shall find that even though the elements
of specific vector spaces such as R" and P, differ in appearance, their
mathematical properties have much in common. It means that any results we
develop for R™ can be applied to all such vector spaces.

7.1 Matrix Representation of Linear Transformations

Previously, we have seen that a matrix A can define a linear transformation
T:R"— R™.

This section introduces a way of representing a linear transformation
between general vector spaces by a matrix.

Theorem 7.1:
Let T : U — V be a linear transformation. Let {uy,ug, -+ ,u,} be
a basis for U. The linear transformation T is defined by its effects on the

187
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base vectors, namely by T (u 1) T (UQ) ,+-+, T (u,) and the range of T is
spanned by {T (u1),T (ug2), -+, T (up)}.
Proof:

Let u be an element of U. Then, since {u1, ug, - - ,uy} is a basis for U,
there exist scalars a1, az, - - - , an such that u = ajuy 4+ agus + - - - + anuy,.

The linearity of T gives

T (u) = T (a1ug + agua + -+ - + apuy,)
=a1T (u1) + a2T (ug) + -+ a,T (uy) .

Therefore, T (u) is known,
if {T (u1),T (u2),---,T (uy)} are known.

Further, T (u) may be interpreted as an arbitrary element in
the range of T and can be expressed as a linear combination of
{T (w1),T (uz),-- -, T (un)}.

Thus, {T (u1),T (u2), -+, T (un)} spans the range of T.

Example 7.1:
Consider the linear transformation T : R®R — R? defined as follows
on basis vectors of R3. Find T (1, -2, 3).

T(l,0,0) (37_1)
T(0,1,0) =(2,1) .
T(0,0,1) = (3,0)
Solution:
Since T is defined on basis vectors of R3, it is specified on the whole
space.

To find T (1, —2, 3), express the vector (1, —2, 3) as a linear combination
of the basis vectors and use the linearity of T.

T(1,-2,3)=T(1(1,0,0) —2(0,1,0) +3(0,0,1))
=1.T(1,0,0) —2.T(0,1,0) +3.T(0,0,1)
=1.(3,-1) —2.(2,1) + 3.(3,0)
= (8,-3).
We have seen that a linear transformation T : R — R"™ can be defined

by a matrix A as T (U) = AU.
Here A ={T (e1), T (e2), -, T (en)}.
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Note that the matrix A is constructed by finding the effects of T in each
of these standard basis vectors ™.

These ideas can be extended to a linear transformation T : U -V
between general vector spaces.

We shall represent the element of U and V by coordinate vectors and T
by a matrix A that defines a transformation of coordinate vectors.

As for R", the matrix A is constructed by finding the effects of T on basis
vectors.

Theorem 7.2:

Let U and V be two vector spaces with bases B = {uj,ug, -+ ,un}
and B, = {vi,v9, - ,vy} and T : U — V a linear transformation.
If v € U is a vector in U with an image T (v), having coordinate

vectors @ and b relative to these bases, then b = Aa, where A =
{T (ul)Br ;T (UQ)BT SRR (un)BT}'

The matrix A has thus defined a transformation of coordinate vectors of
U in the same way as T transforms the vectors of U (as shown in Figure 7.1).

T
- — T(u)
Coordinate
mapping
- e —
a A b

Figure 7.1 Matrix Representation of Linear Transformations.
The matrix A is called the matrix representation of T (or matrix of T)
concerning the bases B and B,..
Proof:
Letu = a1uy + asus + - - - + anUy,.
Using the linearity of T, we can write

T (u) = T (a1uy + agug + - - - + apty)
=a1T (u1) + a2T (u2) + - - + T (uy) .
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Let the effect of T on the basis vectors of U be

T (u1) = c1101 + C12v2 + - -+ + ClmUn,
T (u2) = c2101 + C22V2 + - -+ + ComUnm

T (un) = cpiv1 + 22 + -+ - + CumUnm

Thus,

T (u) = a1 (c11v1 + c12v2 + - -+ + CimUm)
+ as (6211)1 + copovo + -+ Cgmvm) + -
+ ap, (Cn1v1 + Cnova + -+ + CumUm)
= (arc11 + agcar + -+ + ancp1) V1
+ (a1c12 + azcoa + - -+ ancpa) v2 + -+

+ (ar1cim + a2cam + - - - + AnCum) V.-

The coordinate vector of T (u) is therefore

(a1c11 + azcar + -+ - + ancni) C11C21 ... Cnl ai
- (a1c12 + azcaa + -+ - + ancn2) | G12€227 - Cn2 az
(alclm + agcom + -0 + ancnm) ClmC2m * * " Cnm an
= [T (u1)p, -~ T (un)p,]-
Example 7.2:

Let T : U — V be a linear transformation. T and is defined relative to
bases B = {u1,ug,us3} and B, = {v1,v2} of U and V as follows:

T (ul) = 2111 — V9
T (UQ) = 3v1 + 2vy .
T (U3) = V1 — 4’02

Find the matrix representation of T concerning these bases and use this
matrix to determine the image of the vector u = 3u; + 2us — us.

Solution:
The coordinate vectors of T (u1), T (u2), and T (us3) are

IR
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These vectors make up the columns of the matrix of the transformation
T.
2 3 1
a=123 4)

Let us now find the image of the vector u = 3u; + 2uy — ug using this
matrix.

3
The coordinate vector of U is a = 2
-1
3
_ 2 3 1 11
WegetAa—[_1 9 _4] ? —[5 ]

It implies that T (u) has a coordinate vector [ él } .
Thus, T (u) = 11v; + 5vs.

Example 7.3:
Consider the linear transformation T : R3> —  R? defined by
T (z1,x2,23) = (21 + x2,2x3). Then, find the matrix of the transformation

T concerning the bases {u1, us, us} and {ull, us b of R3 and R2.
Here u; = (1,1,0) ,ug = (0,1,4) ,uz = (1,2,3)
uh = (1,0) ,uhy = (0,2).

Use this matrix to find the image of the vector u = (2,3, 5).

Solution:
We find the effect of T on the basis vector of R3.

T (u) = T(1,1,0)

= (230)
=2.(1,0) +0.(0,2)
= 2.u) + 0.1

T (ug) = T(0,1,4)
= (178)
=1.(1,0) +4.(0,2)
=l + 4.1

T (uz) = T (1,2,3)
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=3.(1,0) +3.(0,2)
= 3.uf + 3.4

The coordinate vectors of T (u1), T (u2), and T (us3) are thus

ERHESH]

These vectors form the column of the matrix of T, i.e., A = { (2) 111 g ] .

Let us now use A to find the image of the vector u = (2, 3, 5).
We determine the coordinate vector of U.
It can be shown that
u=1(2,3,5)=3(1,1,0) +2(0,1,4) —(1,2,3)
= 3uq + 2us + (—1) us.

3
The coordinate vector of Uisthusa = | 2
-1
The coordinate vector of T (u) is
3
- _ 2 1 3 5
(31 3][1]-[2)

Therefore,

T (u) = 5.u] + 5.uf
=5(1,0)+5(0,2)
= (5,10).

We can check this result directly using the definition
T (z,y,2) = (z +y,22).
For u = (2,3,5), it gives T (u) = T (2, 3,5) = (5, 10).

7.2 Importance of Matrix Representation

We saw that every real finite-dimensional vector space is isomorphic to R".
This means that any such vector space can be discussed in terms of the
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appropriate vector space R"™. Moreover, a matrix can now represent every
linear transformation, i.e., all the theoretical mathematics of these vector
spaces and their linear transformation can be undertaken in vector spaces R"
and matrices.

A second reason is a computational one. The elements of R™ and matrices
can be manipulated on computers. Thus, general vector spaces and their linear
transformation can be discussed on computers through these representations.

Example 7.4:
Consider the linear transformation T : Py — P; defined by

T (az® + bz +c) = (a+b)x —c.

Find the matrix of T concerning the bases {u1, u2, u3} and

{uf,us} on Py and Py, where

up = 2%, up = v ,u3 = land vy = z,ub = 1.

Use this matrix to find the image of u = 322 + 2z — 1.
Solution:

Consider the effect of T on each basis vector of Ps.

T (u1) =T (2°) =2 =1l +0.(1) = Luj + 0.1
T (uz) =T (z) =2 =1z +0.(1) = Luj + 0.4
T(uz) =T(1) =—1 =02+ (=1).(1) =0.0] + (=1) .ub.

The coordinate vectors of T (2%),T (z), and T (1) are

1 1 0
o] o] [A]
11 0
0 0 —1 |
Let us now use T to find the image of v = 322 4 2z — 1.
The coefficient vector of U relative to the basis {x2,x, 1} isa =
3

2
-1

The matrix of T is thus A = [

3
= _ 1 1 0
So,wegetb—Aa—[O 0 _1] 2 —[

Therefore, T (u) = 5u} + 1ul, = 5z + 1.



194  Matrix Representation of Linear Transformations
We visualize the way this matrix representation works in Figure 7.2. The
top half of the figure shows the linear transformation T of Py to P;. The

bottom half is analogous to the top half, with A defining a transformation of
the coordinate vectors of Py into the coordinate vectors of P according to

L1 o], |_[a+b
00 <t ]| |7 — |

The bottom half is a coordinate representation of the top half.

.. T P
ax e e |a+b)x-c
. F

Coordinate

mapping
r ¥
o T T T " las+b
al 11 0] ]
b 00 -1 Loeld
K

Figure 7.2 Matrix Representation of Linear Transformations.

7.3 Visualization of the Matrix Representation

The top half of Figure 7.2 shows the linear transformation T of P to P;. The
bottom half is analogous to the top half with A’ defining a transformation of
the coordinate vectors of P into the coordinate vectors of P; according to

11 0 | _[a+b
0 0 -1 | —c '
C
The bottom half is a coordinate representation of the top half.

Example 7.5:
Let D = % be the operation of taking the derivative. D is a linear
operator on P5. Find the matrix of D concerning the basis {mQ, x, 1} of Ps.
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Solution:
We examine the effects of D on the basis vectors.

D (2°) =2z = 0.2% + 2.2 4+ 0.(1)
D(z)=1=0.22 + 0.z +1.(1)
D(1)=0=0.2%+0.2+0.(1).

The matrix of D is thus

The matrix A defines a linear operator that is analogous to D on P, as
shown in Figure 7.3
We have D (az? 4+ bz + ¢) = 2azx + b

0 00 a 0
and | 2 0 O b | =1 2a
010 c b
ax* + hr+c ______‘D_F_____zm-—b
Coordinate
mapping
- .
al 00 0] 0]
b 200 2a
] 0 1 0 >

Figure 7.3 Matrix Representation of Linear Transformations.

7.4 Relation between Matrix Representation

At this time, we discuss how the matrix representation of linear opera-
tors relative to different bases is related. A transformation called similarity
transformation plays a crucial role in this discussion.
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Definition 7.1:

Let there be two square matrices A and B of the same size. The matrix
B is then said to be similar to the matrix A if there is an invertible matrix C'
such that B = C~1AC.

The transformation of the matrix A into the matrix B in this manner is
called similarity transformation. We now find that the matrix representations
of a linear operator relative to two bases are similar matrices.

Theorem 7.3:

Let V be a vector space with bases B and B,, and P be the transition
matrix from B, to B. If T is a linear operator on V having matrices A and
A, concerning the first and second bases, then A’ = P~1AP.

Proof:

Consider a vector u € V. Let its coordinate vectors relative to B and B,
be a and a,.

The coordinate vectors of T (u) are Aa and A,a,.

As P is the transition matrix from B, to B,

a=Pa and Aa =P (A'a).

The second equation may be rewritten as

P lAa = A'd.
Substituting @ = Pa’ into this equation gives
P 'APd = A'd.
The effect of the matrices P"'AP and A’ as transformations on an

arbitrary coordinate vector a, is the same.
Thus, these matrices are equal.

Example 7.6:
Consider the linear operator T (x,y) = (22, + y) on R2. Then, find the
matrix of T concerning the standard basis B = {(1,0), (0,1)} of R2.

Use the transformation A’ = P~ 1AP to determine the matrix A’
concerning the basis B’ = {(-2,3),(1,-1)}.
Solution:

The effect of the linear transformation T on the vectors of the standard
basis is

—~
=]
~
=S
= =
~— —
I
—~
—~~
~—
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The matrix of the transformation T relative to the standard basis is
2 0
A { 2 0 } .
We now find that P is the transition matrix from B’ to B. Write the

vectors of B’ in terms of those of B.

(=2,3) = —2(1,0) +3(0,1)
(1,-1)=1(1,0)—1(0,1)

The transition matrix is P = [ _32 _11 }

Therefore,

-1
A e 2 0] -2 1
Y I e

Exercises
Determine the matrix (T : By, Bg) for the given linear transformation T
and the bases B; and Bs.

1. T:Vy — Vadefinedby T (z,y) = (—x, —y)
(a) By = {e1,ea} B2 ={(1,1),(1,-1)}
(b) By = {(17 1) ) (170)} By = {(273) ’ (47 5)}
2.T: Vs>V, T(z,y,2) = (z+y,y+2)
(@) By ={(1,1,1),(1,0,0),(1,1,0)} , By = {e1,e2}
® B ={(1.1,3).(-1.2,-1),(2.3.5)} , B2={(1.3),(3.1)}

3. T : V4 — V5 defined by
T (z1, x2, T3, 24) = (221 + T2, To — X3, T3 + Tg, T1,T1 + T + 323 + T4)
By ={(1,2,3,1),(1,0,0,1),(1,1,0,0),(0,1,1,1)}

By = {e1,e2,e3,e4,¢5}
4. D: P, — P, defined by D (p) =p/

By =By = {1,x,x2,x3,~- ,1‘”}



198  Matrix Representation of Linear Transformations

5. T:Py— Pydefined by T (p) (z) = ["p () dt
(a) B1 = By = {1,1:,x2,x3,1:4}.
(b) By = {1,3:,:62,3:3,334},
By = {x—1,$+1,x2—x4,x3+x4,x2+:p}.
6. T : Py — P3defined by T (p) () = zp(x)
(a) By :{1,1—|—x,1—x—|—x2},32: {1,1+x,x2,2x—aj3}

(b) By = {1,2,2°} , B, = {1 +a,(1+2)?, (1+2)°,1 —x}.
The linear map associated with a matrix:

For each given matrix A and bases B; and B, determine a linear
transformation T : V;, — V,,, such that A = (T : By, Bs).

7.
112 3
A=|1 0 1 -1
1 2 0 0
(a) B and B, are standard bases for V; and V3 respectively.
() By ={(1,1,1,2)(1,-1,0,0) (0,0,1,1) (0,1,0,0) }
By = {(17273) (17 —1, 1) (27 1, 1)}
8.
1 00
A=101 0
0 0 1
(@) Bi = By ={e1,e,e3}.
(b) By = {(17 1, 1) (17070) (07 1)0)}
By ={(1,2,3)(1,-1,1)(2,1,1)}
(C) Bl :{(17273) (1’_171) (27151)}
By ={(1,1,1)(1,0,0) (0,1,0)} ~
9.
1 -1 2
A= [ 3 1 0 }

(a) By and B, are standard bases for V3 and V5 respectively.
B; ={(1,1,1)(1,2,3) (1,0,0)}

® B, — {(1.1)(1,-1)}
By ={(1,-1,1)(1,2,0) (0, —1,0)}
© By = {(1,0) (2.~ 1)} '



10.

11. If

12.

13.

14.

15.
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1 2
A= 0 1
-1 3

(a) By and B» are standard bases for V5 and V3 respectively.
@ D= {1 (11}
By = {(1,1,1)( -1,1)(0,0,1)} -
By = {(1,—1 )(1 2,3)(-1,0,2)} -
I cos —sinf
sinf cosd

to the standard bases, then find the matrix of T~ relative to the standard
bases.

} is the matrix of a linear map T : Vo — V5 relative

Linear operations in M, ,:

In Problems 12—15, determine oA + 5B for the given scalars « and
and the matrices A and B.

1 2 3 1
A:[—1 1 1]’32[2

@a=23=Tb)a=308=—

S EHEN !

(@ a=3,8=50b) a=2,8=-3.

_ O
| =
—
[

2
A= —1 1
1

O =W
“ O~ o
Ql—l
O =W

—_ o |

—

O NN

—w O

(a) a=2, B——6(b) o=
() a=-7,=3.

1 -1 1 1 0 2
A= 2 -3 -1 |(,B=101 1
3 2 0 3 1 -1
@a=78=-50ba=3p3=2
©a=38=4%
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16. Let T, Ty : U — V be two linear maps. Let B, By be ordered bases
for U and V, respectively. Then prove that

(a1 T1 4+ Ty : By, By) = a1 (T1: B1,B2) + ag (T2 : By, Ba).
17. Let S, T : V3 — V} be defined as

S (x1,xe,23) = (21 + 22,21 — 22 + X3, T2 + 373,21 + T3)
T ($1,$2,x3) = (acl + 2x9, 21 — X2,3T2 + T3, 21 + T2 + 1‘3) ’

Determine the matrix of 35 — 4T relative to the standard bases by two
different methods.

18. Let S, T : P3 — P4 be defined as

(S(p) (@) = (2 =) p'(z)

(T (p) (x) = Bz +2)p(x) — [ P (t) dt.
Determine the matrix of 45 + 2T relative to the ordered bases By =
{1,z,2%, 2} and By = {(1 —z),(1+z),(1 —:L')Q,(l —:U)3,%4}
by two different methods.

19. Let By = {u1,u2,.....,un} and By = {vy, v, ....., v, } be the ordered

bases for the vector spaces U and V, respectively. Define T; ;
U—-V,1<i<m, 1< 7 <nsuchthat

T ={ o R

Then prove that
(@ (Ti;: B1,B2) =E;j
(b) {T; ;} is abasis of L (U, V).

20. Define T : M272 — M273 such that
T [ a1 o2 ] _ [ o11 + a2 0 12 + g ]

o1 (9 o2 a1 + a2 0

Prove that T is linear and determine its matrix relative to the standard
bases for Mz 2 and M 3.

21. Repeat Problem 9 for T : My 3 — M o defined as

T| @1 iz | _ | on + aq2 0 12 + g
o1 (9 o2 21 + a2 0
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22. Let 'V be the subspace of C™ (—o0,00) spanned by the functions
sin z, cos x, sin = cos z, sin® x, cos? . Determine the dimension of V
and prove that the differential operator D™ maps V into itself for every
positive integer n < m.

Determine the matrix of (a) 2D + 3 (b) 3D? — D + 4 relative to the basis
of V obtained from the given spanning set of V.

23. Find the range, kernel, rank, and nullity of the following matrices:

1 3 2
@ | -1 7 2 (b)[; :; g}
| 1 01
IR R
(C)g_lli(d)l—3243
L - 2 3 0 30
> s | [
(e) (f) 3 1 —1
1 5 2 0 9 9 1
0 0 1 1
24. Prove that the following matrices are non-singular and find their
inverses:
- 100
(a) _11 g b |2 10
- 3 4 2
ey 157
©|3 0 1 (d)
0 1 -1 1 3 1 -1
L 1 1 -1 0
(2 2 1 1
0211
©10 011
0010

25. Find the values of « and S for which the following matrix is invertible.
Find the inverse when it exists.

™o R
O ™
O ™o
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26. Prove the following:

(a) If two rows of a matrix are interchanged, then the rank does not
change.

(b) If arow of a matrix is multiplied by a non-zero scalar, then the rank
does not change.
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Diagonalizations

This chapter discusses the diagonalization process that includes minimal
polynomials, Cayley—Hamilton theorem, and diagonal matrix representation
of a linear operator. It also consists of the diagonalization of matrices,
diagonalization of symmetric matrices, and orthogonal diagonalization.

A self-contained illustration of the role of linear transformation in com-
puter graphics is presented. The bases of the space define these isomorphisms.
Different bases also lead to other matrix representations of linear transforma-
tion. The vital aspect of eigenvalues and eigenvectors and minimal polyno-
mials in finding diagonal representations is discussed. These techniques are
used to arrive at the normal modes of oscillating systems.

8.1 Minimal Polynomials

Let us consider an nxn square matrix A. Let (A ) denote the collection of all
polynomials f(¢) for which the matrix A is a root, i.e., for which f(A) = 0.
The Cayley—Hamilton theorem states that, the characteristic polynomial
A () of A belongs to the non-empty set I (A). Let m (A) denote the monic
polynomial of the lowest degree in I (A). (Such a polynomial m () exists
and is unique.) We shall call m (\) the minimal polynomial of the matrix A,
provided m (\) will satisfy specific properties of the minimal polynomial.

Monic polynomial: If the polynomial’s leading coefficient equals one, then
the polynomial f () is monic.

Definition 8.1:
Let us consider an n x n square matrix A defined over a field F. Then
the monic polynomial is a minimal polynomial of the matrix A, if the monic

polynomial m (\) of least degree satisfies its characteristic equation, i.e.,
m(A) =0.

Theorem 8.1:
Let f () be a polynomial of the matrix A such that f (A) = 0. Then the
minimal polynomial m (\) divides f (\).

203
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Proof:
By Euclidean division, let there be polynomials ¢ (\) and r (\) such that

fA)=m).qA) +r(A),withr(A) =0
degr (X) < degm (N).

Now by hypothesis, we know that f (A) = 0, and by definition m (A) = 0,
it implies that r (A) = 0.

Consequently, let us assume r (A) = 0.

Then by the definition of m ()), degr (\) cannot be smaller than
degm (\); so we must have 7 (\) = 0.

It follows that

f(A) =m(X)q(\) implies m (X) divides f ().
Corollary 8.1:

The minimum polynomial m (\) of a matrix A divides the characteristic
polynomial A (X).
Note: It is immediate from the above analogy that every zero of the minimal

polynomials m (\) is zero of the characteristic polynomials A (\). The
converse is also true.

Theorem 8.2:
The minimum polynomial m (\) and the characteristic polynomial A (\)
have the same zeros.

Proof:

Suppose that A is a zero of A (\). Then A is an eigenvalue, and a non-zero
vector X such that AX = A\X.

Letg()\) = ag + a1\ + - - - + ap Ak

We then have

g(A)z = apx + a1 Az + - - - + ap Ak
= oz + i\ + - - + ap\Fz
= (a0+a1)\+--'+ak)\k)l‘
=g\)z.

It happens whence g () is an eigenvalue of g (A).

Thus, g () is a zero of the characteristic equation for g (A).

Now, if we take g (A) to be m (), then for every zero X of A (\), we have
that m () is a zero of the characteristic polynomial of m (A), i.e.,
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Apay (A) =Co(N)
= det (—=\I,,)
— (—1)"am

Since the only zeros of this characteristic polynomial are 0, we have
ma (\) =0 azeroof ma (N).

8.2 Cayley—Hamilton Theorem

Theorem 8.3 (Cayley— Hamilton Theorem):

Let us consider an n X n square matrix A over the field of complex
numbers. If A ()) is the characteristic polynomial of the matrix A, then
A (A) = 0 and hence the minimal polynomials of the matrix A divide the
characteristic polynomial of the matrix A.

Proof:

Let us consider an n x n matrix A over the field of complex numbers and
let the matrix be similar to an upper triangular matrix U.

Since the matrix A is similar to an upper triangular matrix U, by
definition, we have C 1 AC = U, where C is an invertible matrix.

Since the matrices A and U are similar, they have the same minimal
polynomial and the same characteristic polynomials.

Therefore, for the proof of the Cayley—Hamilton theorem, it is sufficient
to prove the hypothesis of the theorem for the triangular matrix U.

As we know, the characteristic polynomial of a triangular matrix U is
(a11 — A) (a22 — A) -+ - (ann — A) , and hence the direct matrix multiplica-
tion gives

(a1l —=U).(azel =U)---(an,I —U) =0.

That satisfies the characteristic equation.

Again, the upper triangular matrices have the same characteristic matrix
and the same minimal polynomials since the matrices A and 7" are equivalent
matrices. So, it can be concluded that the minimal polynomial of the matrix
A divides the characteristic polynomial of the matrix A.

Hence proved.

Note: Certain essential features of the matrix can be obtained from the
minimal polynomial, but that cannot be obtained from the characteristic
polynomial.
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Example 8.1:
Find the minimal polynomial of the matrix
1 0 1
A= 0 21
-1 0 3

Solution:
The characteristic polynomial of the matrix

1
A=1| 0
-1
AN =(A-2)3.

Since A — 213 # Oand (A — 213)* # 0,
we have m (\) = A()), ie., the minimum polynomial m (\) and the
characteristic polynomial A (\) have the same zeros.

S NN O
W = =
—_

2]

Example 8.2:
Find the minimal polynomial of the matrix
5 —6 —6
A= -1 4 2
3 —6 —4
Solution:
For the matrix
5 —6 —6
A=| -1 4 2 |,
3 —6 —4

we have the characteristic polynomial
AN =A=-1)(A=2)%

By Theorem 8.3, the minimum polynomial is therefore either
A=1),A=2,A=1)A=2)or (A—1) (A —2)%
Since (A — I3) (A — 2I3) = 0, it follows that the minimal polynomial of
the matrix A is
mA)=A—-1)(A=2).
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Example 8.3:
Find the minimal polynomial m () of the matrix
2 2 =5
A=|3 7 -15
1 2 —4
Solution:

Here we have
tr(A)=2+7—-4=5

Ay +Ap+A33=2-3+8=T7
|A| = 3.
Hence, the characteristic polynomial of A is
AN) =X —5X2+7)A-3
=(A-12*(\-3).

Since the minimal polynomial m (\) must divide the characteristic
polynomial A (), this implies that each irreducible factor of A (1)), i.e.,
(A—3) and (A — 1) must also be a factor of the minimal polynomial m ().

Thus, the minimal polynomial m (A) of A is precisely one of the
following:
FO)=(—3) (A—1) and g (A) = (A —3) (A — 1)°.
Since A is a root of the matrix A, by the Cayley—Hamilton theorem, we
find
g(A)=A(A)=0.
Hence, we need the only test f (). We have

f(A)=(A-1I)(A-3I)

1 2 -5 -1 2 5
=13 6 -15 3 4 -15
1 2 =5 1 2 -7
[0 0 0
=100 0
10 00

Thus,
fA)=m@) =A-3)(A-1)
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=\ —4X\+3

is the minimal polynomial of the matrix A.

Example 8.4:
Determine the minimal polynomial of the following matrix:

A_:

O O N

1
2
0

N O =

Solution:
The characteristic equation of the matrix A is

(A —2I5)% =0

and the characteristic polynomial of A is (A — 2)2.

Since the minimal polynomial m (A) must divide the characteristic poly-
nomial (A — 2)?, there arise two possibilities, i.e., either m (A\) = A\ — 2 or
m(\) = (A—2)%

However, since A — 21 # 0, the polynomial m (\) cannot be equal to
A—2.

Thus, the minimal polynomial of the matrix A is, therefore,

m (A) = (A — 2)%, which is the characteristic polynomial of A.

Example 8.5:

Determine the minimal polynomial of a diagonal matrix D.
Solution:

Let dy1,d29,--- ,d. be the distinct diagonal entries of the diagonal
matrix D.

Again, the diagonal matrix D satisfies the characteristic equation, i.e.,
(D —dul)--- (D —dpI) =0.
This implies that the characteristic polynomial of D
AN=di1) (A —daa) - (A —dpp).

Since the minimal polynomial divides the characteristic polynomial, i.e.,
the product

(A—di) (A —dz) - (A—dp),
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it must be a factor of the product of certain of the factors \ —
di; ,(i=1,2,---,r). However, we cannot discard that every one of these
factors is from the products of the form D — d;; 1 for j # i is not zero since
dii # djj, if j # . Thus, it observes that the minimal polynomial of the
diagonal matrix D is the product of all the factors that are

AN=di1)(N—d) - (AN—dp) .

The following statements discuss some more about the minimal
polynomials.

Lemma 8.1:
Similar matrices have the same minimal polynomials.

Proof:

Since we know that similar matrices describe the same linear operator,
it implies that their minimal polynomial also equalizes the linear operator’s
minimal polynomial.

Note: Using this result, we can find the minimal polynomial of any diagonal-
izable complex matrix.

Example 8.6:
Determine the minimal polynomial of the matrix

1 2
a=[12]
Solution:

Here the matrix A is similar to a diagonal matrix, i.e.,
D = g _01 ] and the characteristic polynomial of the matrix A is
A=3)(A+1).

Thus, the minimal polynomial of the given matrix A is
A=3)(A+1).

Note: The characteristic polynomial alone cannot tell us that if a matrix is
diagonalizable or not. Next, we will discuss that there is a connection between
the characteristic polynomial and the minimal polynomials.

Example 8.7:

Consider the matrices I and A = [ (1) 1 ] .
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It can be seen that both the matrices Io and A have the characteristic
polynomial (A — 1), but the first matrix I is diagonalizable while the second
matrix A is not.

Thus, it implies that the characteristic polynomial alone cannot express to
us whether a matrix is diagonalizable or not.

Similarly, if we consider the minimal polynomial of both matrices,
then the two matrices have different minimal polynomials, i.e., (A — 1) and
(A — 1)? respectively.

Thus, it can be concluded from this example that the minimum polyno-
mial can determine whether a matrix is diagonalizable or not. In contrast, the
characteristic polynomial alone cannot tell us about the diagonalizability of a
matrix.

Theorem 8.4:

Let us consider an n xn square matrix A defined over the field of complex
numbers C'. Then the matrix A is said to be diagonalizable if and only if the
minimal polynomial of the matrix A splits into a product of n-distinct linear
factors.

Proof:

Necessary part:

Suppose the matrix A is diagonalizable. So by definition, there exists an
invertible matrix C such that C~' AC = D is a diagonal matrix.

Since the matrices A and D are similar, they have the same minimal
polynomials.

Let dy1,ds9, - - - , dy be the diagonal entries of the diagonal matrix D.

Then it shows that the minimal polynomial of the matrix D is
(A —di1) (A —da2) -+ - (A — dyr), which is a product of distinct linear fac-
tors.

Sufficient part:
Suppose that the matrix A has a minimal polynomial, i.e.,

m(A) = (A —di1) (A —da2) - (A —dp),

where dy1,dss, - - - , d, are the distinct diagonal elements of the matrix D.
Now let us define g; () to be the polynomial obtained from the minimal
polynomial m () by deleting the factor A\ — d;;; thus,
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Upon using the method of partial fractions and with the use of constants
b1,bo, - , b, we write

1 Y
m()\) _Z)\_dii.
=1

Upon multiplying both sides of this equation by m (\), we obtain
1 =10191 + baga + - - - + b,g, by the definition of g; ()).

Upon introducing the linear operator 7' : R — R™ on the complex vector
space R" defined by T (X) = AX, it follows from the above equation that
big1 (T) +b2ga (T)+---+brgr (T') = I, where I is the identity function
and hence
X =0b1g1 (T) X+ bag2 (T) X + -+ + brgr (T) X, for any vector X.
Let U; denote the set of all elements of the form g; (T') X with X € R".
Then U; forms a subspace, and the above equation X tells us that

X =bUy +bUs + -+ b.U,, Where X € R",

which implies that R* = U; @ Uy & - - - @ U,..

Next, since the vector space R" is the direct sum of the subspace U, it
implies that the intersection of a U; and the sum of the remaining U; with
j # i1is zero.

To examine why this is valid, let X be a vector in the intersection.

We need to observe that g; (T) g; (T') = 0if i # j.

Each factor A — dyy, is existing in the polynomial g;g;.

Thus, gx (T') X = 0, for all k.

Now since X = Y, brgr (T) X
it follows that X = 0.

Hence, the vector space R" is the direct sum

R'=U U@ ---®U,.

Now the impact of 1" on vectors in v; is simply to multiply them by d;,
since
(T —di;) g: (T) = f(T)=0.

Thus, if we select the bases for each subspace Uy, Us,---,U, and
combine them to form a basis, then a diagonal matrix will be represented.
Consequently, the matrix A is similar to a diagonal matrix.
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Example 8.8:

Show that the matrix A = is not diagonalizable.

S O N
O N =
N O =

Solution:

2 11
The matrix A = | 0 2 0 | has a minimal polynomial (A — 2)2.
0 0 2
Since the minimal polynomial is not a product of distinct linear factors,
the matrix cannot be diagonalized.

Example 8.9:
Consider an n X n upper triangular matrix.
The matrix
[ 1 0 0 0 ]
0 p 1 0 0
a= 2o 0
o o 0 - pu 1
00 0 -+ 0 pu |

has minimum polynomial (A — ). This is because (A — \I)" = 0, but
(A —XI)"' £o.

Hence, the matrix A is diagonalizable if and only if n = 1, whereas the
characteristic polynomial of the matrix A equals (1 — \)".

Theorem 8.5:
A square matrix A is invertible if and only if the constant term in its
characteristic polynomial A () is not zero.

Proof:

Necessary part:

Let A be a square matrix.

By definition, we know that a scalar A is an eigenvalue of A if and only
ifdet (A — \I,,) =0.

If the matrix A is invertible, then O is not an eigenvalue of the matrix A,
which implies that 0 is not a zero of the characteristic polynomials A ().

Thus, the constant term in the characteristic polynomial A ()\) is then
non-zero.

Hence proved.
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Sufficient part:

Suppose that the constant term of the characteristic polynomial A (\) of
the matrix A is non-zero.

Then by the Cayley—Hamilton theorem, we have that A (A) = 0,
which, by theorem, can be reported in the form A [P (A)] = I,, for some

polynomial P (A).
Hence, the matrix A is invertible.
Example 8.10:
1 11
Show that the matrix A = | 0 1 1 | isinvertible and
0 01
hence find its inverse, i.e., A~
Solution:
The characteristic polynomial of the matrix
1 11
A=(0 11
0 01

is A\ =(\—1)°

Since the constant term in the characteristic polynomial of A is not zero,
the matrix A is invertible.

Thus, upon applying the Cayley—Hamilton theorem, we have

0=(A—I)*=A%—3A24+3A—1I5,
which gives
A (A? —3A +313) = I,

which implies

1
AT'=A?2-3A+3=|0 1 -1
0

Remark 8.1:

Let A = [a;;] be a triangular matrix of order n. Then the characteristic
polynomial |A — NI| of the matrix A is a triangular matrix with diagonal
entries a;; — A and hence

A (X) = det (A — \I)
= (a11 — A) (a2 — A) ceevrene (Qpn — A)
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It implies that the roots of A (\)are the diagonal elements of A. O

Similar matrices: The matrices P and () are said to be similar if there is an
invertible matrix C such that Q = CPC~ L.
The following result indicates some properties of similar matrices.

Theorem 8.6:
Similar matrices A and B have the same eigenvalues.

Proof:
Let A and B be similar matrices.
Thus, by definition, there exists an invertible matrix C' such that

B=C"'AC.

The characteristic polynomial of the matrix B is det (B — AI).
Substituting for B and using the multiplicative properties of determinants,
we get

det (B — AI) = det (C1AC — )

— det (C™' (A = AI) C)

(©

(
=det (C™") det (A — AI) det (O)
= det (A — XI)det (C~ ) det (C)
= det (A — A1) (det (C)) " " det (C)
= det (A — \I) det (C C)
= det (A — AI) det (I)
= det (A — ).

This implies that the characteristic polynomial of the matrices A and B
is identical.

Hence, the eigenvalues of A and B are the same, i.e., the matrices A and
B have the same eigenvalues.

Note 1: On the other hand, one cannot expect that similar matrices have the
same eigenvectors.

Generally, the condition of a column vector X to be an eigenvector of
B = C~'AC with eigenvalue X is (CAC~!) X = AX, which is equivalent
to A (C71X) = A (C'X).

Thus, X is an eigenvector of B = C~1AC if and only if C~'X is an
eigenvector of A.
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Recall that over the field C of complex numbers, this equation has
n—roots, some of which may be repeated.

Note 2: If A1, Ao, -+, A\g are the distinct roots (eigenvalues) of a matrix A,
then the characteristic polynomial of the matrix Acan be factorized in the
form

(=D)" A =X (A =X2) - (A= A\p)"™*, where we call 71, rg, -,
r; are the algebraic multiplicities of the eigenvalues A1, g, -+, Ag.

Example 8.11:

Consider the linear mapping 7 : R® — R3, defined by T (X) = AX,
where the function 7 is relative to the natural ordered basis of R3.

The matrix of the transformation 7" (X) = AX is defined by

A=

=)
_ o
O = =

Determine the algebraic multiplicity of the matrix A.

Solution:
The characteristic polynomial of the matrix A is

-2 1 1
det (A—Al3)=det | 1 —X 1
1 1 =X

=-(A+1)’(A-2)

This implies that the eigenvalues of the matrix A are —1 and 2.
Hence, it implies that the algebraic multiplicity of —1 and 2 are 2 and 1,
respectively.

Example 8.12:
Find the eigenvalues, and their algebraic multiplicities of the linear
mapping T : R? — R3 are given by

(1) T (z1,x2,x3) = (x1 + 2x9 + 223, 229 + 23, —x1 + 272 + 223).
(2) T (x1,22,23) = (22 + 3,0, 21 + 2).

Example 8.13:
Consider a 2 x 2 matrix A = —01 (1) ] Determine the algebraic

multiplicity of the matrix A over R and over C.
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Solution:
We have
det (A — A\Iy) = det [ ol ]
-1 =X
=N +1

Since the characteristic polynomial A\? + 1 has no real roots, it implies
that the matrix A has no real eigenvalues over R.

Still, if we consider the matrix A as a matrix over the complex field
C, then the matrix A has two eigenvalues, namely ¢ and —i, each being of
algebraic multiplicity 1.

Example 8.14:
Determine the algebraic multiplicity of the matrix
-3 1 -1
A=| -7 5 —1 | overC.
—6 6 —2
Solution:

The characteristic polynomial of the matrix A can be computed as
follows:
det (A —=A3)=—2+AN)(4—-X)(-2-))
=(2+M)°(4-N) '

This shows that the eigenvalues of the matrix A are 4 and —2, which are
of algebraic multiplicity 1 and 2, respectively.

Definition 8.2:
A square matrix A is diagonalizable if there is an invertible matrix C such
that D = C~' AC is a diagonal matrix.

Theorem 8.7:
Let A be an n X n matrix.

(1) If the matrix A has n—linearly independent eigenvectors, then the
matrix A is diagonalizable.

(2) If the matrix A is diagonalizable, then the matrix A has n—linearly
independent eigenvectors.

Proof:

(1) Let the matrix A have n—eigenvalues, i.e., A1, A2, Az, - -+ , A, (Which
need not be distinct) with corresponding linearly independent eigenvec-
tors X1, X9, X3, -+, X,
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Let C' be the matrix having X, X2, X3, - - - , X,, as column vectors, i.e.,
C= [X17 X27X3a T aXn]
Since

AX; =Xy

AXs = Xy

AX, =\ X,

Matrix multiplication in terms of columns gives
AC = A [X17X27X31 T axn]
=[AX,AXy, AX3, -, AX,]
= [MX1, AeXo, A3X5, -+, An X

MM 0 0

:[X17X27X31'“>Xn] 0 0

0 0 M\
M 000
=Clo o0
0 0 M\,

Since the columns of C' are linearly independent, it implies that the
matric C' is non-singular.

A 00
Thus, C'AC=| ¢ . o
0 0 X\,

Therefore, if a matrix A has n—linearly independent eigenvectors,
then the eigenvectors can be used as the column of a matrix C' that
diagonalizes the matrix A.

The diagonal matrix D has the eigenvalues of A as its diagonal
elements.

(2) The converse is proved by retracing the above steps.

Commence with the assumption that C' is a matrix [ X1, Xo, X3, -+ , X,,]
that diagonalizes the matrix A.
Thus, there exist scalars 1,2, - - - , V5 such that

Yo o 0
ctAc = . )

0 0 - 7,
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Retracing these steps, we arrive at a conclusion that

AX; =mXy
AXy = 72Xs

Thus, [X1, X9, X3, -+, X,,] are the eigenvectors of A.

Since the matrix C' is non-singular, these vectors (column vectors of C)
are linearly independent.

Thus, if an n x n matrix A is diagonalizable, then it has n—linearly
independent eigenvectors.

Example 8.15:
(1) Show that the following matrix A is diagonalizable.

(2) Find the diagonal matrix D that is similar to A.
(3) Determine the similarity transformation that diagonalizes A, where

-4 —6
a2
Note: If the matrix A is similar to a diagonal matrix D under the transforma-
tion C~1 AC, then it can be shown that A¥ = CDFC 1.
These results can be used to compute the power of a matrix, i.e., A*.
Let us derive this result and then apply it.

Since the matrix A is similar to the diagonal matrix D, D = C “lAC,
which implies

Dk = (c-1AC)*
— (CAC) (C1AC) -, (C AC) .
= C1AkC

This leads to A¥ = ¢ D*C—1.

Example 8.16:
Compute A? for the following matrix A

-4 -6
=32
This technique is used in solving an equation called the difference
equation.
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Example 8.17:

Show that the following matrix A = [ g ::13 ] is not diagonalizable.
Remark 8.2:

Not every matrix is diagonalizable.
Remark 8.3:

The eigenspace of the above 2 x 2 matrix A is one-dimensional, but it does
not have two linearly independent eigenvectors. So, it implies the matrix A

is not diagonalizable.
1
% ]
20
Solution:

Example 8.18:
The eigenvalues of A are the roots of the equation

1 19 3
<4”> (zo”)‘go—‘f"

It can easily be checked that this reduces to

Find A", where A = [

EN[JURNTE
—
©

(5A—1) (A —1) =0,

which implies that the eigenvalues of matrix A are % and 1.
Hence, it follows that the matrix A is diagonalizable and that an
eigenvector associated with the eigenvalue \; = % is

1 1
20 . 20
1_1 | | _1
5 4 20

and that an eigenvector associated with the eigenvalue Ay = 1 is

L-]:[]

20
3
1
. . 1
Thus, it can assert that the matrix C' =
0
1

1
-1 15

|\

] is invertible and is

such that

[esxeiE

C'AC = [
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which implies

Next, we can compute A"
1
. = 0
ie., A C[O 1]0 .
We have

Aan_ 1| 11 &= 0][15 —1
T -1 150 1)1 1

15 1
T B

T 16| -1 15 1 1

o] g 1o
T 15(1-&) 15+ 4

Note: If there is a 2 x 2 matrix A (non-diagonal) whose eigenvalues
are not distinct, then in this case, we can say that the matrix A is not
diagonalizable.

Similarly, suppose there is only one eigenvalue for a 2 x 2 matrix A.
In that case, the characteristic equation (A — Al3) X = 0 of the matrix
reduces to a single equation, which results in the dimension of the solution
space 2 — 1 = 1, which implies there cannot exist two linearly independent
eigenvectors.

Next, o find the high powers of a matrix A.

8.3 Power of a Matrix

For this case, we can proceed differently,
a b

IfA= [ e d ] , then the characteristic polynomial of A is

AN =X\~ (a+d)\+ad— be.
Observe now that

t= [ ca(Qa:bg) bb(ca:dg) }
= (a+d) [z Z} — (ad — be) [(1)
= (a+d) A — (ad — be) I

and we see that A (A) = 0.

)

] :
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Next for n > 2, consider the Euclidean division of A" by A (\).
Since the polynomial A () is of degree 2, we have

A=A .qg(N\) + a1 A+ as. (8.1)

By substituting the matrix A for A in this polynomial identity, it obtains,
by the above observation,

A" = oA + asls.

Now we can determine «; and oo as follows.
Upon differentiating eqn (8.1) and substituting the value of A (the single
eigenvalue of A) for X,
we obtain nA" ! = a1 (since A (\) = 0).
Also, substituting A for X in eqn (8.1) and again using f (A) = 0, we
obtain
)\nzal/\-i-OéQ :n/\”—i-ag

which implies g = (1 —n) A™.
It now follows that A" = nA" 1A + (1 — n) \"Is.

Example 8.19:
Consider the n X n trigonal matrix
(2 1.0 0 0 0]
1210 - 0 0
01 21 - 0 0
0000 - 2 1
| 00 0 0 - 1 2]

Let a,, = det A,,.
Upon using Laplace expansion along the first row, it obtains

1 100 0
02 10 0
an = 2ay,-1 — det 0121 0
0000 - 2]

=2ap1—an—2
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Expressing this recurrence relation in the usual way as a system of
difference equations, we find

ap = 2ap_1 — bp_1
bn = dnp—1 -
Here we consider the system as X,, = AX,,_1,
| oan 12 ~1
where X = [ b, ] and A = [ 1 0 ]
Now det (A —AL) =A(A—2)+1=(A—1)
and so the matrix A has the single eigenvalue 1 of algebraic multiplicity 2.
Next, we can compute A’ as in the above:
n+1l -—n ]

n_ — e
A"=nA+ (1—n)l [ n  1-n

Consequently, we have

BEAREFSHEED!

Hence, we see that det A,, = a,, = n + 1.

8.4 Diagonal Matrix Representation of a Linear Operator

Let us now see how to find a diagonal matrix representation of a linear
operator T, if one exists.

A diagonal matrix representation is usually the representation that pro-
vides most information in applications.

Let 7" be a linear operator on a vector space V' of dimension n.

Let B be a basis for V" and let A be the matrix representation of 7" relative
to the basis B.

The matrix representation of 7" relative to another basis B’ can be obtained
using a similarity transformation A’ = P~!AP, where P is the transition
matrix from the basis B’ to the basis B.

Suppose the matrix A has n eigenvalues Aj, Ag,- -, A, with n-
corresponding linearly independent eigenvectors X, Xo, - - - , X,,.
If P=[Xy,Xao, - ,X,], then we know that A’ is the diagonal matrix,
A0 0
Al=1| o -

.0
0 0 X\
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The coordinate vectors B’ relative to B are the eigenvectors
X17X2> o 7Xn-
For a reason stated earlier, it is desirable to use an orthogonal transforma-

tion, if possible, to arrive at this basis B/, which provides the diagonal matrix
A

Example 8.20:

Consider the linear operator 7' (x,%) = (3z + ¥y, + 3y) onR?. Find a
diagonal matrix representation of T'. Determine the basis for this representa-
tion and give a geometrical representation of T'.

Solution:
Let us start by finding the matrix representation A relative to the standard
basis B = {(1,0),(0,1)} of R2.
We get
T(1,0)=(3,1)=3(1,0)+1(0,1)

7(0,1)=(1,3)=1(1,0)+3(0,1).
The coordinate vectors of 7' (1,0) and 7" (0, 1) relative to B are

3 1
HEZHE
The matrix representation of 7" relative to the standard basis B is thus
3 1
a-|1 5]
The matrix A has the following eigenvalues and eigenvectors:

)\1—4,X1—7“|:1:| and )\2_2,X2_S|:1—1:|.

1

The following matrix A, is thus a diagonal matrix representation of T'

A0 4 0
A=l n =100
Let us now find the basis B,., which gives this representation. Observe
that A is a symmetric matrix. Then select the unit orthogonal eigenvectors
for the coordinate vectors of B, relative to B.

The transition matrix from B to B, will then be orthogonal, and the
geometry will be preserved.
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e (352 (25.2))
2’ V2 V22 V2
Note that the basis B, is obtained from the basis B by rotation through

™

T
Geometrical representation:

The standard basis B defines an XY-coordinate system. Let the basis B’
illustrate a XY’ P'Q' R’ coordinate system.

The figure shows that the matrix A’ tells us that 7 is scaling in the
XY’ coordinate system with factor 4 in the direction and factor 2 in the
Y’-direction, as shown in Figure 8.1.

Thus, for example, T maps the square PQRO into the rectangle
P'Q'RO.

This example illustrates a situation that frequently arises in physics and
engineering.

Theorem 8.8:
The eigenvectors corresponding to distinct eigenvalues are linearly inde-
pendent.

Proof:
The proof can be done by induction.

Ay

3

Figure 8.1 Coordinate Representations.
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If a linear transformation 7' : V' — V has only one eigenvalue A, and if
X is a corresponding eigenvector, then since X # 0, we know that {X} is
linearly independent.

For the inductive step, assume that every set of n-eigenvectors that
corresponds to n-distinct eigenvalues is linearly independent.

Let X1, X9, -+ ,X,+1 be the eigenvectors that correspond to distinct
eigenvalues Ay, Aa, -+, Apy1.
For any n scalars ay, as, - - - , ayn, any1, if we have
a171 + ag®2 + -+ + ATy + App1Tpp1 = Oy (8.2)

Then applying the linear transformation 7" and using the fact that
T(X;) = N\ X,,
we obtain
a1 M X1 + agroXo + -+ ap A Xy + ant1 41 Xn41 = Oy (8.3)
Now take eqn 8.2 and 8.3 to get

a1 (A1 — A1) Xy a2 (A2 — A1) Xo+ -+ an (An — Anr1) Xy = 0,

By the induction hypothesis and the fact that Aj, A9, -+, Ap41 are
distinct, we deduce that a1 = a9 = --- = a,, = 0.

It now follows that a,+1X,+1 = 0, whence since X, 11 # 0, we also
have a,4+1 = 0. Hence, the eigenvectors X, Xo, .-, X4 are linearly

independent, and the result follows.

8.5 Diagonalization of Matrices

Definition 8.3:

A linear transformation 7" : V' — V said to be diagonalizable if there is
an ordered basis (v;),, of V' concerning which the matrix of 7" is diagonal.
Thus, the linear transformation 7" is diagonalizable if and only if there exists
an ordered basis (v;),, of V' such that

T (1}1) = )\11)1
T(Ug) = )\21)2

T (vp) = Apop
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In this case, the \}s are the eigenvalues of the mapping 7.
We can, thus, assert the following theorem.

Theorem 8.9:
A linear transformation 7' : V' — V is diagonalizable if and only if the
vector space V has a basis consisting of eigenvectors of T'. O

Note: Here, it can be considered matrices that are not diagonalizable.

11
0 1}

Here if the matrix A is diagonalizable, then it would be similar to the
identity matrix Is.

Since both the eigenvalues of the matrix A are equal to 1 and C~*AC =
15, for some, invertible matrix C' implies that the last equation gives A =
CI,C~! = I, which is not true.

An exciting feature of the above theorem is that it finds an invertible
matrix C that diagonalizes the matrix A.

For this, it is enough to find a set of linearly independent eigenvectors of
A that can be considered to form the columns of the invertible matrix C'

For example: Consider a 2 x 2 matrix A =

Example 8.21:
Determine an invertible matrix C' that diagonalizes the matrix
2 -1
A= [ 2 } .
Solution:

The eigenvalues of the matrix A are 3 + +/—1 and 3 — v/—1 and hence
the eigenvectors of A are

o [ (-1+v=1) —(1+v-1) ]

2 2
1 1

That diagonalizes the matrix A, i.e., in the form of an invertible matrix
C.
Then by the previous theorem, it can be written as

-1 | 3+v-1 0
CAC = [ 0 3 o1 0
The following section shows that the linear transformation 7’ : V. — V

is diagonalizable if the geometric and algebraic multiplicities coincide for
every eigenvalue.
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Theorem 8.10:

Let V' be an n-dimensional vector space. If A1, Ao, -+, A\, the eigen-
values of a linear mapping 7" : V' — V and their geometric multiplicities
di,ds, -+, dp, satisfy the inequality dy + ds + - - - + dp, < n, if and only if
the linear mapping 7' is diagonalizable.

Proof:

Let B; be a basis of the eigenspace E),, for each <.

Let us observe first that

v, +v9 + -+ v, =0,, where each v; € B,.

Then certainly each v; = 0, since by Theorem 8.8, the eigenvectors
corresponding to distinct eigenvalues are linearly independent.

We next observe that | J;" ; B, is linearly independent.

If B = {ej1,€i2, -, €iq, } and v; = pi1e + pineio+- - -+ ig, €id; € By,
Then Zle v; = 0 gives each v; = 0, whence all the coefficient y1;; = 0.

Since the B/ s are pairwise disjoint, it observes that

m

Us,

i=1

Finally, equality occurs if the vector space V' has n-linearly independent
eigenvectors, i.e., by Theorem 8.9, if and only if the transformation 7' is
diagonalizable. O

Theorem 8.11:

LetT : V — V be a linear mapping and A be an eigenvalue of 7". Then
the geometric multiplicity of the eigenvalue A is less than or equal to the
algebraic multiplicity of \,i.e., G.M < A.M.

Proof:
LetT : V — V be a linear transformation.
Let {e1,e2, -+ ,ex} be a basis of F) and extend this to a basis B =

{e1,e2, - ,en} of V.
Thus, the matrix of the linear transformation 7T relative to the basis B is
of the form
M= [ M, C } ‘

0 D

This implies that the characteristic polynomial of the matrix M is of the
form (A — X)? p (X), where p (X) is a polynomial of degree n — k. Thus, it
follows that the value of k is less than or equal to the algebraic multiplicity
of \.O
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It can be deduced from the above that the following necessary and
sufficient condition for a linear transformation 7" : V' — V is said to be
diagonalizable.

Theorem 8.12:
The following statements are equivalent:

(1) The linear transformation 7" : V' — V is diagonalizable.

(2) For every eigenvalue A of the linear transformation 7', the geometric
multiplicity (G.M) of the eigenvalue A coincides with the algebraic
multiplicity (A.M) of A.

Proof:

As we know, the sum of the algebraic multiplicities of the eigenvalues is
the degree of the characteristic polynomial, namely n = dim V. The result,
therefore, follows from Theorems 8.10 and 8.11. O

Example 8.22:
-3 1 -1
Show that the matrix A = | —7 5 —1 | is not diagonalizable.
—6 6 -2
Solution:

The matrix A has only two distinct eigenvalues, namely 4 and —2, where
the algebraic multiplicity of —2 is 2.

To determine the eigenspace E_o for A\ = —2, we solve
(A +2I35)X =0,, ie.,

-1 1 -1 1 0
e, | =7 7 -1 o | = 0

-6 6 0 T3 0

Upon using the reduced echelon form of the matrix, the corresponding
system of the linear equation reduces to

.%'1—1‘2:0
x3:0

9

which gives the rank of the coefficient matrix A is 2. Consequently, the
solution space of the matrix is of dimension 3 — 2 = 1.

Thus, the eigenvalue —2 is of geometric multiplicity 1.

Hence, by Theorem 8.10, it follows that the matrix A is not diagonaliz-
able. O
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Example 8.23:
1 -3 3
Show that the matrix A = | 3 —5 3 |is diagonalizable.
6 —6 4
Solution:

The characteristic polynomial of the matrix A is
A — 5| =(4—))(A+2)%

This implies that the eigenvalues of the matrix A are 4 and —2, having
respective algebraic multiplicities of 1 and 2.
Next, to determine the eigenspace E_5 for A = —2, for which we solve

(A +2I5)X =0,

i.e.,
3 -3 3 1 0
3 -3 3 z9 | = | 0
6 —6 6 T3 0

Upon using the reduced echelon form of the matrix, the corresponding
system of equations reduces to

r1 — 22+ 23 =0,

which implies that the coefficient matrix A is of rank 1.

So, the dimension of the solution spaceis 3 — 1 = 2.

Thus, the eigenvalue A = —2 is of geometric multiplicity 2.

Similarly, for the eigenvalue A = 4, since its algebraic multiplicity is 1,
by Theorem 8.11, it follows that its geometric multiplicity of A = 4 is also 1.

Hence, it follows that the matrix A is diagonalizable. O
Example 8.24:
1 1
Let us consider any two linearly independent eigenvectors | 1 0
0 -1

in E_9 that correspond to the eigenvalue —2 and constitute a basis for F_s.
Similarly, let us consider any single non-zero vector
1
1 | in E4 that fits the eigenvalue 4 and forms a basis for F}.
2
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Then, clearly, these three eigenvectors

1 1 1
1], 0 | and | 1 | are linearly independent.
0 -1 2

Upon using these eigenvectors together, we can obtain an invertible
matrix C, i.e.,

and this is such that

-2 0 0
ct'AcC=| 0 -2 0|.0
0 0 4
Example 8.25:
For each of the matrices A given by
1 0 1 -2 5 7
@A=|01 0| MdA= 1 0 -1
1 01 -1 1 2
[ -3 -7 19 -4 0 -3
QA= -2 -1 8 |[and(d) A= 1 3 1
-2 =3 10 4 -2 3
Find an invertible matrix C' such that C~' AC is diagonal.
Theorem 8.13:
Let A be a2 x 2 matrix defined by
A= |9 ® ] , which has distinct eigenvalues A1, As.
az a4

Then the matrix A is diagonalizable.
When asy # 0, there exists an invertible matrix C' such that

A0 . .
—1 _ 1
CtAC = [ 0 A } is the matrix

_ a2 a2
C= |: )\1—CL1 )\g—al

Proof:
The first statement is immediate from Theorems 8.7 and 8.8. With The-
orems 8.7 and 8.8, it can be easily proved that if a matrix A has distinct
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eigenvalues, then the matrix A is diagonalizable. Thus, the first statement is
proved.
For the second statement, let us observe that

al—)\ a9

det[ as as— A

:| = )\2 — ((L1 + a4) A+ araq — asas,

where the eigenvalues of the matrix A are

1
)\1 = 5 {(a1 + (14) + \/(al — a4)2 + 4a2a3}

Ay = % {(cu +ayq) — \/(al — a4)2 +4a2a3} .

a2

Let us consider the column matrix X; as: X; = [ \ a
1—al

} , in which,
by hypothesis as # 0, we have

ay ag a9 _ az)\l — )\ a9
a3 a4 A1l — a1 cas + ay ()\1 — al) 1 A —ay |

The final equality results from the fact that
)\1 ()\1 — al) — a3a — a4 ()\1 — al) = )\12 — (a1 + CL4) )\1 + aja4 — agas3
=0 :
This implies that X is an eigenvector associated with the eigenvalue A =

Al.
Similarly, one can show that

b . . . . .
Xy = { o — a }15 the eigenvector associated with the eigenvalue A\ =
5 —

A2.
Upon using these eigenvectors X; and X together, the required invert-
ible matrix C' can be obtained. O

8.6 Diagonalization of Symmetric Matrices

The diagonalization of a matrix is related to its eigenvectors. The follow-
ing theorem summarizes the properties of eigenvalues and eigenvectors of
symmetric matrices and paving the way for their diagonalization results.
Theorem 8.14:

Let A be an n X n matrix.
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(1) All the eigenvalues of A are real numbers.

(2) The dimension of an eigenspace of A is the multiplicity of the eigen-
value as a root of the characteristic equation.

(3) The eigenspaces of the matrix A are orthogonal.

(4) The matrix A has n-linearly independent eigenvectors. O

Example 8.26:

Consider a symmetric matrix A = . Verify the above

N = Ot
DN Ot W~
DN NN

theorem for A.

8.7 Orthogonal Diagonalization

If a matrix @ is orthogonal, then Q! = Q7 thus, if such a matrix is used in
a similarity transformation, then the transformation becomes D = Q7 AQ.
These types of computation, of course, is easier to compute than QL AQ.
This is important if one is performing computations by hand, but not
essential when using a computer.

Note: There is a role of similarity transformation in going from one coor-
dinate system to another. Similarity transformation involving an orthogonal
matrix is the transformation that is used to relate orthogonal coordinate
systems (coordinate systems where the axes are at right angles).

Definition 8.4:
An n x n square matrix A is orthogonally diagonalizable, if there is an
orthogonal matrix ) such that Q7 AQ = D is a diagonal matrix.

Remark 8.4:
The set of orthogonally diagonalizable matrices is, in fact, the set of
symmetric matrices.

Theorem 8.15:
Let A be an n X n square matrix. Then the matrix A is orthogonally
diagonalizable if and only if the matrix A is symmetric.

Proof:

Suppose that the matrix A is symmetric. The following steps can be taken
to construct an orthogonal matrix Q such that Q7 AQ is orthogonal.

From the previous theorem, it can be ensured that this algorithm can be
carried out.
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(1) First, to find a basis for each eigenspace of the matrix A.

(2) Then to find an orthonormal basis for each eigenspace by using the
Gram—Schmidt process.

(3) Let @ be an orthogonal matrix whose columns are orthogonal vectors.

(4) The matrix QT AQ = D will be the diagonal matrix.

Conversely:

Assume that the matrix A is orthogonally diagonalizable. Thus, there
exists an orthogonal matrix @ such that A = QDQ".

Upon using the properties of transpose, we get

AT = (QDQN)"
T
= (Q")" (@D)"
= QDQ"
=A.
Hence, the matrix A is symmetric.

Example 8.27:
Orthogonally diagonalize the following symmetric matrix A:

a4 7

Solution:
The eigenvalue and the corresponding eigenspaces of this matrix are as
follows:

et (1]} s (7))

Since the matrix A is symmetric, it can be diagonalized to give

D:[‘Olg].

Let us determine the transformation.

The eigenspaces v; and v9 are to be expected orthogonally.

Use a unit vector in each eigenspace as columns of an orthogonal
matrix Q.



234  Diagonalizations

_ 1

1
We get Q = \? V2

1
V2 V2
The orthogonal transformation that leads to D is

QAQ=1 "7 7 o 1 ||l L |
V2 V2 o V2 V2

Now we apply these tools to the study of matrix representations of linear
operators.
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Application to Conics and Quadrics

This chapter discusses the applications of conics and quadrics and the canoni-
cal form of matrices that include some vital discussion such as bilinear forms,
Sylvester’s law of inertia.

In this chapter, we shall use the concept of an orthogonal matrix to reduce
a real symmetric matrix to the diagonal form by a similarity transforma-
tion. This chapter starts with the discussion of quadratic forms, conics, and
quadrics. It includes some vital discussion such as bilinear forms, eigenval-
ues of congruent matrices, Sylvester’s law of inertia, and skew-symmetric
bilinear form.

9.1 Quadratic Forms

A quadratic form q in the set of real variables x1, zo, . .., z, is a polynomial
inx1,x9,...,x, with real coefficients in which every term has degree 2.
For example, a statement a1 212 + 2a2x1 22 + azz3 is a quadratic form in
I and xI9.
Quadratic forms arise in many contexts.

For example:

The equation of a conic in the plane and a quadratic surface in three-
dimensional space involves quadratic forms.

We commence by noticing that a quadratic form q = a1z1% 4 2a9x1 2 +
azz3 in z1 and x5 can be expressed as a product of these matrices, namely

T
o ay ag I . I al a X1
Primarily, any quadratic form q in x1, z9, . . . , &5, can be expressed in this

form.
Let the equation give the quadratic form

235
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a=>r, E?zl aijz;x;, where a;; are real numbers.
By context A = [a;j],, , and expressing X for the column vector with

., Zn. We look from the definition of the matrix product that

entries x1, xo, ..
the quadratic form q may be described in the form

q=XTAX.
This implies that the real matrix A can determine the quadratic form q.
Now, we consider that the matrix A is symmetric. Since X7 AX is scalar,
the quadratic form q may equally well be expressed as

(xTax)" = XTATX.

Thus,
q=3 (XTAX + XTATX)
- X7 (3 (a+ A7) X
It follows that the symmetric matrix A can replace the matrix

L(A+AT).

Note:
(1) The matrix combined with a quadratic form is symmetric.

(2) A quadratic form q can be described in terms of square only.

9.2 Conics

Let us consider a conic, which is a curve defined in the two-dimensional plane

with an equation of the second degree of the form
a1x2 + 2a2y + a3y2 + agx + asy + ag = 0, 9.1)

where the coefficients a1, as, as, aq, as, and ag are all real numbers
Eqn (9.1) can be expressed in matrix form as

XTAX + Jag as) X 4+ ag = 0, 9.2)
WhereX:[gv}andA:[a1 (12:|
Yy a2 as

which is a quadratic form in  and y that is involved in this conic.
Next, let us apply the spectral theorem to examine its effect on the

equation of conic (9.1).
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Let @) be a real orthogonal matrix such that

’

QTAQ = { aé ao/ ] , where entries al/ and af are the eigenvalues of
3

the matrix A.
Let us put X’ = Q7 X and let the entries of X’ be 2’ and /. Then X =
QX' and the equation of the conic takes the form:

(x)" [ " aog, ]X’Jr las as] QX'+ ag = 0. 9.3)

Or, equivalently, the equation can be expressed as
/ ! ! !
al :E/2+a3 y/2+a4 2 +asy +ag=0,

. / /
for specific real numbers, ay and as .
Therefore, the advantage of changing to the new variables 2/, ¢/ is that
there is no “cross term” x’y’ in the quadratic form.

Geometrical interpretation:

Geometrically, it corresponds to a rotation of axes x and y to a new set of
coordinates x’ and 7/'.

Any 2 x 2 real orthogonal matrix represents either a rotation or a reflection
in R?; however, no reflection will arise in the present instance.

Example 9.1:

Determine the conic of the equation defined by the quadratic equation
22 +4dzy+ > +3x+y—1=0.
Solution:

The matrix A associated with the quadratic form of the equation

:c2+4:vy+y2isA:{§ %]

The eigenvalues of the matrix A can be found to be 3 and —1, and the
1 —
1 1

Putting X’ = QT'X, where X' has entries 2’ and 1/, then X = QX' and
we find that

orthogonal matrix ) = % [ ] can diagonalize the matrix A.

1
I
Y=11 (' +9y)
So we have § = 7, and the rotation of axes found for this conic is through
an angle 7 in an anticlockwise direction.
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Now upon substituting the value of x and y in the equation of the conic,

it obtains
3$/2_y/2+2\/§$/_\/§y1_1:0’

which shows that the conic is a hyperbola.
Next, to find the standard form, we put the equation in a complete square

inz’ and v/, i.e.,
2
V2 1\* 7
3(a/+ X2 — (v +—=) ==
(x + 3 (y +\/§> 6

Thus, the equation of the hyperbola in standard form is

7

322 — y//2 _ 5

where the values of 2"/ and 3" are defined as

no__ 0, V2
r =X +'TT
y// — y/ + %
This represents a hyperbola having a center (2/,y'), where
I V2 r_ 1
¥=—-%andy = 75

Thus, the hyperbola center in zy-coordinates form is (%, —%), and the

axes of the hyperbola are defined by the lines 2" = 0 and " = 0,

i.e.,a:—yzland:c—i-y:—%.

9.3 Quadrics

A quadric is an equation of surface defined on a three-dimensional space,
having degree 2 of the form

a1x2 + a2y2 + a3z2 4+ 2a42y + 2a5y2 4 2a62x + arx + agy +agz + a9 = 0.

Let us consider a symmetric matrix A, defined by

ay a4 G
A= 1| a4 ay as
ag a5 a3

Then the equation of the quadric can be expressed in the form
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XTAX + [CL7 as ag] X +ap=0,

where X is the column with entries x, y, z.

From analytical geometry, a quadric is one of the following surfaces,
i.e., a hyperboloid, an ellipsoid, a paraboloid, a cylinder, and a cone (or a
degenerate form).

So, just as conic, this quadric class can also be obtained by a rotation
to principal axes. For finding a real orthogonal matrix (), It must satis-
fies QTAX = D, where D is a diagonal matrix with diagonal entries
aj_,as_,a3_, say.

Let us substitute X’ = Q7 X, Then it obtains X = QX' and XTAX =
x"'Dx'.

Thus, the quadric equation becomes

(X’)TDX’ + [a7 as a9l QX'+ a10 = 0,

which is similar to

ro2 ’o12 12 /W ! r
a1 7+ ay a3 +arx +agy + agz +apg = 0.

Here a), a}, ay are the eigenvalues of the matrix A, while a%, a}, ag are
specific real numbers.

By accomplishing the squares in z’,1/, 2’ as necessary, we can get the
quadric equation in standard form and then it will be desirable to recognize
its type and position. The last step illustrates the translation of axes.

Example 9.2:
Determine the quadric surface of the equation

The matrix A of the suitable quadric form of eqn (9.4) is

A=

—_ = =
—_ = =
—_ = =

If we write the equation of the quadric in matrix form, then it will take
the form as
XTAX +[-1 2 —1]X =0.

Next, we can continue to diagonalize the matrix A using an orthogonal
matrix (). Upon finding the eigenvalues of the matrix A, the eigenvalues
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of the matrix A can be obtained as 0, 0, and 3 with the corresponding
eigenvectors

1

2] s
_% , 7| and 7
1 1

0 2 e

Here the eigenvalue A = 0 obtains the first two eigenvectors that generate
the eigenspace.
Next, to identify an orthonormal basis of this subspace, this can be done

either by guessing such a basis or by applying the Gram—Schmidt procedure,
which turns out to be

I I I
eH Bl I

Therefore, the matrix A can be diagonalized by the orthogonal matrix )

as
1 1 1
V2 V6 V3
N | 11
Q= 2 V6 V3
0o -2 L
NCEERVE]

The matrix () illustrates a rotation of axes.
Put X’ = Q7X; then X = QX' and

xTax = (X" (QT4Q) x' = (x")" DX,

where D is the diagonal matrix with diagonal entries 0, 0, and 3.
Hence, the equation of the quadric is obtained as

(X' DX +[-1 2 —1]QX' =0
2 1 .0 1 .1 __
= ﬂx \/63/ =0.
This represents a parabolic cylinder whose axis is in line with the
equations

or =z

y/:\/gx/,z/:O.

9.4 Definite Quadratic Form

Let us assume a quadratic form q = X7 AX in real variables x1, x, . . ., T,
where A is a real symmetric matrix.
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In some applications, it is the sign of the quadratic form q that is impor-
tant. The quadratic form q is said to be positive definite, if q > 0 whenever
X # 0. Similarly, the quadratic form q is called negative definite if q < 0,
whenever X # 0. The quadratic form q is said to be indefinite, if q can have
both positive and negative values.

For example:

Positive-definite quadratic form:
Here, the expression 322 4 2y is positive unless x = 0 and y = 0; so
this is a positive definite quadratic form.

Negative definite quadratic form:

Here, the expression —3x? — 2y? is negative definite since the term is
negative unless z = 0 and y = 0. Otherwise, the form 322 — 2y? can take
both positive and negative values; so it is an indefinite quadratic form.

One can quickly obtain the nature of the quadratic form if it contained
only the squared term, just as done in the above examples. However, it is
not possible to determine the nature of the problem by simple investigation
in general. In symmetric matrices, the diagonalization process reduces the
problem to a quadratic form whose matrix is diagonal and includes only
squared terms. From this, it is evident that it is the signs of the eigenvalues of
the matrix that are prominent. The conclusive result is as follows.

Theorem 9.1:
Let us consider a real symmetric matrix A and the quadratic form q =
XTAX. Then

(1) The quadratic form q is positive definite if and only if all the eigenvalues
of the matrix A are positive.

(2) The quadratic form q is said to be negative definite if and only if all the
eigenvalues of the matrix A are negative.

(3) The quadratic form q is indefinite if and only if all the eigenvalues of
the matrix A have both positive and negative eigenvalues.

Proof:
Let there exist a real orthogonal matrix @ such that QTAQ = D is
diagonal, with diagonal entries A1, A2, . .., Ap, say.

Let us put X’ = Q7 X; then X = QX' and

q=XTAX
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= (x)" (Q"4Q) X’
- (x")" DX’

This implies that the quadratic form q takes the form q = \;z/?; +
Aox'?y + - + \pa'?, , where oy, b, ..., x, are the entries of X'.

Thus, the quadratic form q in 2}, 2, . .., 2/, involves only squares.

Next, it can be observed that as X varies over all the non-zero vectors of
R" sodoes X' =QTX.

This is since Q7 = Q! is invertible. Therefore, q > 0 for all X # 0 if
and only if q > 0 for all X’ # 0.

Similarly, one can find that it is sufficient to discuss the behavior of the
quadratic form q in 2y, oy, . . . x},. Still, the quadratic form q will be positive
definite as such a form precisely, when Ay, Ao, ..., Ay )\gs > 0, fori =
1,2,...,n and similarly for negative definite and indefinite.

Thus, since A1, Aa, ..., A, are the eigenvalues of the matrix A, it proves
the statement of the theorem.

Hence proved. O

Next, let us discuss the crucial case of a quadratic form q in two variables
x and y, say, q = a1x? + 2azxy + azy®.

The associated symmetric matrix is

A:[‘“ “2].
as as

Let the eigenvalues of the symmetric matrix A be p1 and ps. Then, we
have the relationship det (A) = pqpo,tr (A) = py + uo and hence

Hito = ar1asz — a22 and p1 + pe = a1 + as.

The quadratic form q is said to be positive definite if and only if the
eigenvalues 1 and po are both positive. It happens precisely when aja3 >
az? and a; > 0, and these conditions are indeed necessary (by Theorem 9.1).

If the eigenvalues p1, po are both positive, then the coefficients a; > 0,
a3 > 0, and ajaz > ag?. Then it shows that a; and ag are of the same
sign.

Similarly, it can also be argued that the conditions a;as > as?and a; < 0
will be for the matrix A to be negative definite.

Finally, the quadratic form q is said to be indefinite, if and only if aja3 <
as?. The condition for the quadratic form q to be indefinite is that z; and
wo are of opposite signs, i.e., pipue < 0. Therefore, we have the following
results.
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Corollary 9.1:
Let us consider the quadratic form q = a122 + 2asxy + azy? in x and y.
Then

(1) The quadratic form q is positive definite if and only if aja3z > a2? and
a1 > 0.

(2) The quadratic form q is negative definite if and only if ajaz > as? and
ay < 0.

(3) The quadratic form q is indefinite if and only if a1a3 < as?.

Example 9.3:
Let the quadratic form q be defined by q = —222 + zy — 332,
Here a1 = -2, agzé, az3 = —3

Since ajasz > a9? and a1 < 0, it implies that the quadratic form Q is
negative definite.

Similarly, one can consider the quadratic forms in three or more variables;
for it, one must use (Theorem 7.1) to decide on definiteness.

Example 9.4:
Let q = —222 — y? — 222 + 622 be a quadratic form in z,y, 2.
The coefficient matrix of the quadratic form can be defined as
-2 0 3
A= 0 -1 0
3 0 -2

Since the matrix’s eigenvalues A are —5, —1, and 1, the quadratic form
q is said to be indefinite.
Next, we discuss the criterion for a matrix to be positive definite.

Theorem 9.2:

Let us consider a real symmetric matrix A. Then the symmetric matrix
A is said to be positive definite if and only if there is an invertible matrix
A=C"C.
Proof:

Let us consider that the matrix C is invertible and A = CT'C.

Then the quadratic form q = X7 AX can be rewritten as

q=X"(cTCc)Xx
=xTclfcx
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= (cx)fox
= lCX|J.

Now, if X # 0, then it implies C'X # 0 (since the matrix C is invertible).

Thus, it means ||CX|| is positive, if X # 0.

Hence, it observes that the quadratic form q is positive implies that the
real symmetric matrix A is positive definite.

Conversely, let us consider that the real symmetric matrix A is positive
definite, implying that all the matrix eigenvalues A are positive.

Then there exists a real orthogonal matrix Q such that QT AQ = D
is diagonal, having diagonal entries dy1, doso, . .., d,, say, and these are the
eigenvalues of the matrix A and all d,,;s are positive.

Now define v/D to be the real diagonal matrix having its diagonal entries
as V/di1,Vdaa, .., V/dnn-

Then it has

A= (QT) ' DQT
=QDQ" '

Since QT = Q1 it becomes
A=Q(VDVD)Q"
- (o) (00

Finally, let us put C = v/DQ7, and it can be observed that the matrix C
is invertible, since both ) and \/5 are invertible.

9.5 Bilinear Form

A bilinear form can be defined as a scalar-valued linear function of two vector
variables: an inner product described in a real vector space V. Thus, there is
a close network between the bilinear forms and quadratic forms.

Let us consider a vector space V defined over a field F.

Let VXV ={(u,v): u,v € R}.

Then a bilinear form defined on a vector space V is a function ¢ : V x
V = F.

That is to say, a rule that assigns to each pair of vectors (u,v), a scalar
that satisfies ¢ (u, v) the following requirements:

(1) ¢(U1 + ’LL2,’U> = ¢(U1,U) + ¢(U2,U).
() ¢ (u,v1 +v2) = ¢ (u,v1) + ¢ (u, v2).
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3) o (kua U) = ko (uv U)'
@ o (’LL, /{?U) = ko (uv U)'

These must hold for all vectors u, u1, us, v, v, v9 in V and for all scalars
kin F. If ¢ (u,v) satisfies all the above four properties, then ¢ (u, v) is said
to be linear in both the variables u and v.

As cited, an inner product (.) on a real vector space is a bilinear form ¢ in
which ¢ (u, v) = (u,v) and a bilinear form ¢ (u, v) arises whenever a square
matrix is given, which is shown by this example.

For example:

Let A be an x n matrix over a field F and ¢ : F"* x F" — F defined by
the rule ¢ (X,Y) = XTAY is a bilinear form on F”.

It is a typical bilinear form on finite-dimensional vector spaces, which we
will state further.

9.6 Matrix Representation of Bilinear Forms

Let us consider a bilinear form ¢ : V x V — F defined on an n-dimensional
vector space V over a field F. Let B = {vq, vo, ..... , Un, } be an ordered basis
of V and represent c;; to be the scalar ¢ (v;, v;).
Thus, the function ¢ can be associated with the n x n matrix A = {a;;}.
Next, let u,v € V and
u=3 aviandv = Y0 Bv;.
Then the coordinate vectors of the vectors w and v can be defined for the
given basis B are
by c1
ulg=|: | and[v]g=
bn, Cn
Upon using the linear properties of ¢, the function ¢ (u,v) can be
calculated in terms of the matrix A as

¢ (u,v) =¢ (Z V5, Z@‘W)
= Z a;p (% Z 5;‘%‘)

i=1 j=1
= Z z aidJ ('Ui, Uj) ,Bj.

i=1 j=1
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Since ¢ (v;,vj) = ¢y, it becomes

¢ (u,0) =D > aiciBj.

i=1 j=1

From this, the fundamental equation can be obtained as

¢ (u,v) = ([ulg)" Alv]g.

Thus, the linear form ¢ is defined concerning the basis B by the n x n
matrix A whose (7,j) entry is ¢ (v;,v;), where the value of ¢ can be
calculated using the above rule, especially if ¢ is a bilinear form on F", with
the standard basis, then ¢ (X,Y) = XTAY.

Conversely, let us begin with a matrix A and define ¢ by

¢ (u,v) = ([ulp)" Alt]p.

Then it can be easily verified that a function ¢ is a bilinear form on the
vector space V and that the matrix representing the function ¢ concerning the
basis B is A.

Now let us consider another ordered basis B’, and we will check the effect
of B’ upon the matrix A.

Let C be an invertible matrix that describes the change of basis from B’
to B, i.e., B’ — B. Thus, [u]g = C [u]g,.

And it obtains

¢ (u,v) = (C [U]B')T A(C [U]B/)
= ([ulg)" (CTAC) (v -

This demonstrates that the matrix CT AC' describes the function ¢ with
respect to the basis B'. O

Here, we find a new relationship between the matrices that have arisen. It
can be defined that a matrix B is said to be congruent to a matrix A, if there
exists an invertible matrix C such that B = CT AC.

There is some correlation between congruence and similarity, but matri-
ces need not be congruent in analogous general, nor are congruent matrices
identical. The point that has appeared from the preceding discussion is that
matrices representing the same bilinear form (concerning different vector
space bases) are congruent. This result is to be correlated because the matrices
representing the same linear transformation are similar.
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The conclusion of the last few paragraphs outlines the following funda-
mental theorem.

Theorem 9.3:
Let V be an n-dimensional vector space and ¢ be a bilinear form on V
over F'.

(1) Let B be an ordered basis of V defined by B = {v1,va,...,v,}. Let
us define an n X n matrix A whose (i, j) entry is ¢ (v;,v;); then the
bilinear form ¢ is defined by ¢ (u,v) = ([ulg)” A [v]g.

Here, A is the n X n matrix representing the function ¢ concerning the
ordered basis B.

(2) If there is another ordered basis B, then the bilinear form ¢ is repre-
sented concerning the ordered basis B’ by the matrix CT AC, and C is
an invertible matrix defining the change of basis B’ — B.

(3) Conversely, if A is any n x n matrix defined over the field F, then a
bilinear form ¢ on V is determined by the rule as

¢ (u,v) = ([ulp)" Alt]p.

The matrix A represents it concerning the basis B.

9.7 Symmetric and Skew-symmetric Bilinear Form

A bilinear form ¢ defined on a real or complex vector space V is symmetric if
its values are unaltered by reversing the arguments, i.e., if ¢ (u,v) = ¢ (v, u),
for all u and v.

Similarly, a bilinear form ¢ is said to be skew-symmetric if ¢ (u,v) =
—¢ (v,u) and is always true.

For example, any real inner product on an inner product space V is
a symmetric bilinear form; otherwise, the structure ¢ is defined by the

rule
1 Y1 _ _
¢([m2 ],[m }) T1Y2 — TaY1,

which is an example of a skew-symmetric bilinear form defined on R?.

Note:
There are connections with symmetric and skew-symmetric matrices.
The following theorem discusses it further.
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Theorem 9.4:

Let V be a finite-dimensional vector space and ¢ be a bilinear form
defined on V. Let the matrix A represent the function ¢ concerning to
some basis of V. Then the function ¢ is said to be symmetric if and only
if the matrix A is symmetric, and the equivalent statement is also valid for
skew-symmetric bilinear forms.

Proof:
Let us consider the matrix A to be symmetric and [u]” A [v] to be scalar;
then we have

Thus, ¢ is symmetric.
Conversely, assume that the function ¢ is symmetric and let B =
{v1,v2,...,v,} be the ordered basis of V. Then

aij = ¢ (vi,v;) = ¢ (vj,v:) = ag,
which implies that the matrix A is symmetric.

The proof of the skew-symmetric case is also related to the symmetric
case.

9.8 Symmetric Bilinear Forms and Quadratic Forms
Let ¢ be a bilinear form on R" defined by

(X, Y)=XTAY.
Then the bilinear form ¢ determines a quadratic form q, where
a=0¢(X,X) =XTAXx.

Conversely, if q is a quadratic form in x1, x2, . . . , ., then an equivalent
symmetric bilinear form ¢ on R"™ can be defined by means of the rule

6(Y) = S {a(X +Y)—a(X) —a(V)},

where X and Y are the column vectors consisting of x1,x9,...,x, and
Y1, 92, -5 Yn-
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To show the function ¢ (X, Y) is bilinear, first, we express ¢ (X ) as
q(X) = X7 AX where the matrix A is symmetric.
Then

6 (X,Y) :%{(X—i—Y)TA (X +Y) —XTAX—YTAY}

= % (XTAY + YT AX)
= XxTAy.

Since XTAY = YT AX, this shows that ¢ (X,Y) is bilinear.

Theorem 9.5:

A bijection arises between the set of quadratic forms in x1,z2,..., 2,
and the set of symmetric bilinear form on R"™. O

We would suppose to get important information about symmetric bilinear
forms by utilizing the spectral theorem from experience. In fact, what is
obtained is a canonical or standard form for such bilinear conditions.

Theorem 9.6:
Let ¢ be a symmetric bilinear form defined on an n-dimensional real
vector space V. Then there exists a basis B of V such that

¢ (u,v) = ugv1 + ugVy + - - - + UV
—Uk+4+1Vk4+1 — Uk42Vk42 — *°* — ULVL

where ui,us,...,u, and vy, ve,...,v, are the entries of the coordinate
vectors [u|lg and [v]g respectively, and k and L are integers satisfying
0<k<LL<n.

Proof:

Let a matrix A represent the bilinear form ¢ concerning some basis B’ of
V. Then the matrix A is symmetric. Thus, QT AQ = D is diagonal for some
orthonormal matrix (), having diagonal entries dy, ds, ..., d,, and these are
the eigenvalues of the matrix A.

Suppose that the first k& diagonal entries are non-negative, i.e.,
di,ds,...,dg > 0Whi16dk+1,dk+2,...,dL < 0anddL+1 = dL+2 ==
d, = 0 by altering the eigenvectors, if necessary.

Let E be the n x n diagonal matrix whose diagonal matrix entries are the
real numbers
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Then
(QE)" A(QE) = ET (QTAQ) E ]
I : 0 : 0
=EDE=| | B o | =95"
L0 0 0 |

It implies that the matrix QE is invertible, and its inverse finds out a
change of basis from B’ to B say. Then the bilinear form ¢ will be shown by
the matrix .S concerning the basis B.

This implies that ¢ (u,v) = ([u]g)" S [v]g.

Hence, on multiplying the matrices together, the result follows.

Example 9.5:
Determine the canonical form of the symmetric bilinear form on R?

defined by ¢ (z,y) = x1y1 + 2x1y2 + 222y1 + T2Y2.
The matrix of the bilinear form ¢ concerning the standard basis can be

expressed as
1 2
a=[1 2],
The matrix A has eigenvalues 3 and — 1 and can be diagonalized by the

matrix )
1 -1
Q:ﬁ[l 1 ]

Upon putting X' = QT X and Y’ = Q7Y we find
¢(X,Y)=XTAY

— (X)) QTAQY"
/ 3 0 /
S e

so that ¢ (X, Y) = 31‘1/3/1/ — x2/y2/.
Here ©; = % (r1 4+ x2) and 9 = % (—x1 + x2) with the corre-
sponding formulas in y.

Next, to obtain the canonical form of the bilinear form ¢,
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PUtx1N V3zy, y1 \[y1 andxg = x5 ,y2 —y2
Then ¢ (X,Y) =231 y1 — yg , which is the canonical form.

9.9 Eigenvalues of Congruent Matrices

Since the congruent matrices describe the same symmetric bilinear form, it
expects that such congruent matrices must have some common properties as
that of similar matrices. Still, similar matrices possess the same eigenvalues,
whereas this is not true in congruent matrices.

For example:
The eigenvalues of the matrix
2 0]
0 -3
whereas the congruent matrix

BRI ER IR b

has eigenvalues —2 and 3.

are 2 and —3,

Remark:

It is well known that, although the numbers of positive and negative eigen-
values are alike for each matrix, the eigenvalues of the congruent matrices are
different.

9.10 Sylvester’s Law of Inertia

Theorem 9.7 (Sylvester’s law of inertia):

Let us consider an n xn real symmetric A matrix and C an invertible nxn
matrix. Then the matrices A and C” AC have an equal number of eigenvalues
and have the same number of negative, positive, and zero eigenvalues.

Proof:

First, let us assume that the matrix C is invertible. It is possible to express
QR factorization, () a real orthogonal matrix, and R a real upper triangular
with positive diagonal entries obtained using the Gram—Schmidt process.

The objective of the criterion of the theorem is to get a continuous chain
of matrices that leads C to an orthogonal matrix ().

The point of this is that QT AQ = Q 'AQ); indeed, it has the same
eigenvalues as the matrix A (since Q is an orthogonal matrix).
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Define

Ct)=tQ+ (1—1t)C,where 0 <t <1.

Thus, C (0) = C, while C (1) = Q.

Now note U = tI + (1 — ) R,

so that C (t) = QU.

Next, as U is an upper triangular matrix, its diagonal entries are ¢ +
(1 — t) r4; so these cannot be zero 0 < ¢ < 1, since r;; > 0and 0 < ¢ < 1.

Hence, the matrix U is invertible, while the matrix () is absolutely
invertible since it is orthogonal.

It observes that C (t) = QU is invertible.

Thus, det (C (t)) # 0.

Let us consider A (t) = C ()7 AC (t).

So, it implies that det (A (£)) = det (A) . det (C (£))* # 0.

(Since det (C (t)) # 0 and det C (¢)7 = det C (¢).)

It shows that the matrix A (¢) cannot have zero eigenvalues.

As t goes from O to 1, the eigenvalues of A (0) = CT AC gradually shift
to those of A (1) = QT AQ, that is, to those of A.

But in this method, no eigenvalue can alter its sign because the eigenval-
ues that occur are a continuous function of ¢, and they are never zero.

Therefore, the numbers of negative and positive eigenvalues of CT AC
equal to those of A. O

Note:

To check whether A is singular, we have to analyze the matrix A + I,
which may be a concept of perturbation of A. Now A + I will be invertible
only if € is sufficiently small and positive.

Suppose we consider det (A + zI) as a polynomial of a degree n that
vanishes for at most n-values of x.

Thus, the prior disagreement shows that the conclusion is valid for A +¢I
also. If € is small and positive, then take the limit as e — 0 and we can deduct
the results for the matrix A. O

Remark:

The theorem shows that the bilinear form uniquely determines the number
of negative and positive signs in the canonical form. Moreover, it does not
depend on the particular choice of the basis.

Example 9.6:

Show that the matrices A = [ ? ; } and B = [ ; % } are not

congruent.
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Solution:

The eigenvalues of the matrix A are 1 and 3, while the matrix B has the
eigenvalues 3 and —1. So, by Theorem 9.7, the matrices A and B cannot be
congruent.

9.11 Skew-symmetric Bilinear Form

We have observed that obtaining a canonical form for a symmetric bilinear
form on a real vector space Vs possible. Next, the discussion extends to
skew-symmetric bilinear forms in the light of congruent matrices.

The following theorem yields a solution to the problem.

Theorem 9.8:

Let ¢ be a skew-symmetric bilinear form defined on an n-dimensional
vector space V over the field F, where F is either R or C. Then
there is an ordered basis B of the vector space V with the form
{u1,v1,u2,v9, ..., Ug, Vk, W1, ..., Ws_2r}, Where 0 < 2k < n such that
¢ (uj,v;)) =1 = —¢(vi,u;) , i = 1,2,...,k and ¢ vanishes on all other
pairs of basis elements.

Before going to the proof of the theorem, let us first examine the con-
sequence of this theorem. Upon using the basis as provided by the above
theorem, the bilinear form ¢ can be represented by the matrix

o 1 --- 0 0O : 0 --- 0
-1 0 --- 0 O : 0 --- 0
0 O 0 1 0 0
M=1| o o -1 0 0 0
0 O 0 0 0 0
0 0 -~ 0 0 P 0 - 0|

The number of blocks of the type [ _(1 (1) } allows us to derive an

important conclusion about the skew-symmetric matrices.
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Corollary 9.2:

Every skew-symmetric matrix A defined over the field F (where F is
either R or C) is congruent to a matrix M with the above form. O

The bilinear form ¢ given by ¢ (X,Y) = XTAY is skew-symmetric and
is represented concerning a suitable basis by a type matrix M. Hence, the
matrix A must be congruent to a matrix M with the above form.

Proof of Theorem 9.8:

Let y1, %9, ..., ¥y, be any basis of a vector space V.

If ¢ (ys,y;) = 0 for all i and j, then ¢ (u, v) = 0 for all vectors u and v.

So ¢ is the zero bilinear form, and the zero matrices represent it. This is
the case for £ = 0.

Assume that ¢ (y;,y;) # 0 for some i and j. Since we can reorder the
basis, we may suppose that ¢ (y1,y2) = a # 0.

Then ¢ (a™'y1,92) = a '@ (y1,92) =a la=1.

Now replace y; by a~ly; the effect is to make ¢ (y1,72) = 1, and of

course ¢ (y2,y1) = —1, since ¢ is skew-symmetric.
Next put b; = ¢ (y1,y;), where i > 2.
Then

¢ (y1,yi — by2) = & (y1,9i) — b (y1,y2)
—b—b=0.

It implies that the basis can also be altered by replacing y; by y; — bys,
fori > 2.

Since this does not disturb linear independence, we have a basis for the
vector space V. The effect of this substitution is to make

¢ (y1,y;) =0for i =3,...,n.

Next, we have to focus on the feasibility that ¢ (y2, ;) may be non-zero
when ¢ > 2.

Let ¢ = ¢ (y2,v;). Then

¢ (y2, i +cy1) = ¢ (Y2, yi) + cd (y2, 1)
=c+(—c)
= 0.

This implies that the later step should be to replace y; by y; + cy1, where
1 > 2. Again, we have to notice that y;, o, ..., ¥y, will still form a basis
for the vector space V. Also, there is an introductory observation that this
replacement will not nullify what we have already been attained; the idea is
that when 7 > 2,



9.11 Skew-symmetric Bilinear Form 255

¢ (i +cy1) = ¢ (Y1, yi) +cod (y1,y1) =0.

We have now reached the stage where ¢ (y1,y2) = 1 = —¢ (y2, 1) and
also ¢ (y1,yi) =0 = ¢ (y2,y;) forall i > 2.

Here, we rename the first two basis elements by noting u; = y; and
V1 = Y2.

Till now, the matrix defining ¢ has the form

[0 01 i 0 o]
1.0 ¢ 0 0
L0 0 B |

The matrix B is a skew-symmetric matrix having n—2 rows and columns;
the above argument can be repeated for the subspace with basis {ys, ..., yn }.
It can be observed by induction that there is a basis for this subspace
concerning which ¢ can be expressed by a matrix of the appropriate form.
Indeed, let uo, us, ..., ur, v2,vs, ..., Vg, Wi, W2, ..., W,_ok be this basis. A
basis V is obtained by adjoining the basis elements u; and v;, concerning
which a matrix of the required form represents the bilinear form.

Example 9.7:
Determine a canonical form of the skew-symmetric matrix
0 0 2
A= 0 0 -1
-2 1 0

For this, we can execute the procedure signified in the proof of the
theorem.

Solution:
Let{ey, e, e3} be the standard basis of 3. Then the matrix A finds out
a skew-symmetric bilinear form ¢ with the properties

¢ (e1,e3) =2 = —¢(e3,e1)
¢ (e3,e2) =1 = —¢(e2,e3)
¢ (e1,e2) =0 = ¢ (e2,e1)

First, let us alter the basis, i.e., {e1,e3,es}; this is necessary since
¢ (e1,e2) = 0, whereas ¢ (e1, e3) # 0.
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Now change {e1, e3,e2} by {1e1,e3,e2} and note that

¢ <;61763) =1=-9¢ (63, ;€1> :

Next since ¢ (e3, e2) = 1, we replace ey by
1 1
e2 + ¢ (e3, e2) 561 = 54 + ea.

Similarly, by noting that

1 1 1
(b (2617 561 + 62> - 0 - (Zs (637 561 + 62) .

It implies that the procedure is now achieved.
Now the bilinear form ¢ can be represented concerning a new ordered
basis { Se1, e3, €1 + €2} by the matrix M, i.e.,

[an}

M= -

—_

1
0
0

@)
o OO

which is in canonical form.
Now the replacement of basis from {%el, es, %61 + 62} to the standard
ordered basis can be represented by the matrix

1 1
3 0 3
c=|0 0 1
010

It can be easily verified that CT AC' = M, the canonical form of the
matrix A, can be predicted by the proof of Theorem 9.8.

9.12 Application to the Reduction of Quadrics

Example 9.8:
Reduce the quadric
7T -1 -10 T
[y 2]| -1 7 10 y | = 36 to its principal axes. Note
-10 10 -2 z
that when this equation is written in full, it takes the form
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722 + Ty — 222 + 20yz — 2022 — 2zy = 36.

According to the preceding discussion, we need to reduce the matrix

7T -1 -10
A=| -1 7 10 to the diagonal form.
—-10 10 -2

The eigenvalues of A are 6, —12, and 18. The corresponding eigenvectors
are (1,1,0),(1,—1,2),and (1,—1, —1).
Hence, the normalized eigenvectors are
(L’ ;,0) , (;7 _L L>7 and (L’ L _;),
V2 V2 V6 V6’ V6 V3 V3 VB

These three vectors give the following orthogonal matrix:

11 1
Vi & V3
go | X 41
I I R
0 %
Hence,
[ 1 1 1 1 1
n v 0 [ B I R .
1 1 1 2 1
L v v v L0 =2 0 %
6 0 0
=10 —-12 0
0 0 18

is the required diagonal matrix.
So, the equation of the quadric referred to its axes is

622 — 12y% + 1822 = 36

or % — % + % =1

This is a hyperboloid of one sheet.

We shall conclude this chapter with another example where the matrix
does not possess distinct eigenvalues. Though we have not developed the
necessary theory for this, the following example shows that reducing diagonal
form is possible even in such a case.
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Example 9.9:
1 2 =2
Reduce the matrix A = 2 1 2 | tothe diagonal form and hence
-2 2 1
reduce the quadric
22+ y? 4+ 2% + dyz — dza + dzy = 27 9.5)

to its principal axes.

The eigenvalues of the matrix A are 3, 3, and —3. Note that in this case,
3 is a repeated eigenvalue that depends on the fact that the matrix has distinct
eigenvalues, and cannot be applied. However, an orthogonal matrix can be
obtained by looking at the eigenvectors corresponding to 3 and —3.

The eigenvectors corresponding to the eigenvalue 3 are given by

—2 2 -2 x 0
2 -2 2 y =10
—2 2 -2 2 0

This gives only one equation: z — y + 2z = 0.

The solution set of this is the subspace {(y — z,y,2) : y,z € R} of V.
We can choose two linearly independent vectors in this two-dimensional
space by giving suitable values to y and z. Taking y = 1 and z = 1, we
get (0,1,1) and taking y = 1 and z = 2, we get (—1,1,2). Since these
two are linearly independent, we have only to orthogonalize them. Using the
Gram—Schmidt process, we get two orthogonal vectors

(0,1, Dand (—1, -1, 7).
Normalizing them, we get

(0.2 Yy )and (=23 15 1/ vG).

The third eigenvector is the one that corresponds to the eigenvalue —3
andis (1,—1,1).
Normalizing this vector, we get (1/\f , —1/\/5, 1/\/3) Without check-

ing, we can say that this will be orthogonal to the two eigenvectors corre-
sponding to 3 because the eigenvectors corresponding to distinct eigenvalues
are orthogonal. Thus, we have the orthogonal matrix

0o Vs s
H=1Ys Y Y3
1/\/5 1/\/6 1/\/3
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Hence,

HTAH
o Y Yps || 1 2 -2 0o V25 Y3
| Y23 Y Y || 2t 2 || e s s
Y Yz Yz || -2 2 1 Ve Yo Y

30 0
=103 0
0 0 -3

Thus, the quadric (9.5) reduces to
322+ 3y% — 322 =27

R
It may be noted here that eqn (9.5) can be written as

[zy=z]| 2 1 2 y | =27.
-2 2 1 z
Exercises
1. Reduce the following matrices to diagonal form:
5 1 1
@1 5 -1
1 -1 5
[ 6 4 -2
(b) 4 12 —4
| -2 -4 13
4 3 3
¢ |3 0 -1
|3 -1 3

2. Reduce the following conics to their principal axes:
(@) 722 4 52zy — 32y? = 180.
(b) 1722 + 312xy + 108y = 900.
(c) 14522 4 1202y + 180y% = 900.
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10

Canonical Forms

This chapter discusses the applications of special matrices such as block
diagonal and triangular matrices, symmetric and Hermitian matrices, Schur’s
theorem, spectral theorem, Jordan and rational canonical form of special
matrices. This chapter starts with some special types of matrices, including
some essential theorems such as Schur’s theorem, spectral theorem, and some
crucial canonical and normal forms such as Jordan canonical form rational
canonical form and minimum polynomial of Jordan normal form.

10.1 Triangularizable Matrices

Not every complex square matrix is diagonalizable, but it is always similar
to an upper triangular matrix, and this type of consequence leads to many
applications. For example, let us consider an n X n square matrix A that is
defined over a field F'. Then the square matrix A is triangularizable over the
field F, if there is an invertible matrix C' over F such that C™'AC = U is
upper triangular. In other words, the invertible matrix C' triangularizes the
matrix A.

Note: Upon using the fact, similar matrices have the same eigenvalues. It
implies that the eigenvalues of the matrix A are the diagonal entries of the
triangular matrix 7". Hence, a necessary condition that a square matrix A
is triangularizable is that the matrix A has n-eigenvalues in the field F'
This condition is ever satisfied when F' = C™, which we are interested in
discussing in the following section.

Theorem 10.1:
Every n x m square matrix A over C" is triangularizable.

Proof:
Let us consider an n X n square complex matrix A. Upon using the
method of induction, we will show that the matrix A is triangularizable.

261
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If n = 1, the matrix A is then upper triangular.

We shall employ the induction method for n > 1 and consider that the
result is valid for square matrices with n — 1 rows.

As we know, a matrix A has at least one eigenvalue A in the field of
the complex number, having an associated eigenvector X. Since X # 0, it
is possible to adjoin the vectors to X to produce a basis of C", i.e., X =
X1, X9, , X

Next, upon using the left multiplication of the matrix’s vectors,
it gives rise to a linear operator L on C™. Now concerning the
basis{ X1, X9, -+, X, }, the linear operator L will be represented by a matrix
A Ag ] where Aqand A, are the
0 A
complex matrices, A; having n — 1 rows and columns. The logic for the
specific form is that L (X;) = AX; = AXj, since X is an eigenvector
of A.

Here, the matrices A and B; are similar since they represent the same
linear operator L; suppose that, indeed B; = C,~YAC;, where C) is an
invertible n X n matrix.

Upon using the induction axiom, there is an invertible matrix Cy with
n — 1 rows and columns, such that By = Co 1 A;C5 is an upper triangular.

. 1 0

Write C' = Cy 0 |
Since the matrix C' is the product of invertible matrices, C' is invertible.
Upon using the matrix computation, it shows that C~* AC equals

1 0 . 1 0] [1 o0 1 0
[0 021}(01 Aol)[o Cl:|_|:0 021]31[0 02}

A Ao
0 Ay

with the particular form as B; = [

Upon replacing the matrix B; by [ ] and multiplying the

matrices together, we get

C_lAC:[)\ AsCh ]:[A AQ(JQ]_

0 CQ_1A1C2 0 By

This shows that this matrix is upper triangular. Hence, the theorem is
proved.

We can use the proof of the theorem as a procedure for triangularizing a
matrix.
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Example 10.1:
Triangularize the 2 X 2 matrix A = [ _11 é ]
Solution:

It can be observed that the characteristic equation of the matrix A is
|A — M| = A2 — 4)\ + 4 = 0, which gives two eigenvalues A1, Ay and both
the eigenvalues A1 and \g are equal, i.e., A\ = Ao = 2.

For A = 2, and upon solving (A —2[3) X = 0, we find all the
1
1

Thus, the matrix A is not diagonalizable since the eigenvalues are not
distinct.

Let L be the linear operator defined on R? arising from left multiplication
by A.

Adjoin a vector X to X to get a basis

By = {X1, Xo} of R?, say, Xy = [ (1) ]

Denote by B, the standard basis of R?.Then the change of basis B; — Ba
is defined by the matrix
1 0
0 = [ Lo } .

Therefore, the matrix A that represents L concerning the basis B> is

eigenvectors of A that are scalar multiples of X; =

_ 2 1
cucrt=[2 1]

Hence, C = C; 7! = [ 1 ? } triangularizes the matrix A.
Jordan block:

Consider the following two r-square matrices, where a # 0:

g 1 0 1 0 0

0 0 1 : 00
Jw:ry=1. -+ . -+ . . |and

0 0 0 : pu 1

L0 0 0 : 0 pu|
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[ a 0 i 0 0]
0 w a : 0 0
A =
0 0 O ©oa
0 0 0 0 u |

The matrix J (p : 7) is called a Jordan block having p's on the diagonal,
1’s on the super diagonal, and 0’s elsewhere.

It can be shown that A () = (A — u)" is both the characteristic and
minimal polynomial of both the matrices J (x : ) and A.

Let us consider an arbitrary monic polynomial

FO)=A"+a, N+ 4 ar )+ ap.

Let us consider an n-square matrix C ( f) with 1’s on the sub-diagonal, the
negative of the coefficients in the last column, and 0’s elsewhere as follows:

0 0 0 —ag

o 1 0 0 —aq

(f) 0 1 0 —an
L0 0 . 1 —ap—1 |

Then C (f) is called the companion matrix of the polynomial f ().
Moreover, the minimal polynomial m (\) and characteristic polynomial
A (X) of the companion matrix C (f) are equal to the original polynomial

f ).

10.2 Block Triangular Matrices

Let us consider a block triangular matrix M, i.e., M = [ AL B } , where

0 A
the diagonal elements A; and Ay are square matrices.
Then the characteristic polynomials M — A is also a block triangular
matrix, where A; — A\l and Ay — AI are the diagonal blocks of M — \I.
Thus,
A — NI B
M= A = 0 Ay — AT
=|A1 — M\|.|Ag — |
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This implies that the characteristic polynomial of the block triangular
matrix M is the characteristic polynomial of the diagonal blocks A1 and As.

Theorem 10.2:

Let M be ablock triangular matrix with diagonal blocks A1, Ag,--- | A,.
Then the characteristic polynomial of the block triangular matrix M is the
product of the characteristic polynomial of the diagonal blocks A's, that
is,

Ap (A) = Aa; (M)A, (A)--Aa, (A)

Example 10.2:
Consider the block triangular matrix
9 -1 : 5 7
8 3 2 —4
M =
0 0 3 6
L0 O -1 8 |
having diagonal blocks

9 -1 3 6
A1—|:8 3 }andAg— 1 8|
Here, tr (A1) =943 =12,|A;| =27+ 8 = 35 and so

Aa, (N) = A2 — 12X + 35
(=5 (A7) "
Similarly, tr (A) =3+ 8 =11 and |A3| =24+ 6 =30
and

Ap, (1) = A2 — 11X + 30
=(A=5)(A—6) "

Accordingly, the characteristic polynomial of the block triangular matrix
M 1is the product
Am ()‘) = Aa, (A) An, ()‘)
=(A =5 (A=6)(A=7)
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10.3 Block Diagonalization

Theorem 10.3:
Let M be a block diagonal matrix with diagonal blocks A1, Ao, -+, A,.
Then the minimal polynomial of the block diagonal matrix M corresponds to

the least common multiple (LCM) of the minimal polynomial of the diagonal
blocks A;.

Remark: It can be noted that this theorem can be applied to block diagonal
matrix M although the previous related theorem on characteristic polynomial
can be applied to block triangular matrices.

Example 10.3:
Determine the characteristic polynomial A (\) and the minimal polyno-
mial m () of the block diagonal matrix

2 5 :0 0 :0
0 2 :0 0 0

M=1 909 0:4 2 : ]| =diag(A1, Az A3)

| 0 0 :0 0 : 7|
2 5 4 2
0 2% |3 5
Then the characteristic polynomials A (\) can be expressed as the prod-
uct of A1 (A),Az (M), and As (), where Aq (A), Az (A), and Ag (\) are the
characteristic polynomials A1, As, and As.
It can be shown that

where A = ], and Az = [7].

Ar(N) =(A—2)?
AN =(A=2)(A—=T7) .
Az(AN)=(A=T7)

Thus, A (A) = (A — 2)% (A — 7)? (as expected, deg A (\) = 5).

Similarly, the minimal polynomial m; (\), ma (), and mg (\) of the
diagonal blocks A1, Ao, and A3 respectively correspond to the character-
istic polynomials A; (X\),Az (), and Az (\), that is,
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my (V) = (A —2)°
ma(A) = (A=2)(A=7) .
ms(X) = (A—7)

But m () is equal to the least common multiple of the minimal polyno-
mial mq (X), mg (M), and m3 (N).
Thus, the minimal polynomial m (A) of M can be written as

m\) =A=2>*\=7).

10.4 Hermitian Matrices

This section will discuss the orthogonality of Hermitian matrices with the
help of eigenvalues and eigenvectors by keeping special regard to real
symmetric matrices.

Definition 10.1:

An n X n square complex matrix A is said to be Hermitian, ift A = A*.
Generally, the Hermitian matrices are the complex analogue of real symmet-
ric matrices. The eigenvalues and eigenvectors of such Hermitian matrices
have significant properties, which are usually not taken over by complex
matrices. There is a noteworthy indication about Hermitian matrices’ par-
ticular behavior because their eigenvalues are consistently real, while the
eigenvectors become orthogonal.

Note 1: If A and B are n x n complex matrices, then (AB)" = B*A*.

Theorem 10.4:
Let us consider a Hermitian matrix A. Then

(1) The eigenvalues of the Hermitian matrix A are all real.
(2) The eigenvectors of the Hermitian matrix A associated with distinct
eigenvalues are orthogonal.

Proof:
Let us consider a Hermitian matrix A. Let A\ be an eigenvalue of the
matrix A having its associated eigenvector be X such that

AX = \X. (10.1)

Upon proceeding with the complex transpose on both sides of eqn (10.1)
and using the fact for complex matrices and from Note 1, i.e., (AX)* =
(AX)*, we obtain

X*A = \X*, sinceA = A*. (10.2)
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Now on multiplying X on both sides of eqn (10.2), we obtain
X*AX = AX*X = M| X])?, (sinceX*X = || X]|?).

But A.

Thus, it implies that the scalar X*AX corresponds to its complex conju-
gate, which means X *AX is real, which indicates A|| X ||? is real. Now since
the lengths are always real, it can be deduced that A and hence ) is real.

Hence, part (i) of the theorem is proved.

Next, let us prove part (ii).

Let X and X5 be two eigenvectors of Hermitian matrices A associated
with distinct eigenvalues A\; and As.

Thus, AXl = )\1X1 and AX2 = )\2X2,
which implies that

Xo"AX: = Xo" (M X)) = M X" X

Similarly, it can be proved that
X1 AXo = Mo X" Xo.

However, by Note 1 again,

(X1"AX0)" = Xo"A* X, = Xo*AX; .
Therefore,

M X1"Xo)" = (X717 AXo)" = M X" X,

or Ao Xo* X7 = A\ Xo* X7 (since )\ is real).
= (A1 — X)) X2" X1 =0,

which implies X5* X = 0, since A\ # Ao.
Thus, X7 and X are orthogonal. O

10.5 Unitary Matrix

Let us consider an n X n unitary matrix A and { X1, Xo, -+, X,,} a set of
m linearly independent eigenvectors of the matrix A, where m is chosen as
large as desired.

Upon multiplying X; by m it produces a unit vector, which implies
that each X is a unit vector.
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By Theorem 10.4, { X1, Xo, - -+, X, } forms an orthonormal set. Now, if
we write U = { X1, Xo, -+, X, } as an n X m matrix, then the matrix U has
the property

AU = A (X1, X0, , Xom]
=[AXy,AXy, - JAX]
= [MX1, X, A X

where A1, Ag, - -+ , A\, are the eigenvalues corresponding to the eigenvectors
X17X27 e 7Xm-
Hence,

AU:A[Xl,XQ,--~ ,Xm]
=[AX1,AXy, -+, AX})]
= [MX1, A Xo, - A Xy

A0 0

0 Ao 0
= [X1>X27 to 7Xm]

0 O Am

=UD

Here, the matrix D is a diagonal matrix with its diagonal entries as
)\la /\27 e 7A’I"

The columns of the unitary matrix U model is an orthonormal set,

ie, UxU = 1I,.

So, for an n x n unitary matrix U, we shall have U~! = U*. (Primarily
r < n, but here the case is for r = n.)

Thus, U*AU = D and hence the matrix A is diagonalized by the unitary
matrix U. O

Remark: A matrix A can be diagonalized by a unitary matrix U, if there
exist n mutually orthogonal eigenvectors of A.

There is always a question in mind whether there are always many linearly
independent eigenvectors for a matrix A, which we will discuss in detail in
the next section.

10.6 Schur’s Theorem

Theorem 10.5 (Schur’s theorem):
Let us consider an arbitrary n X n square complex matrix A. Then there
exists a unitary matrix U that U* AU is upper triangular.
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Moreover, if a real symmetric matrix A of order n exists, then the unitary
matrix U can be chosen as a real and orthogonal matrix.

Proof:

Let us consider an n X n square matrix A.

The proof of the theorem can be obtained by the method of induction
for n.

Indeed, if » = 1, then the matrix A is an upper triangular matrix.

Let us consider the case for n > 1. For n > 1, let A\; be an eigenvalue of
the matrix A having the associated eigenvector as X1, where the vector X3
can be chosen to be a unit vector in C”.

Now since X is a linearly independent subset of R", we can adjoin
vectors to the unit vector X7 to form a basis of R"™. Then an orthonormal
basis X1, X, , X, of R™ is obtained by applying the Gram—Schmidt
procedure, where X; will be on this basis.

Let Uy denote the matrix [X1, Xo, -+, X,]; then Uy is unitary since its
column vectors form an orthonormal set.

Now US(AXl = Uék ()\1X1) = )\1 (Uéle)

AISO{ XiX1=0,if i>1

=1 ,ifi=1
Hence,
XiXy A1
X5Xo 0
UsAX1 = A1 | . =1 .
Xr Xy 0
Now since

UsAUy = UjA [ X1, Xo, -+, X})]
= [UsAX1,UjAXy, - \UTAX,]
We analyze that
¥ A B
a3 2]
where the matrix A; is a having n — 1 rows and columns, and the matrix B
is an (n — 1) row vector.

Similarly, upon applying the induction hypothesis on n, there exists a
unitary matrix Uy that U A U; = T4 is upper triangular that results Us,
which is a unitary matrix.

Now write

Uy 1 0

= , which is a unitary matrix.
0 Uy y
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Then put U = UyUs. This is also unitary, since U*U = 1, i.e.,

U*U = (UoUs)* UpUs
= Uy*Up*UpUs .
= U3 (UiU) Uy = U3Uy =1

Finally,

U* AU = (UpUs)* A (UgUs)
= Uy*Up* AUy Uy
= U3 (U AU,) Uy ,

_ x| M B M BU
_UQ[ }UQ_[O UfAlUl]

which show that

0 Ty

which is an upper triangular matrix as needed. O

If A is a real and symmetric matrix, then there exists a real orthogonal
matrix @ such that Q7 AQ diagonal. Since here the eigenvalues of the matrix
A are real, it implies that the matrix A has a real eigenvector.

Next, we will establish the spectral theorem based on the diagonalization
of Hermitian matrices.

U*AU:[M BU1:|?

10.7 Spectral Theorem

Theorem 10.6 (spectral theorem):

Let A be a Hermitian matrix. Then there exists a unitary matrix U that
U* AU is diagonal. If the matrix A is real and symmetric, then the unitary
matrix U can be real and orthogonal.

Proof:

Let A be a Hermitian matrix, then by Theorem 10.5, there is a unitary
matrix U such that U* AU = T is an upper triangular matrix.

Then T* = U*A*U = U*AU = T.Itimplies that T" is Hermitian.

But 7' is an upper triangular matrix and 7™ is lower triangular. So the only
way that the matrices 7" and T can be equal, if all the off-diagonal entries of
the matrix T are zero, is if 7" is diagonal.

Thus, since U*AU = T, U* AU is diagonal.

Similarly, the proof can be done for the case when the matrix A is real
and symmetric.
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Corollary 10.1:

Let us consider an n x n Hermitian matrix A. Then there exists an
orthonormal basis of R" that consists entirely of eigenvectors of the Hermi-
tian matrix A. If the Hermitian matrix A is real, then there is an orthonormal
basis of R™ consisting of all the eigenvectors A.

Proof:

Let A be a n x n Hermitian matrix. Then by Theorem 10.6, a unitary
matrix U exists such that U* AU = D is diagonal. Here the diagonal entries
of D are di1,dao, - -+ , dny say.

If Xq,Xs,---,X,, are the columns of the unitary matrix U, then the
equation AU = UD implies that AX; = d;; X; for i =1,2,--- | n.

Thus, X; are the eigenvectors of the Hermitian matrix, and as U is unitary,
they form an orthonormal basis of R™. O

The same altercation can be taken if the Hermitian matrix A is real.

Remark: An n x n Hermitian matrix always has ample eigenvectors to form
an orthonormal basis of R".

Note: This case will also be applicable if all the eigenvalues of the matrix A
are not distinct.

The following statement discusses an efficient method of diagonalizing
an n x n Hermitian matrix A using a unitary matrix.

Procedure: For any eigenvalue ), first, we find a basis for the analo-
gous eigenspace. Then we apply the Gram—Schmidt procedure to obtain
an orthonormal basis of each eigenspace. These bases are then united
to form an orthonormal set {X;, Xo,---, X, }. Thus, by Corollary 10.1,
{X1, Xo,---, X, } will form a basis of R".

Similarly, if the unitary matrix U has column vectors X1, Xo,--- , X,
then the matrix U is Hermitian and U* AU is diagonal, as shown in Theorem
10.5.

The same procedure can also be effective for the case of real symmetric
matrices.

Example 10.4:
Determine a real orthogonal matrix that diagonalizes the real symmetric
matrix
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Solution:
The characteristic equation of the matrix A is |[A — AI| = 0, which
gives the eigenvalues of the matrix A as 3 and —1. Hence, the corresponding

1 } , respectively.

. 1
eigenvectors are [ 1 } and [

1
orthonormal basis of R? can be obtained by replacing it with the unit

: 1|1 1| —1 .
eigenvectors VAR and 7 1 , respectively.

Since the eigenvectors [ } ] and [ -1 ] of A are orthogonal, an

Thus, an orthogonal matrix () = % [ 1 _1 } can be obtained from
L . T 3 0
which it predicts that Q" AQ = 0 —1

(It can be easily verified by matrix multiplication.)
Hence, the matrix A is diagonalizable. O

Example 10.5:
Determine a unitary matrix U that diagonalizes the Hermitian matrix
Al
2 2 0
A = —% % 0 |,where: =+—1.
0 0 1
Solution:

The characteristic equation of the matrix A is |A — A\I| = 0, which gives
the eigenvalues of the matrix A as 1, 2, 1, and the associated unit eigenvectors
of A can be found to be

3 1
v 75 0
1 _ i 0
V2 ’ V2 ’ 1

0 0

Upon using the associated unit eigenvectors, a unitary matrix U can be
obtained as
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Therefore,

0
U AU = 2
0

OO =
= O O

Hence, the matrix A is diagonalizable. O

10.8 Normal Matrices

Every n x n Hermitian matrix A has the characteristic that there is an
orthonormal basis of R"™ consisting of the eigenvectors of the Hermitian
matrix A. It is also noticed that this property directly leads to the matrix A
being diagonalized by a unitary matrix U, namely the matrix whose columns
are the vectors of the orthonormal basis.

Now we shall analyze what other matrices have this applicable property.

A square matrix A over R” is said to be normal, if it commutes with its
complex transpose

ie, A*A = AA™.

Indeed, for a real matrix, this asserts that the square matrix A commutes
with its transpose A”. Hermitian matrices are real and normal, for if A =
A*, then indeed, the matrix A commutes with the matrix A*.

The following section will find the conjunction between the normal
matrices and discuss eigenvectors’ existence that forms an orthonormal basis.

Theorem 10.7:

Let us consider an n X n complex matrix A. Then the matrix A is
normal if and only if there is an orthonormal basis of R™ consisting of the
eigenvectors of the matrix A.

Proof:

Let us consider that the eigenvectors of the matrix A form an orthonormal
basis of R™. Then by spectral theorem, there exists a unitary matrix U such
that U* AU = D is diagonal.

This gives

A =UDU*(-- U*=U"1).

Next, we show that the matrix A commutes with its complex transpose

through a direct computation, i.e.,

AA* = (UDU*) (UDU*)*
— UDU*UD*U*
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= UD (U*U) D*U*
= UDD*U*

and in a similar manner

A*A = (UDU*)* UDU*
= UD*U*UDU*
= UD* (U*U) DU*
= UD*DU*

But as we know that the diagonal matrices ever commute, so DD* =
D*D.
It gives A*A = A A*. Thus, the matrix A is normal.

Conversely, if the matrix A is normal, it shows that there is an orthonor-
mal basis consisting entirely of the matrix’s eigenvectors A.

If A is an n X n complex matrix, then from Theorem 10.5 (Schur’s
theorem), we know a unitary matrix U that U* AU = T is upper triangular.

The following observation is to show that the upper triangular matrix 7'
is also normal.

It can also be established by a direct computation, i.e.,

T*T = (U*AU)* (U*AU)
= U*A*UU*AU
= U*A* (UU)* AU
= U* (A*A)U

Similarly, we can write 77* = U* (AA™) U.
Now since the matrix A is normal, i.e., A*A = AA*. Thus, it follows
that T*7T = TT™.
Now let us equate the (1, 1) entries of 7*T" and 7T, which yields the
equation
tal® = [t + [taal® + -+ [t1a]?,

which implies that ¢19, - - - , 1, are all zero.

By considering the (2,2),(3,3),--- , (n,n) entries of T*T and T'T*, we
notice that all the other off-diagonal entries of the matrix 7" vanish. Thus, the
upper triangular matrix 7" is diagonal.

Finally, as AU = UT, the columns of the unitary matrix U are the
eigenvectors of the matrix A, and they form an orthonormal basis of R"
where U is unitary.

Hence proved. O



276  Canonical Forms

Note: Complex unitary matrices or Hermitian are necessarily normal, as are
real symmetric and real orthogonal matrices. A unitary matrix can therefore
diagonalize any matrix of these types.

10.9 Nilpotent Operators

A linear operator 7' : V' — V is said to be nilpotent if T™ = 0,, for a positive
integer n. If T* = 0, but T*~1 =£ 0, then the index of nilpotency of the
linear operator 7' is k.

Analogously: A square matrix A is said to be nilpotent of an index n, if
A" = 0 for some positive integer n.
If A = 0 but A¥=1 =£ 0, then A is said to be nilpotent of an index k.
Similarly, if we find the minimum polynomial of a nilpotent operator 7'
(or matrix A), then it is of an index k, i.e., m (\) = A* and 0 is its only
eigenvalue.

Example 10.6:
Consider the following two r-square matrices:

01 0 ... 0 0
0 01 ... 0 O
N=N(@r)=|. ... . ... . ... |and
0 0 0 ... 0 1
0 0 0 ... 0 O
w1 0 ... 0 O
0 p 1 ... 0 0
Jw=1| . ... . . .
00 0 ... u 1
00 0 ...0 u

The first matrix N = N (r) is called a Jordan nilpotent block that consists
of 1’s above the diagonal (called the super diagonal) and 0’s elsewhere. Thus,
N = N (r) is said to be a nilpotent matrix of an index 7.

Similarly, the second matrix J (u) is called a Jordan block belonging to
the eigenvalue \ that consists of s on the diagonal, 1’s on the super diagonal,
and O’s elsewhere.

It can be observed that J (A) = uI + N.

Next, we will prove that any linear operator T' can be decomposed into
the sum of a scalar operator and a nilpotent operator. O
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Theorem 10.8:

Let us consider a nilpotent operator 7' : V' — V of an index k. Then
the nilpotent operator 7" has a block diagonal matrix representation. Each
diagonal entry is Jordan nilpotent block [V, and there is at least one N of
order k, and all others are of order < k. The nilpotent operator can uniquely
determine the number IV of each possible order 7'. The total number NV of all
orders is equal to the nullity of T'.

The validation of the theorem demonstrates that the number of N order ¢
is equal to 2m; — m;41 — m;_1, where m; is the nullity of T

10.10 Jordan Canonical Form

A linear operator 7' : V' — V can be set in Jordan canonical form if its
characteristic and minimal polynomial can be factored into products of linear
polynomials. This is always true when the base field & is a complex C.

The base field k£ can always be extended to a field where the characteristic
and the minimal polynomial do factor into linear factors.

The following theorem characterizes the Jordan canonical form J of a
linear operator 7'

Theorem 10.9:

LetT : V — V be a linear operator. The characteristic and the minimal
polynomials of T" are

AN = =)™ A=) (A=) and m(\) =
(A= )™ (A = p2)™ - (A — p1y)"™, respectively.

Here, the yfs are different scalars. Then the operator 7' has a block
diagonal matrix description J in which every diagonal entry is a Jordan block
Jij = J (pi)-

For every p;;, the analogous J;; has the subsequent properties.

There is at least one J;; of order m;; all other J;; are of order < m;.

The sum of the orders of J;; is n;.

The number of J;; is equal to the geometric multiplicity of A;.

The number J;; of each possible order is uniquely determined by 7'.

Example 10.7:

Let us consider that the characteristic and minimal polynomials of a linear
operator 7" are respectively

AN=A=2*A=5)%and m(\) = (A —2)2(A=5)>

Then the Jordan canonical form of 7' is one of the following block
diagonal matrices, i.e.,
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g ([23].]2 4] | 0 5
0 2 0 2 00

0
1
)
diog | | § ;],[21,[2],{

The first matrix occurs when the operator I' has two independent eigen-
vectors that belong to the eigenvalue 2. In contrast, the second matrix appears
when the operator 7' has three independent eigenvectors belonging to the
eigenvalue 2.

10.11 Rational Canonical Form

Rational canonical form exists when the minimal polynomials cannot be
factored into linear polynomials.

(Note: This is not the case for the Jordan canonical form.)
Theorem 10.10:
LetT" : V — V be a linear operator including the minimal polynomial

m(A) = (S ()™, (L2 N))™ -, (fs Q)™

where f; (\) are discrete monic irreducible polynomials. Then the operator T'
has a unique block diagonal matrix description

M = diag(011 3C12, 3 Clry** " Cs1,Cs1, * ° 'Csr)a
, : : . s
where ;s are the companion matrices of the polynomials (f; (A))"*, and
mp=mnj] 2 N2 2+ 2Ny 0 Mg = Ng] = N2 =+ 2 Ny

The above matrix representation 7' is called its rational canonical form,
where the polynomials (f; (A))"* are called the elementary divisors 7.

Example 10.8:
LetT : V — V be a vector space over the rational field Q and dim V =
8. Let m (\) be the minimal polynomials of 7" defined by

m(A) = fi (A).fa (V)
= (M= 4N £ 6)2 — 4N —T7) (A - 3)%.
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Since dim V' = 8, the characteristic polynomial of T’ is
AN =FfN) .o

The rational canonical form M of the linear operator 7' is having one
block of the companion matrix f; (\) and the other block of the companion
matrix fa (A)2.

There are two possibilities:

diag [c (A* = 4X* +6A% — 44X = 7) ,c(A = 3), ¢(A — 3)?]

diag [¢ (A" — 4X* +6X2 —4X —7) ,c(A — 3)%,¢(A — 3),c(A — 3)] .

That is,

(a) diag

r
OO RO OO O

(b) diag

OO0 O~ OO
— OO0 R OO Oo
\]

10.12 Minimum Polynomial and Jordan Canonical Form

This section discusses one of the most famous results in linear algebra, known
as the Jordan normal form of a matrix. That is no less than a canonical form
that applies to any squared complex matrix.

Jordan’s normal form is usually presented as the climax of a series of
difficult theorems; however, the approach adopted here, which is due to
Filippov, is quite simple and depends on the only elementary fact about vector
spaces.

We begin by establishing the essential concept of the minimum polyno-
mial.

10.12.1 Jordan normal form

This section discusses the Jordan normal form for a square complex matrix.
The essential components used in these specific complex matrices are called
Jordan blocks of the matrix.
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In general, an n X n Jordan block is a matrix of the form

g 1 0 0 -~ 0 0
O p 1 0 --- 0 0
A I
0 0 0 0 - pu 1
0 0 0 0 -~ 0 pu

for any scalar .

Thus, J is an upper triangular n X n matrix with constant diagonal
entries, a super diagonal of 1’s and zeros else, whereby the minimum and
characteristic polynomial of .J are (A — p)™ and (u — \)", respectively.

10.12.2 Properties of Jordan matrix

Next, we will discuss some crucial property of the matrix J. Let
X1,Xo,--+, X, be the vectors of the standard basis of R". Then the matrix
multiplication illustrates that

JX1=AXiand JX; = A\X; + X; — 1 where 1 < i < n.

If there is any n X n complex matrix A, we shall call a sequence of vectors
X1,Xo,-++, X, in R” aJordan string A.

If the matrix A satisfies the equation AX; = AX; and AX; = \X; +
X;—1, where \isascalar,and 1 < ¢ < r, then every Jordan block determines
a Jordan string of length n.

Let us consider that there is a basis of C" that consists of Jordan strings
for the matrix A and group the basis elements in the same string. Then the
linear operator on R" given by 7'(X ) = AX representing the basis of Jordan
strings by a Jordan matrix, which has Jordan blocks down the diagonal as:

Jl 0 0
N=| O B0
0 0 - Jp

Here J; is a Jordan block with y/s (say) as the diagonal elements.

Thus, we conclude that the matrix A is similar to a matrix N, called
the Jordan normal form of A where the diagonal elements \; of N are the
eigenvalues of A.

Next, we can show that every square matrix A has a Jordan normal form
with the construction of the Jordan string.
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Note: Every square complex matrix is similar to a matrix in Jordan normal
form.

Remark: Every complex matrix is similar to an upper triangular matrix
having zeros above the super diagonal.

Example 10.9:
Find the Jordan normal form of

A= -

O = W
O = =
OO

Solution:
The eigenvalues of the matrix A are 2,2, and 2.
So, we can define

1 10
B=A-2I=| -1 -1 0
0 00
1
Asingle vector X = | —1 | generates the column space C of the matrix
0
B.
Since AX = 2X, X is a Jordan string of length 1 for the matrix A.
Also, the null space N of the matrix B is developed by X, and the vector
0
is | 0
1
Thus, D = C'(| N = C is developed by the vector X. The next step is to
1
express X in the form BY’, so that we can have Y = | 0 |. Therefore, the
0
second basis element is Y.
0
Eventually, by puttingZ = | 0 |, the set {X, Z} forms a basis for N.
1

Thus, BX = 0,BY = X, and BZ = 0 and hence AX = 2X,AY =
2Y + X,and AZ = 2Z7.

It can be now apparent that { X, Y, Z} is a basis of C? consisting of the
two Jordan string X, Y, and Z. Thus, the Jordan form of A has two blocks
and is
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2 1 0
N_ | 0 2 0
L0 0 ¢ o2 |

Next, we establish a network between a matrix and its transpose, an
application of Jordan form.

Theorem 10.11:
Every n x n square complex matrix is similar to its transpose.

Proof:

Let us consider a square matrix A with complex entries and write N for
the normal form of the matrix A.

Thus, C~1AC = N for some invertible matrix C.

Now N7 = CTAT(CT)~! implies that N7 is similar to A”.

For the proof of the theorem, it is sufficient to prove that N and N7 are
similar matrices. Here we can use the transitive property of similarity, i.e., if
P is similar to @), and () is similar to R, then P is similar to R.

Due to the block decomposition of N, it is sufficient to prove that any
Jordan block J is similar to its transpose. But it can be observed directly.
Indeed, if the permutation matrix P has a line of 1’s from top right to bottom
left, then the matrix multiplication shows that P~ JP = JT

Another use of the Jordan form is to check which matrices meet a given
polynomial equation.

Example 10.10:
Determine up to similarity all n X n complex matrices A that satisfy the
equation A% = I.

Solution:

Let N be the Jordan normal form of the matrix A and N = C~1AC.
Then N? = C~1A2C.

Thus, A? = I, if and only if N? = I.

Since N consists of a string of Jordan blocks down the diagonal, we only
have to decide which Jordan block .J can satisfy J2 = I. This is quickly
done.

Indeed, the diagonal entries of J will have to be 1 or —1. Moreover, the
matrix multiplication affirms that J2 # I if .J has two or more rows.
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Thus, the block JJ must be 1 x 1, which implies that NV is a diagonal matrix
with all its diagonal entries equal to +1 or —1.
After reordering the rows and columns, we obtain a matrix of the form

where r + s = n.
Therefore, A% = I if and only if the matrix A is similar to a matrix with
the form of V.

Note: We analyse the relationship between Jordan’s normal form and the
minimum and characteristic polynomials in the outcomes. The knowledge
of the Jordan form will enable us to write down the minimum polynomial
directly. Using the method of Example 10.10, one can obtain the Jordan form,
which provides an organized way of computing the minimum polynomials.

10.13 Minimum Polynomial of Jordan Normal Form NV

Let us consider a complex matrix A whose eigenvalues p1, p2, - - - , it are
distinct. There is an analogous Jordan block in the Jordan normal form N for
each p1;, which have p; on their principal diagonals say J;1, Ji2, - - - , Jir, and

let n;; be the number of rows of J;;.

Since A and N are similar matrices, of course, they have the same
minimum and characteristic polynomials.

Now J;; is an n;; X n;; upper triangular matrix with ; on the principal
diagonal; so its characteristic polynomial is (p; — A)™4. Thus, the charac-
teristic polynomial A(\) of N is the product of all of these polynomials,
ie.,

r L;
A()\) = H (,ul — )\)ml s where m; = ZTLU
i=1 j=1

Here the minimum polynomial is slightly harder to find. However, if there
is any polynomial f, it is readily seen that f(.J;;) the matrix blocks of the
matrix f (V) down the principal diagonal and zeros elsewhere.

Thus, f(IN) = 0 if and only if all the f(.J;;) = 0.

Hence, the minimum polynomial of IV is the least common multiple of the
minimum polynomials of the blocks .J;;. But we have seen that the minimum
polynomial of the Jordan block J;; is (A — p;)™9.
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So it observes that the minimum polynomial of N is f =
I, (A= ,ui)ki, where k; is larger than the n;; for j = 1,2,--- , L.

These outcomes extend the method of computing minimum polynomials
from Jordan normal form.

Theorem 10.12:

Let A be an n X n complex matrix and let A1, Ao, - - - A, be the discrete
eigenvalues of A. Then the characteristic and minimum polynomial of the
matrix A are [7, (i — X\)™7 and [T, (A — p)" respectively, where m;
is the sum of the number of columns in Jordan blocks with eigenvalue p; and
k; being the number of columns in the larger such Jordan block.

Example 10.11:
Determine the minimum polynomial of the matrix

310
A= -1 10
0 0 2

Solution:
The Jordan form of the matrix A is

2 1 0
N — 0 2 0
L 0 O 2

Here the only eigenvalue is 2, and two Jordan blocks have 2 and 1
columns. The minimum polynomial of A is, therefore (A — 2)2, and of course,
the characteristic polynomial is (2 — \)3.

Exercises

1. If H is orthogonal, prove that det H = =+1.

2. If U is unitary, prove that | det U| = 1.

3. If U is unitary, show that U, U™, and U* (k being a positive integer) are
also unitary.

4. If H is orthogonal, show that H” and H* (a positive integer) are also
orthogonal.
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01 0 —i 1 0 . .
5. Show that [ 1 0 ] , [ i 0 } [ 0 —1 ] are unitary, involutory, as

well as Hermitian.

6. Prove that if U is unitary and U* AU and U*BU are both diagonal
matrices, then AB = BA. Is this result true if U is replaced by a real
orthogonal matrix H?

7. Let T be the linear operator on V3 defined by T'(z,y, 2) = (2/,v/, 2),
where 2’ = x cos ¢ — ysin ¢,y = xsin ¢ + y cos ¢, 2’ = z, concerning
a Cartesian coordinate system. Prove that 7" is given by an orthogonal
matrix.
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11

Least Square Problems

This chapter discusses the approximation of functions, least square problems
having their vital application in numerical analysis.

The chapter closes with a discussion of the approximation of functions
and the use of pseudo inverse to determine least square curves for given data.

11.1 Approximation of Functions

Many problems in the physical sciences and engineering involve approximat-
ing a given function by polynomials or trigonometric functions.

For example:

It may be necessary to approximate f(xz) = e® by a linear function
g(x) = a + bz, over the interval [0, 1] or by a trigonometric function of
the form h(z) = a + bsinz + ccos x over the interval [—, 7].

Furthermore, the approximating functions by polynomials are central to
software development since computers can only evaluate polynomials. Other
functions are evaluated through polynomial approximation.

We now introduce the technique for approximating functions.

Let Cla,b] be the inner product space of continuous functions over
the interval [a,b] with an inner product (f,g) = f: f(z)g(z)dz and
geometrically defined by the inner product.

Let W be the subspace of C|a, b]. Suppose f is in C|a, b], but outside W,
and we want to find the best approximation that lies in W.

We define the “best” approximation to be the function g in W such that
the distance || f — g|| between f and g is minimum.

Definition 11.1:
Let Cla, b] be the vector space of continuous functions defined over the
interval [a, b]. Let f be an element of C[a, b] and W be a subspace of Ca, b].

Then the function g in W such that f:[f(m) — g(x)]?dx is a minimum is
called the least square approximation to f.

287
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This approximation is called the least square approximation since this
distance formula is based on squares.

We now give a method for finding the least squares approximation g(x).
We can appreciate extending geometrical structure and results from R™ to
more abstract surrounding.

We know that if = is a point in R™ and w is a subspace of R", then the
element of u that is closest to X is Proj, X. Therefore, it is beneficial also to
imagine functions as geometrical vectors. For example, Figure 11.1 with this
picture in mind, the analogous result for the function space is as follows.

The least squares approximation to f in the subspace W is g = Projyf.

We build on the definition of Proj,X to get an expression for Proj,X. If
U1, U2, . . ., Uy 1S an orthonormal basis for U, then we know that

Proj, X = (X -up)us + (X -ug)ug + ... + (X - up) t,

Let {g1, 92,...,9n} be an orthonormal basis for W. Replacing the dot
product of R by the inner product of the function space, we get

Proj,f=(f-g1) g1+ (f-g2) g2+ ...+ (f - gn) gn-

|7 =gl

a  minimum

Proj, f

when

Figure 11.1 Least squares approximation to f in the subspace W.

Example 11.1:
Find the least square linear approximation to f(z) = e® over the interval
[—1,1].



11.1 Approximation of Functions 289

Solution:

Let the linear approximation g(z) = a + bx be an element of C[—1, 1],
and g(x) be an element of the subspace P;[—1, 1], where P;[—1, 1] is the set
of polynomials of degree less than or equal to 1 over [—1, 1]. Then the set
{1,z} is a basis for P;[—1,1].

We get (1,z) = [1,(1-z)da = 0.

Thus, the functions are orthogonal.

The magnitudes of these vectors are given by

1 1
2
2 :/ (1-2)dz = 2 and [z :/1(x-;v)dx: :

Thus, the set {%, \/ga:} is an orthonormal basis for P [—1, 1].
We now get

Proj,f = (f-g1) 91+ (f - 92) 92

(ol ()

:1 e—e ) +3e7 1z
Le-e)

The least square linear approximation to f(xz) = e® over the interval
[—1,1]is

1
g(z) = 5 (e—e ) +3e '

This gives g(x) = 1.18 + 1.1z to two decimal places.

In this example, we have found the linear approximation to f in P;[—1, 1],
where the higher degree polynomial approximation can be found in the space
P,[—1,1] of polynomials of degree less than or equal to n.

An orthogonal basis has to be constructed in P, [—1, 1] by applying the
Gram—Schmidt orthogonalization process to arrive at the approximation. The
orthogonal functions found in this manner are called Legendre polynomials.

The first six Legendre polynomials are

s 1 4 3 4 645 3 5 1053 5
1,xz,x 3,90 5x,x 790 +35,x 936 +21x.

We next look at approximations of functions in terms of trigonometric
functions. Such approximations are widely used in heat conduction, electro-
magnetism, electric circuits, and mechanical vibrations. The initial work in
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g(x)=1.18+1.1x

w

a1+

Figure 11.2 Least square linear approximation to f(z) = ex.

this area was undertaken by Jean Baptiste Fourier, a French mathematician
who developed the methods to analyze conduction in an insulated bar. In
addition, the approximation is often used in discussing solutions to partial
differential equations that describe physical situations.

11.2 Fourier Approximation

Let f be a function in C[—m, 7| with an inner product

(f,9) = [T f(z)g(x)dz, and geometry defined by this inner
product.

Let us find the least square approximation of f in the space T'[—m, 7] of
trigonometric polynomials spanned by the sets

{1,cosx,sinx, ..., cosnzx,sinnx}, where n is a positive integer.

It can be shown that the vectors 1,cosz,sinz,...,cosnx,sinnz are
mutually orthogonal in this space.

The magnitude of these vectors is given by

11))? = / (1.1)dz = 27

—T
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™
| cos nz||* = / (cosnz - cosnx)dx = m
—T

™
| sinnz||* = / (sinnx - sinnzx)dx = 7.
-7
Thus, the following set is an orthonormal basis for T'[—, 7).

{90,91,-..,92n}

1 1 1 1
cos T, sinz, COSNL, —=SINNT .

x/%xf G VT VT

Let us use this orthonormal basis in the following formula to find the least
square approximation g to f.

g(z) = Projp f
= <f790>90+ <fvgl>gl + -+ <f792n>92n-

g(z) = <f7 \/12—> \/127 + <f, \/17?COS$> \/17?(:053:
<fafsmnx>\/17?sinnw.

Let us introduce the following convenient notation:

(1)
[ o)k

|
3

¥ =
—
3 3
kﬁ
—~
=
8

Q
ol
Il
T
T
B
@)
o
177)
5
8
~_—
-

f(m)\}%cos k:x) da

/ f(x)cos kxdx

b
Jr

Il
3 e
SIS



292 Least Square Problems

1 1
b = <f, ﬁsm kx> NG
4 1 1
= /_7T <f(:v)ﬁ smkm) dazﬁ.
_ 1 f(z)sin kxdx

™

The trigonometric approximation of f(x) can now be written as

g(x) =ap+ Z (agcos kx + bysinkx)
k=1

where g(z) is called the nth-order Fourier approximation of f(x). The
coefficients ag, a1, b1, ..., an, b, are called Fourier coefficients.

As n increases, this approximation naturally becomes an increasingly
better approximation in the sense that || f — g|| gets smaller.

The infinite sum g(z) = ag + > _p; (ax cosk x + by, sink ) is known as
the Fourier series of f on the interval [—, 7].

Example 11.2:
Find the fourth-order Fourier approximation to f(x) = x over the interval
[—7, 7).

Solution:
Using the above Fourier coefficient with f(x) = = and using integration
by parts, we get

1 7T
a0 =5 » f(x)dx
1 s

f(x) - cos kxdx

ap —

|
3

(z - cos kx)dx

\q\

T

= = =

1
El S

1 iy
sin kx + — cos kx] =0
k2
—Tr
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f(z) - sin kxdx

(z - sinkx)dx

™
T

1
coskx + 2 sin kx

Il
A= A=

—T
) ( -1 ) k+1
N k
The Fourier approximation of f is

nooo0 vkl
g(z) = Z 2(? sin kx.

k=1

Taking k£ =1,2,3,4, we get the fourth-order approximation

1 1 1
g(z) =2 (sina: - isin2x + 3 sin 3z — 1 sin4x>

11.3 Least Square Solutions

Here we derive the method of finding a polynomial that best fits the given data
points, which is extremely important to the natural sciences, social sciences,
and engineering.

We have seen that a system AX = Y of n—equations in n—variables,
where A is invertible, has a unique solution X = A~1Y: however, AX =Y
is a system of n—equations in m—variables, n > m. The system does not, in
general, have a solution and is said to be overdetermined. Here the matrix A
is not square, and for such a system, A~! does not exist.

We shall introduce a matrix called the pseudo inverse of A, denoted
Pinv(A), leading to a least square solution X = Pinv(A) for an overdeter-
mined system. Of course, this is not a good solution but is, in some sense, the
closest we can get to a reasonable explanation for the system.

We shall see an application of overdetermined systems in finding curves
that “best” fit data.

Definition 11.2:
Let A be a matrix. The matrix (ATA) 1 AT is called the pseudo inverse
of A and is denoted as Pinv(A)Y.
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Remark:

We have seen that not every matrix has an inverse. Similarly, not every

. . . . . -1
matrix has a pseudo inverse. The matrix A has a pseudo inverse, if (ATA)

exists.

Example 11.3:
Find the pseudo inverse of

1 2
A=| -1 3
2 4

Solution:
We compute the pseudo inverse of A in stages:

1—12} 12

ATA:[ -1 3
2 3 4 o 4
(6 7
“ 17 2
_ 1
ATA) ' = —— Agi (ATA
(ATA) " = g Adi(ATA)
_ L [29 7]
125 -7 6

Pinv(A) = (ATA) ™" AT
1 [ 29 —7'[1 —1 2]

125 -7 6 |2 3 4
13 -10 6
25|11 5 2

Next, we use the concept of pseudo inverse further to extend our
understanding of systems of linear equations.

Let AX = Y be a system of n—linear equations in m—variables with
n > m, where A is of rank m.

Multiply each side of this matrix equation by A7 to get ATAX = ATY.

The matrix AT A can be shown to be invertible for such a system.

Multiply each side of this equation by (ATA) o get

X = [(ATA)"" AT|Y = Pino(A)Y



11.3 Least Square Solutions 295

This value of X is called the least square solution to the system of
equations.

AX=Y X=Pinv(A)Y
System Least square solution

Let AX = Y be a system of n—linear equations in m—variables with
n > m, where A is of rank m. This system has a least square solution.

If the system has a unique solution, the least square solution is that unique
solution. If the system is overdetermined, the least square solution is the
closest solution to get a valid solution. The system cannot have a matrix
solution.

Example 11.4:
Find the least square solution of the following overdetermined system of
equations:

r+y=206
—xz+y=3 and sketch.
20+ 3y =9
Solution:
The matrix of coefficients is
1 1 6
A=| -1 1 andY = | 3
2 3 9

The column vectors of A are linearly independent. Thus, the rank of A is
2.
This system has a least square solution.

We compute Pinv(A).

1 1
ATA:“ _11 g] -1 1
2 3

[6 6

16 11

- 1
ATA) = Adj (ATA
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Pinv(A) = (ATA) " AT
_ 11 -6 1 -1 2
30| 6 6 2 3 4]
_ 115 17 4
T30 12 6

The least square solution is

6
Pinv(A)Y ! [5 —ir 4}

3010 12 6 3

o

The least square solution is the point p (%, 3) as in Figure 11.3.

Figure 11.3 Least square solution of the following overdetermined system.
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11.4 Least Square Curves

Many branches of science and business use equation based on data that has
been determined from experimental results. It is more straightforward in
finding a unique polynomial of degree two that passes through three data
points. However, too much data in many applications leads to an equation
that can exactly fit all the data. One then uses the equation of a line or curve
that, in some sense, “best” fit the data.

For example:

Suppose the data consists of the points (z1,y1) , (x2,y2) .., (Tn,Yn) as
shown in Figure 11.4 (a). These points lie approximately on a line. We would
want the equation of the line that best fit these points. On the other hand, the
points might closely fit a parabola, as shown in Figure 11.4 (b). We would
then want to find the parabola that most closely fits these points.

Many criteria can be used for the “best” fit in such cases. The one that has
generally been found to be most satisfactory is called the least square line or
curve found by solving an overdetermined system of equations.

The least squares line and curve is such that

d?+d3+---+d> in Figure 11.4 is minimum.

In the previous section, we discussed the least square approximations to
functions. This discussion is the discrete analogue of that problem. In the

(2.1

Figure 11.4(a)
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Figure 11.4(b)

Figure 11.4 Least square approximations to functions.

function situation, we have to find a curve of a specific type that best fitted a
continuous set of data points over a given interval (the graph of the function).
Here we want the “best” fit to a discrete set of data points over a given interval.
Although the techniques that we develop to arrive at results are different, look
for certain similarities in concepts in the two situations. In both cases, the best
results are the one obtained by minimizing certain squares. Hence the term
“least square.”

We now illustrate how to fit a least squares polynomial to given data. The
method involves constructing a system of linear equations. The least squares
solution to this system of equations gives the coefficients of the polynomial.
We shall justify the technique after seeing how it works.

Example 11.5:
Find the least square line for the following data points (1,1), (2,2,4),
(3,3,6), (4,4).

Solution:
Let the equation of the line be y = a + bx. Substituting for these points
into the equation of the line, we get the overdetermined system

a+b=1
a+2b=24
a+3b=3.6

a+4b=4
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We find the least square solution. The matrix of coefficient A and column
vector Y as follows:

1 1 1

1 2 2.4
A= 13 andY = 36

1 4 4

It can be shown that
Pinv(A) = (ATA) "' AT

~ 172 10 0 -10
T 920 -6 =2 2 6

The least square solution is

1
TAyv-1AT]y_ 1 [ 20 10 0 —10] | 24
[(AA) A}Y_2o[—6 -2 2 6 } 3.6
4
_[o2
— | 1.02

Thus,
a=0.2,b=1.02.

The equation of the least square line for this datais y = 0.2 + 1.02z.

y=0.2+1.02

l 3
7

X

Figure 11.5 Best fit to a discrete set of data points.
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This is the line that is generally considered to be the line of best fit for
these points.

Example 11.6:
Find the least squares parabola for the following data points (1,7), (2,2),
(3.1), (4,3).

Solution:
Let the sequence of the parabola be

y = a+ bz + cx?

Substituting these points into the equation of the parabola, we get the
system

a+b+c="7
a-+2b+4c=2
a+3b+9c=1

a—+4b+ 16c =3

We find the least square solution. The matrix of coefficients A and column
vector Y are as follows:

A= andY =

— =
=~ W N
—

@QD»&H
W~ N

It can be shown that
Pinv(A) = (ATA) "' AT
45 —15 —-25 15

—— | 31 23 27 —19
201 5 _5 -5 5

The least square solution is
45 —15 —-25 15

[(ATA)”AT}YZQi 31 23 27 —19
Ol s =5 -5 5

(G NOREN |

15.25
= | —10.05
1.75
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Thus, a = 15.25,b = —10.05, ¢ = 1.75.
The equation of the least square parabola for these data points is

y = 15.25 — 10.05z + 1.7522.

We illustrate this parabola in Figure 11.6.

y=1525-10.05x+1.75x"

Figure 11.6 Least square line.

11.5 Eigenvalues by Iteration and Connectivity of
Networks

Numerical technique exists for evaluating certain eigenvalues and eigenvec-
tors of various types of matrices. Here we present an iterative method called
the power method. It can be used to determine the eigenvalue with the most
significant absolute value (if it exists) and a corresponding eigenvector for
specific matrices.

In many applications, one is only interested in the dominant eigenvalue.
Applications in geography and history that illustrates the importance of the
dominant eigenvalue will be given.

Definition 11.3:
Let A be a square matrix with eigenvalues A1, Ao, . .., A,,. The eigenvalue
A; is said to be a dominant eigenvalue if

[Adl > Akl k # i
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The eigenvectors corresponding to the dominant eigenvalue are called the
dominant eigenvectors of A.

Example 11.7:
Let A be a square matrix with eigenvalues —5, —2, 1 & 3. Then —5 is the
dominant eigenvalue since

| =5 >1]—2[,| =5 >|1]and | — 5| > |3|.

Let B be a square matrix with eigenvalues —4, —2, 1 & 4. There is no
dominant eigenvalues

Since | — 4| = [4].

The power method for finding a dominant eigenvector is based on the
following theorem.

Theorem 11.1:

Let A be an n X n matrix having n— linearly independent eigenvectors
and a dominant eigenvalue. Furthermore, let x, be any non-zero column
vector in R™ having a non-zero component in the direction of a dominant

eigenvector.

Then the sequence of vectors

x1 = Axg,x9 = Axy, ..., 2 = Axg_1,..., will approach a dominant
eigenvector of A.
Proof:

Let the eigenvalues of the matrix A be A, Ag, ..., A\, with A; being the
dominant eigenvalue.

Let y1,y2,...,yn be corresponding linearly independent eigenvectors.
These eigenvectors will form a basis for R".

Thus, there exist scalars a1, as, ..., a, such that

ro = a1y1 + asys + . ...+ anyn, where a; # 0
We get
T = Azp_q = A’xp_9 = - = Az
= A¥[ary1 + agyz + -+ + anyn)
= [alAkZh +asAfyy 4+ -+ anAkyn}

= [a1 (/\1)k Y1+ az ()\2)]“C yo+ - +an ()\n)k Yn}

PN A\ P
a1y1 + as )\71 yo + -+ an )\71 Yn

= (A1)"
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k
< 1lfori = 2,3,..., then (i—;) will approach 0 as k

. i
Since ’/\—1
increases and the vector . will approach ()\1>k a1y1, a dominant eigenvector.
The following theorem tells us how to determine the eigenvalue cor-

responding to a given eigenvector. Once a dominant eigenvector has been
found, the dominant eigenvalue can be determined by applying these results.

Theorem 11.2:
Let X be an eigenvector of a matrix A. The corresponding eigenvalue is
given by

N AX.X
XX
This quotient is called the Rayleigh quotient.

Proof:
Since A is the eigenvalue corresponding to X, AX = A X,

AX-X_AX-X_)\(X-X)_)\
XX XX X-x 7

If Theorem 11.2 as it now stands is used to compute a dominant eigenvec-
tor, the components of the vectors may become very large, causing significant
round-off errors to occur. This problem is overcome by dividing each element
by the absolute value of its most potent component and then using it (a
vector in the same direction as X;) in the following iteration. We refer to
this procedure as scaling the vector.

We now summarize the power method.

11.5.1 The power method for an n X n matrix
Select an arbitrary non-zero column vector X having n—components.

Iteration I:
Compute AXj.

Scale AXj to get X.

AXq1-X1

Compute “F7+.

Iteration I1:
Compute AX;.

Scale AX7 to get Xo.

AX2- Xy
Compute “22 and so on.
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Then Xjp, X1, Xo,... converges to a dominant eigenvector, and
AX1- X1 AXo-Xo . . ; .

X1 Xy 0 XpXp - converges to the dominant eigenvalue if the matrix A

has n—linearly independent eigenvectors and Xy has a non-zero component

in the direction of a dominant eigenvector.

Remark:

Since n X n symmetric matrices have n—linearly independent eigenvec-
tors, the method can thus be applied to find the dominant eigenvalue of a
symmetric matrix.

Example 11.8:
Find the dominant eigenvalue and a dominant eigenvector of the follow-
ing symmetric matrix:

5 4 2
4 5 2
2 2 2
Solution:
1
Let Xo = | —2 | be an arbitrary column vector with three components.
3

Computation is carried out to nine decimal places. We display the results,
rounded to three decimal places for clarity of viewing.

Table 11.1 Dominant eigenvalue and a dominant eigenvector.

Iteration AX Scaled vectors <X)€4>?(
3 0.75
1 0 Xi=1]0 5
4 1
5.75 (1
2 5 Xo =] 0.870 9.889
3.5 | 0.609 |
[ 9.696 ] (1 ]
3 9.565 X3 =1 0.987 9.999
| 4.957 | | 0.511 |
[ 0.997 ] (1 ]
4 9.955 X4 =1 0.999 10
| 4.996 | | 0.501 |
[ 0.997 ] 1
5 0.996 Xs=1]1 10
5 0.5
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Thus, after five iterations, we arrived at the dominant eigenvalue of 10
1
with a corresponding eigenvector | 1 . These results agree with the
0.5
previous discussion, where we computed the eigenvalues and eigenvectors
of this matrix using determinants.

This method has the same advantage as the Gauss—Seidel iterative
method. Any error in the computation only means that a new arbitrary vector
has been introduced at that stage. Thus, the procedure is very accurate. The
only round-off errors that occur are those that arise in the final iteration.
However, the method has the disadvantage that it may converge only very
slowly for large matrices.

11.6 Difficulties in the Solution of the System of Equations

In earlier chapters, we have discussed different approaches such as
Gauss—Jordan, Gaussian, and LU decomposition for finding the solution
of the system of linear equations and its applications to various real-world
problems.

The matrix of coefficients A and the matrix of constants B in a system
of the equation AX = B often derive from measurements and are unknown
exactly. As a result, minor flaws in the elements of these matrices can matter
significant errors in the solution, dominant to very imprecise results.

This section will review ways of appraising such effects and ways of
reducing them.

11.6.1 The condition number c(A) of a matrix

Non-singular matrices have shown a significant aspect in our discussion
in this course. Here we introduce the notion of a condition number of a
non-singular matrix A. This number is described in terms of a norm (or
magnitude) || A || of the matrix.

Definition 11.4:

Let A be a non-singular matrix. The condition number of a matrix A is
denoted and defined as ¢(A). If ¢(A) is small, then the matrix A is said to be
well-conditioned. If ¢(A) is large, then the matrix A is ill-conditioned.

Let us now examine how ¢(A) can be used to demonstrate the accuracy
of the solution of a system of equation AX = B.
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Suppose the matrix equation AX = B illustrates a given experiment
where the elements of A and B derive from the measurement. Such data
depends on the efficiency of instruments and are hardly exact.

Let the slight error in A be described by a matrix F and the corresponding
errors in X expressed by e.

Thus, (A + E)(X +e) = B.

If we prefer proper norms for the vectors and matrices, then it can be
demonstrated that

el oa)IEl
X +ell — Al

Thus, if ¢(A) is small, errors can only be minor errors, and the results are
exact. Therefore, the system of equations is said to be well-behaved.

Contrarily, if ¢(A) is large, then there is the prospect that minor errors
in A can outcome significant errors in X leading to unreliable results. Thus,
such a system of equations is ill-conditioned.

Note:

A significant value of ¢(A) is an indication, not an assurance of a
substantial error in the solution.

If there is an identity matrix I, then

¢(I)=1 and c(A)>1

Thus, 1 is a lower bound for condition numbers.

We can intuitively assume the system /X = B as being a well-behaved
system.

The smaller ¢(A), then in some impression, the closer A is to I, and the
better behaved the system AX = B becomes. But, on the other end of the
scale, the larger ¢(A), the closer A is to be singular, and the problem can
arise.

The definite value of ¢(A) will, indeed, depend upon the norm used for
A. A norm that is generally used is the so-called [—norm

|A|| = max {|ai;| + |agj| + - + |an;|} forj=1,2,... n.

This norm is the most significant number resulting from adding up the
absolute values of elements in each column.

Other norms are more reliable but less efficient.

This norm is a good compromise of reliability and efficiency.
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Example 11.9:

A natural question to ask is “How large is large for a condition number?”
If ¢(A) is written in the form ¢(A) ~ 0.d x 10, then the above inequality
implies that

el 1B
X +el = [lA]

This inequality gives the following rule of thumb.

If ¢(A) ~ 0.d x 10¥, then the components of X can usually be expected
to have k a fewer significant digit of accuracy than the element of A.

Thus, for example:

If ¢(A) ~ 100 = (0.1 x 10%), and the components of A are known to
five-digit precision, the components of X may have only two-digit accuracy.
Much, therefore, depends upon the accuracy of the measurements and the
desired accuracy of the solution. ¢(A) = 100 would, however, be considered
significant by any standard.

A similar relationship involving ¢(A) exists between errors in the matrix
of constants B and the resulting errors in the solution X. Clarify these ideas
in the following example.

Example 11.10:

The following system of equations describes a specific experiment. First,
let us show that this system is sensitive to changes in the coefficients and the
constants on the right.

34.921 4 23.6x9 = 234
22.921 4+ 15.629 = 154

The exact solution is 1 = 4 and z5 = 4.

Solution:
Let us compute the condition number.
The matrix of coefficient and its inverse are

[ 349 236 L[ 39 -59
A= [ 22.9 15.6 ] and A = [ —5.725 8.725 ]

We get
|A]| = max{(34.9 4+ 22.9), (23.6 + 15.6)}
= max{57.8,39.2} = 57.8

A=Y = max{(3.9 + 5.725), (5.9 + 8.725)}
= max{9.625,14.625} = 14.625
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Thus,
c(A) = [|A] [|A7|

= 57.8 x 14.625 = 845.325

The number is enormous.

The system is ill-conditioned, and the solution may not be reliable.

Let us change the coefficient of z; in the first equation from 34.9 to 34.8.
The new system has a solution 1 = 6.5574, 9 = 0.2459. The system is also
sensitive to small changes in constant terms. For example: changing the first
constant term from 234 to 235 gives a new explanation of 1 = 7.9, o =
—1.725.

Note:

What does one do in a case like this to get meaningful results? If possible,
the problem should be reformulated in terms of a well-behaved system of
equations. If this is not possible, then one should attempt to derive more
accurate data with more precise data. Finally, the system should be solved
on a computer using double-precision arithmetic, applying techniques that
minimize errors during computational called round-off errors.

Example 11.11:

Find the condition number of the following matrices. Then, decide
whether a system of linear equations defined by such a matrix of the
coefficient is well-behaved.

1 1 -1 1 11
@A=14 0 1 ®B=|1 2 4
0 4 1 1 3 9
Solution:
(a) The inverse is found to be
1 5 _ 1
6 24 24
-1 _ 1 1 5
A= § ~mu m
_2 1 1
3 6 6

We get
|A|| = max{(1+4+0),(1+0+4),(1+1+1)} =5

HA—luzmaX 14_1_;'_2 E+i+1 i_}_i_f_}
6 6 3/)°\24 24 6/°\24 24 6

=1
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Thus, c(A) = |A]l[[A7Y]| = 5.
This value is considered small, and the system is thus well-behaved.

(b) This example is of the ill-conditioned system and illustrates the possi-
bility of constructing an alternative system that is not ill-conditioned.
The inverse of A is found.

3 -3 1
A l=| 25 4 -15
05 —1 0.5.

We get
|A| = max{(1+1+1),(1+2+3),(1+4+9)} =14
AT = max{(3 + 2.5+ 0.5), 3+4+1),(1 +1.5+0.5)} =8

Thus, c(A) = [|A[|[[A7!]| = 112.
This is a large number. The system is ill-conditioned.

11.7 Coding Theory

Messages are sent electronically as sequences of 0’s and 1’s. Errors can
occur in messages due to noise or interference. For example, the message
(1,1,0,1,1,0,1) could be sent, and the message (1,1,0,1,1,0,1) might
be received. An error has occurred in the fifth entry. We shall now look at
methods that are used to detect and correct such errors.

The scalars for a vector space can be sets other than real or complex
numbers. The requirement is that the scalars form an algebraic field. A field is
a set of elements with two operations that satisfy certain axioms. Readers who
go on to take a course in modern algebra will study fields. In this example,
we shall use the field {0,1} of scalars having only these two elements with
operations of addition and multiplication defined as follows:

0+0=0, 0+1=1, 14+0=1,1+1=0
0.0=0, 01=0, 1.0=0, 1.1=1
Let V; be the vector space of seven-tuples of 0’s and 1’s over this field
of scalars where addition and scalar multiplication are defined in the usual
component-wise manner. For example
(1,0,0,1,1,0,1) +(0,1,1,1,0,0,1)
=(14+0,0+1,0+1,14+1,140,04+0,1+1)
=(1,1,1,0,1,0,0)
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0(1,0,0,1,1,0,1) = (0.1,0.0,0.0,0.1,0.1,0.0,0.1) = (0,0,0,0,0,0,0)
1(1,0,0,1,1,0,1) = (1.1,1.0,1.0,1.1,1.1,1.0,1.1) = (1,0,0,1,1,0,1)

Since each vector in V7 has seven components and each of these com-
ponents can be either 0 or 1, there are 27 vectors in this space. The
four-dimensional subspace of V7 having basis

{(1,0,0,1,1,0,1),(0,1,0,0,1,0,1),(0,0,1,0,1,1,0),(0,0,0,1,1,1,1)}

is called a Hamming code and is denoted C'7 4. The vector in C7 4 can be used
as a message. Each vector in C7 4 can be written as

v; = a1(1,0,0,0,0,1,1) + a5(0,1,0,0,1,0,1) + a3(0,0,1,0,1,0, 1)
+a4(0,0,0,1,1,1,1).

Since each of the four scalars a1, as, as, aq can take one of the values 1 or
0, we have 2 that is 16 vectors in C'7 4. The hamming code can thus be used
to send sixteen different messages vy, vs, . .., v16. The reader is asked to list
these vectors in the following exercises.

When an error occurs in one location of a transmitted message, the
resulting incorrect vector lies in V7 outside the subspace C'7 4. It can prove
that there is precisely one vector in C74 that differs from this incorrect
vector in one location. Thus, the error can be detected and corrected. For
example, suppose the received vector is (1,0, 1, 1,0, 1). This vector cannot
be expressed as a linear combination of the above base vectors; it is not in
C'7 4. There is a single vector in C7 4 that differs from this vector in one entry,
namely (1,0,1,0,1,0,1). The corrected message is (1,0,1,0,1,0,1). The
Hamming code is called an error-correcting code because of this facility to
detect and correct errors.

Let us look at the geometry underlying this code. The distance between
two vectors v and w in V7 is denoted d(u, w) and is defined to be the number
of components that differ in v and w. Thus, for example,

d((1,0,0,1,0,1,1)(1,1,0,0,1,1,1)) = 3.

The second, fourth, and fifth components of these vectors differ. A sphere
of radius 1 about a vector in V7 contains all those vectors that differ in
one component from the vector. It can be shown that the spheres of radii
1 centered at the vectors of C'7 4 will be disjoint and that every element of V7
lies in one such sphere (Figure 11.7).
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Hamming Code {v1,v2,...,v16}
Incorrect message u; correct message v;
Figure 11.7 Least square parabola.

Thus, if a vector u is received that is not in C7 4, it will be in a single
sphere having a center v; — the correct message. In practice, electrical circuits
called gates are used to test whether the received message is in C'7 4 and if it
is not, to determine the center of the sphere in which it lies, giving the correct
message.

Other error detecting codes exist. The Golay code, for example, is a 12-
dimensional subspace of V53 that is denoted C'3 12. The code space has 212
elements that can be used to represent 4096 messages. This code can detect
and correct errors in one, two, or three locations. It can represent that the
spheres of radii 3 centered at the vectors of C?312 are disjoint and that every
element of Va3 lies in one such sphere. If a received vector u has an error
in one, two, or three locations, it will lie in a sphere centered at the correct
message v; and v;.

A good introduction to coding theory can be found in A Common-sense
Approach to the Theory of Error-correcting Codes by Benjamin Arazi, The
MIT Press, 1988.
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