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Preface

Linear algebra is everywhere in the world of science and engineering. See [1,4,7,
10,12,14-19,21-23,25]. The present book is meant as a text for a course on linear
algebra at the first-year undergraduate level. It is self-contained. The purpose of
the book is to provide a solid foundation for further study of advanced mathematics.

At the beginning of the book, we introduce linear systems over the real field,
solutions of linear systems by Gauss-Jordan elimination, and basic terminology of
matrix. Especially we study elementary matrices to explain the processes of Gauss-
Jordan elimination in matrix form.

We introduce determinant functions in Chapter 2 in order to study Cramer’s
rule which is an explicit representation for a linear system that has a unique
solution. We discuss fundamental properties of determinants and the way to evaluate
determinants through cofactor expansions.

As a fundamental example of vector spaces, we first introduce the Euclidean
vector spaces in Chapter 3. We study the Cauchy-Schwarz inequality and linear
transformations between two Euclidean vector spaces. The most important proper-
ties of the Euclidean vector spaces will be used to develop the concept of general
vector spaces later.

In Chapter 4, we begin with the definition of general vector spaces over the
real field. We mainly study subspaces, linearly independent sets, and bases for
vector spaces. As important examples, we discuss four fundamental matrix spaces
and study their properties. The dimension theorem for subspaces, the dimension
theorem for matrices, and consistency theorems are also included.

As a superstructure of vector spaces, we introduce an inner product on general
vector spaces in Chapter 5. By using the inner product, we can define notions of
length, distance, angle, and orthogonality in general vector spaces. These notions are
the foundation of subsequent studies on the Gram-Schmidt process for orthogonal
bases and least squares problems. Besides, we also discuss the problem of change of
basis in the last section of this chapter.

Chapter 6 presents one of the most important topics in linear algebra: eigenvalues
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and eigenvectors of square matrices. With these concepts and their related theorems,
we study how to diagonalize a diagonalizable matrix, especially a symmetric matrix.
Finally, the Jordan decomposition theorem is briefly mentioned.

In Chapter 7, we introduce general linear transformations between two general
vector spaces and study their related properties which involve kernel, range, rank,
nullity, inverse, and so on. We also discuss matrices of general linear transformations
and show that a general linear transformation between two general vector spaces can
be regarded as a matrix transformation between two Euclidean vector spaces.

In the last chapter, we develop several important topics in linear algebra,
including quadratic forms, complex inner product spaces, Hermitian matrices and
unitary matrices. A well-known fact in linear algebra is that the matrix product is
not commutative, i.e., in general,

XY £YX,

where X and Y are square matrices. Bottcher and Wenzel proposed the following
conjecture in 2005:

IXY = YX||r < V2| X]|F|Y]r,

where || - || is the Frobenius norm. In the last part of the book, we give an
elementary proof of the Bottcher-Wenzel conjecture, where only several classical
theorems studied in the book are used.

In writing the present book, many friends have offered us helps, advice,
comments, and encouragement. First, we would like to express gratitude to the
following people: Professors Raymond H.F. Chan, Hong-Kun Xu, Jin-Yun Yuan,
Fu-Zhen Zhang, Zhao-Liang Xu, Chong Li, Dan-Fu Han, Wen Li, Jian-Long Chen,
Qing-Biao Wu, Man-Chung Yeung, Yi-Min Wei, Che-Man Cheng, Michael K.P.
Ng, Wai-Ki Ching, Fu-Rong Lin, Hai-Wei Sun, Hao-Min Zhou, Zheng-Jian Bai,
Jian-Feng Cai, Vai-Kuong Sin, Gang Wu, Matthew M.H. Lin, Jin-Hua Wang, Wei-
Ping Shen, Seak-Weng Vong, Siu-Long Lei, Kit-Tan Kou, Zhi-Gang Jia, Xiao-Shan
Chen, Xiao-Fei Peng, Rong Huang, Juan Zhang, Ying-Ying Zhang, Hong-Kui Pang,
Qing-Jiang Meng, Ze-Jia Xie, and Teng-Teng Yao. Special thanks go to one of
the greatest mathematicians around the world, Professor Shing-Tung Yau from
Department of Mathematics, Harvard University, for providing us valuable words
at the beginning of Chapter 5. Of course, we are particularly grateful to Mr. Xiang
Zhao for creating the cover painting for the book. Finally, we appreciate the most
important institution in authors’ life: University of Macau, for supplying such a
wonderful intellectual atmosphere for writing the book. The book is dedicated to
the 40th anniversary of University of Macau (1981-2021).
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Chapter 1

Linear Systems and Matrices

“No beginner’s course in mathematics can do without linear algebra.”

— Lars Garding

“Matrices act. They don’t just sit there.”
— Gilbert Strang

Solving linear systems (a system of linear equations) is the most important problem
of linear algebra and possibly of applied mathematics as well. Usually, information
in a linear system is often arranged into a rectangular array, called a “matrix”. The
matrix is particularly important in developing computer programs to solve linear
systems with huge sizes because computers are suitable to manage numerical data
in arrays. Moreover, matrices are not only a simple tool for solving linear systems
but also mathematical objects in their own right. In fact, matrix theory has a variety
of applications in science, engineering, and mathematics. Therefore, we begin our
study on linear systems and matrices in the first chapter.

1.1 Introduction to Linear Systems and Matrices

Let IR denote the set of real numbers. We now introduce linear equations, linear
systems, and matrices.

1.1.1 Linear equations and linear systems

We consider

Gx1 + a2x2 + - + apty = b,

where a; € R (i = 1,2,...,n) are coefficients, z; (i = 1,2,...,n) are variables
(unknowns), n is a positive integer, and b € R is a constant. An equation of this
form is called a linear equation, in which all variables occur to the first power.
When b = 0, the linear equation is called a homogeneous linear equation. A
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sequence of numbers s1, So, ..., S, is called a solution of the equation if z; = s1, 29 =
$2,...,%y = Sy, such that

aisy + az8s + -+ apsSy, = b.
The set of all solutions of the equation is called the solution set of the equation.
In the book, we always use example(s) to make our points clear.
Example We consider the following linear equations:
(a) z+y=1.
(b) z+y+2z=1

It is easy to see that the solution set of (a) is a line in zy-plane and the solution set
of (b) is a plane in zyz-space.

We next consider the following m linear equations in n variables:

1171 + @12%2 + -+ G1pTy = by
a21%1 + Q22T + -+ A2pTp = by
(1.1)

Am1%1 + GmaT2 + - + AppTn = bm»

where a;; € R (i =1,2,...,m; j =1,2,...,n) are coefficients, z; (j =1,2,...,n)

are variables, and b; € R (i = 1,2,...,m) are constants. A system of linear equations
in this form is called a linear system. A sequence of numbers s1, so, ..., s, is called
a solution of the system if z; = 51,29 = $9,..., %, = s, is a solution of each equation

in the system. A linear system is said to be consistent if it has at least one solution.
Otherwise, a linear system is said to be inconsistent if it has no solution.

Example Consider the following linear system
a;1x + ay = b
a1 + azoy = bs.

The graphs of these equations are lines called I; and l;. We have three possible cases
of lines I; and ls in zy-plane. See Figure 1.1.

e When [; and l5 are parallel, there is no solution of the system.

e When [; and [ intersect at only one point, there is exactly one solution of
the system.
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e When [; and [l coincide, there are infinitely many solutions of the system.

AY AY A/
h
I ly
& g b g
ly L
No solution One solution Infinitely many solutions
Figure 1.1

1.1.2 Matrices

The term matrix was first introduced by a British mathematician James Sylvester
in the 19th century. Another British mathematician Arthur Cayley developed basic
algebraic operations on matrices in the 1850s. Up to now, matrices have become the
language to know.

Definition A matriz is a rectangular array of numbers. The numbers in the array

are called the entries in the matrix.

Remark The size of a matrix is described in terms of the number of rows and
columns it contains. Usually, a matrix with m rows and n columns is called an
m X n matrix. If A is an m X n matrix, then we denote the entry in row 7 and
column j of A by the symbol (A);; = a;;. Moreover, a matrix with real entries will
be called a real matrix and the set of all m x n real matrices will be denoted by the
symbol R™*". For instance, a matrix A in R™*"™ can be written as

aip  ai2 A1n

a1 Q22 - Q2n
A= ,

am1l Am2 - Omn

where a;; € R for any ¢ and 5. When compactness of notation is desired, the
preceding matrix can be written as

A= [aij] .
In particular, if A € R'¥!, then A = a;; € R.

We now introduce some important matrices with special sizes. A row matriz
is a general 1 X n matrix a given by

a=[a,a,...,a, € R,
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A column matrix is a general m x 1 matrix b given by
by
b2 c ]lexl‘
bm

A square matrix is an n X n matrix A given by

aix a2 -+ Qin
A= | T B g (1.2)
Gn1 an2 T Ann
The main diagonal of the square matrix A is the set of entries a1, a2, ..., any in

(1.2).

For linear system (1.1), we can write it briefly as the following matrix form

a11 a2 - ap by
a21 Az - G2n bo

b
Gmi1 Gm2 ** Qmn bm

which is called the augmented matriz of (1.1).

Remark When we construct an augmented matrix associated with a given linear
system, the unknowns must be written in the same order in each equation and the
constants must be on the right.

1.1.3 Elementary row operations

In order to solve a linear system efficiently, we replace the given system with its
augmented matrix and then solve the same system by operating on the rows of the
augmented matrix. There are three elementary row operations on matrices defined
as follows:

(1) Interchange two rows.
(2) Multiply a row by a nonzero number.
(3) Add a multiple of one row to another row.

By using elementary row operations, we can always reduce the augmented matrix of
a given system to a simpler augmented matrix from which the solution of the system
is evident. See the following example.
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Example Consider the following system
T+ y+ z2=6
20+ 4y — 32 =1
3r 4+ 2y — 2z =1.

The augmented matrix of the system is given by

11 1 6
2 4 -3 1
3 2 =21

By using elementary row operations, actually one can transform the augmented
matrix of the system to a simpler form,

1 1 1 6 1 0 0 1
24 -3 1|—]1010 2
3 2 =21 0 01 3

Then from the simpler form, we immediately have

which is obviously the solution of the original system. See next section for details.

1.2 Gauss-Jordan Elimination

In this section, we develop a method called Gauss-Jordan elimination [1] for
solving linear systems. In fact, Gauss-Jordan elimination is the most frequently
used algorithm in scientific computing.

1.2.1 Reduced row-echelon form

In the example of Subsection 1.1.3, we solved the given linear system by reducing
the augmented matrix to

o O =
S = O

0
0
1

W N =

from which the solution of the system was evident. This is an example of a matrix
that is in reduced row-echelon form. We therefore give the following definition.

Definition For any matriz in reduced row-echelon form, it must satisfy the follow-
ing conditions.
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(i) For the rows that consist entirely of zeros, they are grouped together at the
bottom of the matriz. The rows that consist entirely of zeros will be called zero
rows.

(ii) If a row does not consist entirely of zeros, then the first nonzero number in the
row is a 1. We call this a leading 1.

(iii) For two successive rows that both contain leading 1’s, the leading 1 in the higher
row occurs farther to the left than the leading 1 in the lower row.

(iv) Each column that contains a leading 1 has zeros in all its other entries.

Remark A matrix having properties (i), (ii), (iii), but not necessarily (iv), is said
to be in row-echelon form. The following example is in row-echelon form:

1 2 3 45
010 2 3
00 010
00 0 00

1.2.2 Gauss-Jordan elimination

Gauss-Jordan elimination is a standard technique for solving linear systems. Actually
Gauss-Jordan elimination is a step-by-step elimination procedure which reduces an
augmented matrix of a given linear system to reduced row-echelon form. Then the
solution set of the system can be found by just inspection. We illustrate the idea by
the following example.

Example We solve the following system
— 3x9 +7x5 =15
2x1 + 6xo +6x3 +4x4 +225 = 28
2x1 +11lxo +623 +4x4 —925 = 5.
The augmented matrix of the system is given by

0 -3 0 O 7 15
2 6 6 4 2 28
2 11 6 4 -9 5

Now, by using the elementary row operations, we are going to reduce the matrix to
reduced row-echelon form.
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Step 1.

Step 2.

Step 3.

Step 4.

Interchange the top row with another row, if necessary, to bring a nonzero
entry to the top of the leftmost column that does not consist entirely of

Zeros:

2 6 6 4 2 28
0 -3 0 0 7 15
2 11 6 4 -9 5

Interchange 1st row and 2nd row

If the entry that is now at top of the column found in Step 1 is a # 0,
multiply the first row by 1/a in order to introduce the leading 1:

o 1 3 32 1 14
/2 x 1st row 0 -3 00 7 15
2 11 6 4 -9 5

Add suitable multiples of the top row to the rows below so that all entries
below the leading 1 become zeros:

1 3 3 2 1 14
0 -3 0 0 7 15
0 5 0 0 —-11 -23

3rd row + (—2) X 1st row

Now cover the top row in the matrix and begin again with Step 1 applied
to the submatrix remained. Continue in this way until the entire matrix is

in row-echelon form:

[1 3 3 2 1 14 |
(—=1/3) x 2nd row 7
0100 — =5
3
(05 00 —11 -23 |
(1 3 3 2 1 14 ]
3rd row + (—5) X 2nd row 01 0 0 73 -5
3
0000 2 2
L 3 .
1 332 1 14
3/2 3rd row
x 0100 -4 _5
3
(0000 1 3 |

The entire matrix is now in row-echelon form. To find the reduced row-
echelon form we need the following additional step.
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Step 5. Beginning with the last nonzero row and working upward, add suitable
multiples of each row to the rows above to introduce zeros above the leading

1’s:
. e (1 3 3 2 1 14|
nd row + (7/3) X 3rd row 0100 0 9
i 0O 0001 3 |
) o 1 3 3 2 0 11 ]
st row + (—1) X 3rd row 0100 0 9
i 0O 0001 3 |
1 N 10 3 20 5
st row + (—3) X 2nd row 0100 0 9
| 0O 0001 3
The last matrix is in reduced row-echelon form.
The corresponding system is
T + 3x3 + 214 = 5
T2 = 2
Iy = 3.

Since x1, 2, and x5 correspond to leading 1’s in reduced row-echelon form of the
augmented matrix, we call them leading variables. The remaining variables z3 and
x4 are called free variables. Solving the leading variables yields

1 = —3x3 — 224+ 5
To =2
T5 = 3.
Setting 3 = s and x4 = ¢, we therefore obtain the solution set of the system,
T, =-35s—2t+5
To =2

:175:3,

where s and ¢ can take arbitrary values.
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1.2.3 Homogeneous linear systems

A linear system is called to be homogeneous if the constant terms are all zero.

Consider
a1121 + @122 + -+ apxy, =0
a21%1 + G22%2 + -+ + a2pTy =0
Am1T1 + Gma%2 + - + Gmn%n = 0.
Obviously, 1 = 2 = --- = z,, = 0 is a solution of the system, which is called the

trivial solution. Any nonzero solutions are called nontrivial solutions. For nontrivial
solutions, we have the following theorem.

Theorem 1.1 A homogeneous linear system has infinitely many solutions if there

are more variables than equations.

Proof Let

a1171 + @122 + -+ Ty o0+ a1pT, =0

(2171 + G22T2 + + - + Q2T+ + a2pT, =0

Am1%1 + m2T2 + - - + AT+ + CGpn®n = Oa

where m < n. By using elementary row operations, one can obtain the reduced row-
echelon form of the augmented matrix of the system. It follows from the reduced
row-echelon form that the corresponding system has the following form

Lky +Z():O
T, +>()=0

o, +Y_()=0,

where k; < ko < -+ < k, are numbers in the set {1,2,...,m} and > ( ) denotes
sums that involve the n — r free variables. We remark that r < m < n and usually
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k1 = 1. If r = m, then there is no zero row. Finally, we obtain

Ly :72()
xkzz_Z()

or, == (),

which implies that the system has infinitely many solutions. O

Example We consider the following linear system with 6 variables and 4 equations,

a11T1 + a12T2 + a13r3 + a14x4 + a15x5 + arexg = 0
2171 + A22T2 + 2373 + A24T4 + A25T5 + a26T6 = 0
a3171 + a32T2 + a33T3 + a34T4 + azsws + azere = 0

4121 + Q4202 + A43T3 + Q44T + As5T5 + a4 = 0.
The augmented matrix A of the system is

a1 aiz a3 G4 ais Qaie
az1 Aa22 a23 G24 G25 (26

e R¥™7.
az1 asz2 a3z Ga34 AaAzs a3e

o O O O

G41 Q42 G43 Q44 Q45 G4

By using elementary row operations, if the reduced row-echelon form of A is obtained

as
1 b12 0 0 O b16 0
0 0 1 by 0O by O
0 0 0 0 1 by 0|’
0 0 0 00 0 O
then the corresponding system is
1 + b2z + bigz6 =0
T3 + basxy + bagzs =0

5 + bggrg = 0.
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We therefore have

1 = —biax2 — bi6T6
23 = —bosxs — bosxg
Is = 7b36x6-

From the proof of Theorem 1.1, it follows that r = 3, k; = 1, ko = 3, and k3 = 5.
There are three free variables, say, x2, x4, and xg. Thus, the system has infinitely
many solutions.

1.3 Matrix Operations

Matrices appear in many contexts other than as augmented matrices for linear
systems. In this section, we begin our study on matrix theory by giving some basic
definitions of the subject. We also introduce some operations on matrices and discuss
their fundamental properties.

1.3.1 Operations on matrices

Now, we develop an arithmetic of matrices which contains the sum, difference,
product of matrices, and so on. We have the following definition of operations on
matrices.

Definition

i) Equal of matrices: Two matrices A = [a;;] and B = [b;;] are said to be equal,
J J

denoted by A = B, if they have the same size and a;; = b;; for all i, j.

(i) Sum and difference: Let A = [a;;] and B = [b;;] have the same size. Then
A+ B is a matriz with the entries given by (A + B);;j := a;j + by for all i, j,
and A — B is a matriz with the entries given by (A — B);; := a;; — b;j for all
i\j.

(iii) Scalar multiplication: Let A = [a;;] and c be any scalar. Then cA is a matriz
with the entries given by (cA);; = ca;; for alli,j.

(iv) Linear combination of matrices: Z ciA(y, where Agy (1 <@ < s) are matrices

i=1
of the same size and ¢; (1 <1i < s) are scalars.

(v) Matriz product: Let A = [a;;] be a general m X r matriz and B = [by;] be a
general v X n matriz. Then the product of A and B is an m X n matriz denoted
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by
aiil @12 a1y _ _
az1 Q22 agy o
bll b12 | blj | bln
A : : : ba1  bao by | bap
B = [ . - . : : [ :
| @41 a;2 Ay : | . | .
777777777 | |
brl b72 | b’l‘] | brn
L Gm1 Gm2 *°  Qmr |

with entries (AB);; defined by
(AB)ij == ai1bij + aizbaj + -+ + airbyj = Z Qikbr;
k=1
foralll<i<mand1l <j<n.

Remark In the definition of matrix product, the number of columns of the first
factor A must be the same as the number of rows of the second factor B in order to
form the product AB. If the condition is not satisfied, then the product is undefined.
Even if A and B are both n X n matrices, we usually have AB # BA.

Example 1 Consider the matrices

] 0 3 4 1 0 4
A= ., B=|0 -3 -1 2
1 -2 0
1 2 10
Since A is a 2 x 3 matrix and B is a 3 X 4 matrix, the product AB is a 2 X 4 matrix
given by
AB — 7T 7 3 4 .
4 7 20
But the product BA is undefined.
Example 2 Let
1 ) 4 3 1 2
A= 2 -3 0], B = 0 -1 -2
0 4 1 1 6 2

The product of matrices A and B is given by

1 5 4 3 1 2 7 20 0
AB = 2 -3 0 0 -1 -2 | = 6 5 10
0o 4 1 1 6 2 1 2 —6
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and the product of matrices B and A is given by

3 1 2 1 5 4 5 20 14
BA = 0 -1 -2 2 -3 0|=|-2 -5 =2
1 6 2 0 4 1 13 -5 6

But AB # BA.

1.3.2 Partition of matrices

A matrix can be partitioned into smaller matrices by inserting horizontal and vertical
rules between selected rows and columns. For instance, below are three possible
partitions of a general 4 x 5 matrix A. The first one is a partition of A into four
submatrices A1, A2, As1, and Ass; the second one is a partition of A into its row
matrices rq, ro, r3, and ry; the third one is a partition of A into its column matrices
cy, Co, C3, C4, and c5:

a1 aiz2 ais I a14 Q15
I
A 21 Q22 (23024 QA25 A Aqg
= | - —- - — = — - — — — = ’
|
azy azz az3 | az4 G35 A1 Az
|
L A41 Q42 G43 | A44 Q45
a1 a2 a3z aig ais ry
a21 Q22 a3 G24 425 rs
A= | -~ _—_ - _= =|—=|;
a3 asz G33 34 Aass rs
| @41 Q42 Q43 Q44 Q45 T4
r I | I I
a11 @12 | A13 | A14 | Q15
| | | |
Q21 | A22 | @23 | A24 | A25 | | | |
A= | | | | =|c | C|C3|Cq  C5
as1 | @32 | a33 | A34 | 35
I I I I
L Q41 | Q42 | Q43 | Q44 | Q45

1.3.3 Matrix product by columns and by rows

Sometimes it may be desirable to find a particular row or column of a matrix product
AB without computing the entire product. The following results are useful for that
purpose. Let A € R™*" and B € R"*"™. Then

r s
E a11br;
k=1

jth column matrix of AB = : = A[ jth column matrix of B |

,
E Gk bkj
L k=1
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and

ith row matrix of AB = [ Z aixbrt, - .-, Z aikbrn ] = [ ith row matrix of A |B.
k=1 k=1

Remark Letaj,as,...,a,, denote the row matrices of A and by, b, ..., b, denote
the column matrices of B. It follows from the formulas above that

which shows that AB can be computed column by column, and

a; a1 B
a9 agB
AB= |- |B=|——— |, (1.4)
| am | | amB |

which shows that AB can also be computed row by row.

1.3.4 Matrix product of partitioned matrices

From the remark in Subsection 1.3.3, we know that the computation of a matrix
product can be completed by some special partitions of matrices. We now introduce
the general case. Let

A A o0 Agg Bii Bz -+ DBt

Agr Azp -+ Ay . By By -+ Bo l
A= . . . S R™ ) B = . . . eR ><n’

A7"1 AT? e AT‘S Bsi Bsa -+ By

where the number of columns of submatrix A;; is equal to the number of rows of
submatrix By, for each 1 <¢<r, 1 <k <s,and 1 < j <t Then we construct

Cii Ciz -+ Ch
Co1 Cop -+ Oy

C=| . . .| eR™,
Crl C’l‘2 T Crt

where each submatrix of C is given by

Cij = AnBi1j + AioBoj + -+ AisBsj = Z AirBij
k=1
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for1<i<randl<j<t In fact, the partitioned matrix C is nothing new but
the product of matrices A and B, i.e., C = AB. See the following example.

Example Let A € R3*3 and B € R3*2. Below are the partitions of A and B:

ailr a2 I ais A A b11 I b12 B B
A= | an azjaxs | = oAz g | bay by | = e
=== Agr As i Bs1 Bao
az1  asz | ass b31 | b3z
Then
A A Bii Bio _ A11Bi1 + A12Ba1 A11Bia + A12Bao
I Agr Axp By B A21B11 + A2 Ba1 A1 Bia + A2 B |
_ - \ - -
a1l a2 b1 + a13 [bgl} } a1l ai2 b2 + a13 [532}
azt agy | | bz | as3 | a2 a2z | | baz | as3

[ a11b11 + a12b21
a91011 + ag2bay

|
a13bzr | | a11b12 + ai2beo
az3b3y 1 az1b12 + az2bao

b
L | aasbs2
a23b32

[ az1b11 + az2ba } + { a3szbsy } | { ag1bi2 + azabaa } + [ a33b3o }
[ 411011 + aroboy + aisbsy  aiibia + aiboo + a1sbsa

= | ag1bi1 + ag2ba1 + a23bzi  a21bia + azebas + agsbszs | = AB.

| a31b11 + azaba1 + assbsr  azibiz 4 az2baz + assbso

1.3.5 Matrix form of a linear system

In fact, the matrix product has an important application in solving linear systems.
Consider linear system (1.1) of m linear equations in n unknowns. We can replace
the m equations in this system with the single matrix equation

a1121 + a2 + -+ A1pTy by

211 + Q222 + -+ + A2, T by

Am1T1 + m2X2 + - + GmnTn bm
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By using the product of matrices, it follows that

a11 a2 G1n x1
a21 a22 a2n T2
Am1 Am2 Amn Tn
Let
Z1
aiil a12 A1n
a21 Ao G2n T2
A= , X =
a a a
ml m2 mn T

Linear Systems and Matrices

Then the original system has been replaced by the single matrix equation

Ax = b.

Here A is called the coefficient matrix of the system. Thus, the augmented matrix

for the system is obtained by adjoining b to A as the last column, i.e., [ A | b ].

Remark Note that by using matrix operations on the above linear system, it can

also be written as follows:

a11 a12 A1n
a1 a22 A2n
am1 am?2 Amn

i.e.,
z1€1 +x2Cy + -+ +TpCy, = b,

where c; is the jth column matrix of A for 1 < j < n.

1.3.6 Transpose and trace of a matrix

(1.5)

Definition The transpose of an m x n matriz A = [a;;], denoted by AT, is defined

to be the n X m matrixz with entries given by
(AT)ij = aji.

The trace of an n x n matriz A = [a;;] is given by

tr(A) := i: Q-
i=1
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For instance,

ailp a2 ais a1 az1 asi
T
A= ax ap ax |, A" =] a1z ax azp |, tr(A) = a1+ axn + ass.
asy as2 ass ai3 G23 ass

Some important properties of the transpose are listed in the following theorem.

Theorem 1.2 Let the sizes of matrices A and B be such that the stated operations
can be performed. Then

ATYT =

(a
(b

) (
) (A£B)T = AT + BT,
(c) (kA)T = kAT, where k is any scalar.
(d) (AB)T = BTAT.

Proof Parts (a), (b), and (c) are self-evident. We therefore only prove (d). Let
A =[a;;] € R™*", B = [b;;] € R™".

Then the products (AB)T and BT AT can both be formed and they have the same
size. It only remains to show that corresponding entries of (AB)T and BT AT are
the same, i.e., for all i, j,

((AB)T),, = (BTAT),;. (1.6)

Applying the definition of transpose of a matrix to the left-hand side of (1.6) and
then using the definition of matrix product, we obtain

((AB)T)“ = (AB)ji = Zajkbki-
k=1
To evaluate the right-hand side of (1.6), let A™ = [a};] and BT = [b};], then
agj = Qjs, b;] = bﬂ

Furthermore, we have for all ¢ and 7,

BTAT Z b’kakj Zbkiajk = Zajkb]“‘ = ((AB)T>Z.]. .
k=1 k=1
Thus, (d) holds. O

Some important properties of the trace are included in the following theorem.
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Theorem 1.3 Let A = [a;;] and B = [b;;] be n x n matrices. Then

(a) tr(A) = tr(AT).

(b) tr(AB) = tr(BA).

(¢) tr(aA+ BB) = atr(A) + ftr(B), where a and 8 are any scalars.

(d) tr(AB — BA) =0.

(e) tr(B) =0 if BT = —B.

Proof Part(a) is obvious. For (b), because addition is associative and commutative,

we have

1(AB) =Y (AB)ii =YY abri = Y 3 bitix = y_(BA)x = tr(BA).

=1 i=1 k=1 k=11i=1 k=1

For (c), we have

n n

tI‘(OlA =+ ,@B) = Z(QA + 63)” = Z(O& © Qi+ ,8 . b“)

i=1 i=1
=« Z a; + 5 Z by = atr(A) + ,Btr(B).
i=1 i=1
For (d), it follows from (c) and (b) that
tr(AB — BA) = tr(AB) — tr(BA) = tr(AB) — tr(AB) = 0.
For (e), by using (a), the given condition BY = —B, and (c), we deduce
tr(B) = tr(BT) = tr(—B) = —tr(B).

Thus, tr(B) = 0. O

1.4 Rules of Matrix Operations and Inverses

In this section, we study some basic properties of the arithmetic operations on
matrices.
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1.4.1 Basic properties of matrix operations

Theorem 1.4 Let A, B, and C be matrices and the sizes of matrices be assumed
such that the indicated operations can be performed. The following rules of matriz

operations are valid.

(a) A+ B=B+ A. (Commutative law for addition)
(by A+ (B+C)=(A+B)+C. (Associative law for addition)
(c) (AB)C = A(BC). (Associative law for product)
(d) A(B£C)=AB+ AC. (Left distributive law)

(e) (BxC)A=BA+CA. (Right distributive law)

(f) a(B+C) = aB +aC.

(8) (a£b)C =aC +bC.

(h) a(bC) = (ab)C.

(i) a(BC) = (aB)C = B(aC).
Here a and b are any scalars.

Proof We only prove (c) of the associative law for matrix product. The other parts
here are left as an exercise. Assume that

A= [ai]‘} S IRSX”, B= [bjk] € Rnxm, C = [Ckg] c R™*".

We want to show
(AB)C = A(BC).

Let
V =AB = ['Uik] ERsxm, W =BC = [UJﬂ] e R™™".

Then
n
ik = Y _ aijbjk
i=1

forl<i<sand 1<k <m,and

m
wj; = E bjkcri
k=1
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for1<j<nand1<I<r. Since (AB)C =V, the entry in row i and column [
of matrix V' C is given as follows:
m m n m n
(VO = vinew =Y | D aibjn | e =D aijbjxcu (1.7)

k=1 k=1 \j=1 k=1 j=1

for1 <i<sand 1< <r. Since A(BC) = AW, the entry in row i and column [
of matrix AW is given as follows:

(AW)ir = Zaijwjl = Zaij (Z bjkclcl) = Z Zaijbjk;Ck[ (1.8)
j=1 j=1 k=1 j=1k=1

for 1 <i<sand 1 <! < r. Because addition is associative and commutative, the
results in (1.7) and (1.8) should be the same. Hence the proof is completed. O

1.4.2 Identity matrix and zero matrix

We define the identity matrix and the zero matrix as follows:

1 0 0 0 O 0
1 -~ 0 00 - 0

L=\ . . . . |eR™, 0=1| . . .| e R
0 0 1 00 0

Remark Throughout the book, we use the symbol I,, to denote the n x n identity
matrix. If there is no confusion, we sometimes use I to denote the identity matrix
with an appropriate size. Besides, we also use e; to denote the ith column matrix

of I,,, i.e.,
ei=[0 -0 1 0 - 0]

ith

Theorem 1.5 Let the sizes of the matrices be such that the indicated operations
can be performed. The following rules of matriz operations are valid.

(a) AI=A, IA=A.
(b) A+0=0+A=A

(c) A0=0, 0A=0.
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The proof of the theorem is trivial and we therefore omit it.

1 -1 7 B 11
-1 1 11
Then AB = 0 even if both A and B are nonzero matrices. Thus, if AB = 0 for
A€ R™"™ and B € R™ ", perhaps it does not follow that A =0 or B = 0.

Example Let

A:

As the following theorem shows, the identity matrix is useful in studying reduced
row-echelon forms of square matrices. The proof of the theorem is left as an exercise.

Theorem 1.6 Let R be the reduced row-echelon form of a square matriz A. Then
either R has a row of zeros or R =1.

1.4.3 Inverse of a matrix
Definition Let A and B be square matrices of the same size such that
AB=BA=1.

Then B is called an inverse of A, denoted by B = A™!, and A is said to be
invertible. If no such B exists, then A is said to be not invertible.

Example Consider the matrices

117 B_
2 3

A:

3 -1
-2 1|

One can verify that B is an inverse of A since

REREHE
E R

The next theorem shows that an invertible matrix has exactly one inverse.

AB =

and

BA =

Theorem 1.7 Let B and C be both inverses of the matrix A. Then B = C.

Proof Since B and C are both inverses of A, we have

AB=BA=1, AC=CA=1.
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From BA = I, multiplying both sides on the right by C yields
(BA)C =1IC =C.
However, we obtain by Theorem 1.4 (c),
(BA)C = B(AC) = BI = B.
Thus, C = B. O

For a 2 x 2 invertible matrix, the following theorem gives a formula for
constructing the inverse.

Theorem 1.8 The matriz

is invertible if ad — bc # 0. The inverse is given by the formula

i b
A1 1 d —b _ ad — bc ad — be
ad—bc | —_¢ ¢4 o a
ad — be ad — be
Proof Verify that AA=! = I, and A™'A = I,. O

The following theorem is concerned with the invertibility of the product of

invertible matrices.

Theorem 1.9 Let A and B be n X n invertible matrices. Then AB is invertible
and

(AB)"' =B71A™!
In general,

—1 _ _ _
(Ande) - Ap) = Ag) - Agdn)

@ Aeda) (1.9)

where Ay (1 <@ < p) are n x n invertible matrices and p is any positive integer.

Proof Since A and B are invertible, we obtain by Theorem 1.4 (c),
(AB)Y(BT'A Y)Y = ABB DA ' =AA =1

and

(B'A™Y(AB)=B 'Y (A'A)B=B"'B=1.
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Thus,
(AB)"'=B71A™!

We are now going to prove the general case of (1.9) by using induction. When p = 2,
we have just proved that (1.9) is true. We assume that (1.9) is true for p = k — 1,

ie.,

-1 -1 —14-1
(AnAe - Aw-1)  =Ag 1) Agdn): (1.10)
Considering the case of p = k, it follows from the case of p = 2 and (1.10) that

-1 —1
(AnA@) - Ax-nAw) = [(AnAe) A1) Aw]

1 -1 -1/ -1 —14-1
= Agy(AnAe) - Ag-1) = A5 Ag1y - AgA)

_oA-1a-1 a1 g4-1
= ApAx-1)Agda)

Therefore, (1.9) is true for any positive integer p. O

The following theorem gives a relationship between the inverse of an invertible
matrix A and the inverse of AT.

Theorem 1.10 If A is invertible, then AT is also invertible and
(AT)1 = (AT
Proof We have by using Theorem 1.2 (d),
AT(A Y =A AT =1T =1

and

AN AT =AY =1 =1
Thus, (AT)=! = (A—1H)T. O
1.4.4 Powers of a matrix

Definition If A is square, then we define the powers of A for any integer n > 0,

AY =1,

A" = AA---A.
—_—

Moreover, if A is invertible, then
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If  and s are integers, then it follows from the definition of powers that
ATAS = AT, (AT)" = A%,
Theorem 1.11 If A is invertible, then
(a) A~1 is invertible and (A=)~ = A.
(b) A" is invertible and (A™)~! = (A~1)" for any integer n > 0.
(c) For any scalar k # 0, the matriz kA is invertible and (kA)~! = %Ail.

The proof of the theorem is straightforward and we therefore omit it.

1.5 Elementary Matrices and a Method for Finding A™~!

We develop an algorithm for finding the inverse of an invertible matrix in this section.

1.5.1 Elementary matrices and their properties

Definition An n xn elementary matrix can be obtained by performing a single
elementary row operation on I,,. The following are three types of elementary matrices.

(i) Interchange rows i and j of I,:

1

row 1
E(i,j) =

1 0 Tow j

(ii) Multiply row i of I, by ¢ (c # 0):
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c TOW 1
E ) =
) 1
- 1 -
(iii) Add k times row j to row i of I,:

- i

Lok oW 1
BE(i,j(k)) =

1 TOW j

L I

Remark A square matrix is called a permutation matrix if it can be written as
a product of elementary matrices of type (i).

When a matrix A is multiplied on the left by an elementary matrix F, the result is
to perform an elementary row operation on A. More precisely, we have the following
theorem.

Theorem 1.12 Let A be an m X n matriz. If the elementary matriz E results from
performing a certain row operation on I,,, then the product EA is the matriz that
results when this same row operation is performed on A.

Proof We only prove the statement concerned with the elementary matrix E(%, ).
One can prove the statements concerned with F (z(c)) and E(i, j(k)) easily by using
the same trick. Let rq,rs,...,r,, denote the row matrices of A and eq,es,...,en,
denote the column matrices of I,,. It follows that

ey ] _ e{ _
r; ef
A= ) E(i,j) =
T
rj €;

[t L ey, |
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Since el A = ry, for 1 < k < m, we have by (1.4),

- - — - _ .
e; e A ry
T T
e €; A rj
E(i,j)A = A= : =
T T
e e A r;
T T
L e, | | e, A | L Ty |

Hence E(i,j)A is a matrix that results when rows i and j of A are interchanged. [

The following theorem is concerned with the invertibility of elementary matrices.
The proof of the theorem is left as an exercise.

Theorem 1.13 For three types of elementary matrices, we have

E(i,j) = EB(i,j),  B(i(0) ™ = E(i(c™),  BE(ijk) " = E(i,j(~k)).

Remark It follows from Theorem 1.13 that the inverse of any elementary matrix
is still an elementary matrix.

1.5.2 Main theorem of invertibility

The next theorem establishes some equivalent statements of the invertibility of a
matrix. These results are extremely important and will be used many times later.

Theorem 1.14 Let A be an n X n matriz. Then the following statements are
equivalent, i.e., all true or all false.

(a) A is invertible.
(b) Ax = 0 has only the trivial solution.
(¢) The reduced row-echelon form of A is I,.
(d) A is expressible as a product of elementary matrices.
Proof 1t is sufficient to prove that (a) = (b) = (¢) = (d) = (a).

(a) = (b): Let x¢ be any solution of Ax = 0, i.e., Axg = 0. Since A is invertible,
multiplying both sides of Axy = 0 by A~!, we have A~!Axy = A~'0, which implies
I,x¢o = 0. Thus, xg = 0. Therefore, Ax = 0 has only the trivial solution.
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(b) = (c): Let R be the reduced row-echelon form of A. Then by Theorem 1.6,
R = I, or R has a zero row. If R has a zero row, then it follows from Theorem
1.1 that Rx = 0 has infinitely many solutions, i.e., nontrivial solutions. Therefore,
Ax = 0 has nontrivial solutions, which contradicts (b). Thus, R = I,,.

(¢) = (d): If the reduced row-echelon form of A is I, then there exist some
elementary matrices E (1), E(2), ..., E(x) such that

By Theorem 1.13, we know that every elementary matrix is invertible and the inverse
of an elementary matrix is still an elementary matrix. It follows from (1.11) and
Theorem 1.9 that
_ p-lp-1, . -1
A=EqEq) By
Thus, (d) holds.

(d) = (a): It is obtained directly from Theorems 1.13 and 1.9. O

1.5.3 A method for finding A~!

In the following, we establish a method for constructing the inverse of an n x n
invertible matrix A. Multiplying both sides of (1.11) on the right by A~ yields

-1
A7 =E@) - E@Eq),

where E(1), E),..., Ey) are elementary matrices. We next construct an n x 2n
matrix [ AT ] We have by using (1.3),

Ew - ExEq) { A f} [E(k)"'E@)E(l)A | E(k)"'E@)E(l)f}
:[ Iy Ewy- EgEq) }
[ a]

Thus, the sequence of elementary row operations that reduces A to I actually
converts I to A~! simultaneously.

Example Find the inverse of

-~ = O
w O N
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Solution The computations are as follows:

1 0 2 1 0 0
{A A } =3 1 6 | 0 L0
2 7 3] 0 0 1
2nd row + (—3) x 1st row [ 1 0 2 } 1 0 0 ]
3rd row + (—2) x st row 0 1 0 } -3 1 0
0 7 -1 | -2 0 1]
(1 0 2 ! 1 0 0]
3rd row + (—=7) x 2nd row 0 1 0 } -3 1 0
0 0 -1 | 9 -7 1]
(1 0 2 ! 1 0 0]
(—=1) x 3rd row 0 1 0 } -3 1 0
I 0 0 1| -19 7 -1 |
) 1 0 o0 ! 39 —14 2
1st row + (—2) x 3rd row 0 1 0 } -3 1 0 = [ I3 : At }
0o 0o 1 7 -19 ("
Thus,
39 -—14 2
Al=| -3 1 o0 N
-19 7 -1

1.6 Further Results on Systems and Invertibility

We develop more results concerned with linear systems and invertibility of matrices
in this section.

1.6.1 A basic theorem

Theorem 1.15 Fuvery linear system has either no solution, exactly one solution, or
infinitely many solutions.

Proof If Ax = b is a system of linear equations, then exactly one of the following
is true:

(a) the system has no solution;
(b) the system has exactly one solution;

(c) the system has more than one solution.
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The proof will be completed if we can show that the system has infinitely many
solutions in case (c¢). Assume that Ax = b has more than one solution, and let
X9 = X1 — Xg, where x; and x5 are any two distinct solutions. Therefore, xq is

nonzero. Moreover,
Axg = A(x1 —x3) = Ax; — Axo =b—b =0.
Let k be any scalar. Then
A(x1 + kxo) = Axy + A(kxg) = Ax1 + k(Axp) =b+k0=b+ 0 = b,

i.e., x3 + kxq is a solution of Ax = b. Since x¢ # 0 and there are infinitely many
choices for k, we conclude that Ax = b has infinitely many solutions. O

1.6.2 Properties of invertible matrices

From the definition of the inverse of an invertible matrix A, it is necessary to find a
square matrix B such that

AB=1, BA=I.

The next theorem shows that if B satisfies either condition, then the other condition
holds automatically.

Theorem 1.16 Let A be a square matrix.
(a) If B is square and satisfies BA =1, then B = A~".
(b) If B is square and satisfies AB = I, then B = A~'.

Proof We only prove (a) and the proof of (b) is similar. We consider the system
Ax = 0 and show that this system only has the trivial solution. Let xqo be any
solution of this system, i.e., Axy = 0. Multiplying both sides by B yields

BAX() = BO0.
Since BA = I, we deduce
Ixg =0, ie, x9=0.

Thus, the system Ax = 0 has only the trivial solution. It follows from Theorem 1.14
that A~! exists. Multiplying both sides of BA = I on the right by A~!, we obtain

BA-A'=71-A"' — B=A""% O
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Theorem1.17 Let A and B be square matrices of the same size. If AB is invertible,
then A and B must also be invertible.

Proof Since AB is invertible, there exists (AB)~! such that
(AB)(AB)™' =1 = A[B(AB)'|=1,

and
(AB)™Y(AB)=1 = [(AB)'A]B=1.

By Theorem 1.16, both A and B are invertible. O

Example Let A and B be square matrices of the same size. Show that if I — AB
is invertible, then I — BA is also invertible.

Proof By Theorem 1.16, we only need to find a matrix X such that (/—BA)X = I.
Actually,
I=I-BA+BA=1—-BA+ BIA

=1—-BA+ B(I - AB)(I - AB)"'A

=I—-BA+ (B—-BAB)(I - AB) A

=I—-BA+ (I -BA)B(I - AB)'A

=(I — BA)[I + B(I — AB)~A].
Thus, I — BA is invertible and

(I-BA)™ ' =1+B(I-AB)'A. O

The following theorem shows that we can solve a certain linear system by using
the inverse of its coefficient matrix.

Theorem 1.18 Let A be an invertible n X n matriz. Then for each n X 1 matriz
b, the system Ax = b has exactly one solution, namely, x = A~ 'b.

Proof Since A is invertible, there exists A~1. For each n x 1 matrix b, let xo be
an arbitrary solution of Ax = b, i.e., Axg = b. Multiplying both sides of Axqg = b
by A~!, we have

A7 Axy = A7 b,

Thus, xg = A~ 'b is the only solution of Ax = b. O
Furthermore, we add two more equivalent statements into Theorem 1.14.

Theorem 1.19 Let A be an n X n matriz. Then the following are equivalent.
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(a) A is invertible.
(b) Ax = 0 has only the trivial solution.
(¢) The reduced row-echelon form of A is I,,.
(d) A is expressible as a product of elementary matrices.
(e) Ax = Db is consistent for every n x 1 matriz b.

(f) Ax =b has ezactly one solution for every n x 1 matriz b.

Proof Since we know that (a),(b),(c), and (d) are equivalent, it is sufficient to
prove that (a) = (f) = (e) = (a).

(a) = (f): This was proved in Theorem 1.18.
(f) = (e): This is self-evident.

(e) = (a): If the system Ax = b is consistent for every n x 1 matrix b, then in
particular, the systems

Ax=e;, Ax=ey3, ..., Ax=e,
are consistent, where e; denotes the ith column matrix of I,, for 1 < i < n. Let

X1, X2, ..., Xy, be solutions of the respective systems, and let us form an n x n matrix
C having these solutions as columns:

C:{Xl X2 o Xn}~
Then we have by (1.3),
AC:[AX1 | Axg | e ] Axn]:[el ey | e en}:In.
It follows from Theorem 1.16 (b) that C = A~!. Thus, A is invertible. O

1.7 Some Special Matrices

Certain classes of matrices have special structures, which are useful in linear algebra
and also have many applications in practice.
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1.7.1 Diagonal and triangular matrices

The following square matrix is called a diagonal matriz:

dip 0 0
0 da 0
D = . )
0 0 dnn

which is usually denoted by
D = dia’g(dlla d227 AR dnn)

If d;; # 0 for 1 < i < n, then

dit 0 -~ 0
0 dyy -+ 0
pl=1| = diag(dy}, day . .., d2).
0 0 - d}
The following square matrices are called triangular matrices: a lower triangular
matrix )
ail 0 0 tee 0
a21 as2 0 s 0
L=| a1 aszx ag -~ 0 (aij = 0,4 < j)
An1 QAp2 Gp3 - Opn

and an upper triangular matrix

ailr a2 aiz - Qin
0 a2 a3 -+ a2,

v=1| 0 0 az - as (aij =0, i > j).
0 0 0 Ann

Theorem 1.20 We have

(a) The transpose of a lower triangular matriz is upper triangular, and the
transpose of an upper triangular matriz is lower triangular.

(b) The product of lower triangular matrices is lower triangular, and the product

of upper triangular matrices is upper triangular.
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(¢) A triangular matriz is invertible if and only if its diagonal entries are all
nonzero.

(d) The inverse of an invertible lower triangular matriz is lower triangular, and
the inverse of an invertible upper triangular matriz is upper triangular.

Proof Part (a) is obvious. We defer the proof of (c¢) until the next chapter (after
Theorem 2.8). Here we prove (b) and (d) only.

For (b), we will prove the result for lower triangular matrices. The proof for upper
triangular matrices is similar. Let A = [a,;] and B = [b;;] be lower triangular n x n
matrices, and let C = AB = [¢;;]. Obviously, a;; = b;; = 0 for i < j. We can prove
that C is lower triangular by showing that ¢;; = 0 for ¢ < j. If ¢ < j, then the terms
in the expression of ¢;; can be grouped as follows:

Cij = Qinbij + Qigboj + - 4 i j1bj1,j 4 aijbjj + @i jpabjpry + oo+ Qinby -

Terms in which the row Terms in which the row
number of b is less than number of a is less than
the column number of b the column number of a

In the first grouping all of the b factors are zero since b;; = 0 for ¢ < j, and in the
second grouping all of the a factors are zero since a;; = 0 for ¢ < j. Thus, ¢;; = 0
for i < j. It follows that C is a lower triangular matrix.

For (d), we only prove the result for lower triangular matrices again. Let A = [a;;]
be an invertible lower triangular n x n matrix, where a;; = 0 for ¢ < j. From (c),
we know that a;; # 0 for all ¢. Suppose that B = [b;;] is the inverse of A. Then

AB=1. (1.12)

We now compare the entries in both sides of (1.12) row by row. Beginning with the
first row, we have for j > 1,

0= (I)1; = a1bij + aizbzj + -+ + a1nbnj = a11b1; + 0 boj + -+ + 0+ bpj = a11byy,

which implies b;; = 0. For the second row, we have for j > 2,

0= (I)Qj = Zagtbtj = aglblj + a22b2j = agzbgj — sz =0.
t=1

By induction, we suppose that for the top k —1 rows, b;; = 0if¢ < jand i < k <n.
For the kth row, we have for j > k,
k

0= (I)kj = Zaktbtj = Zaktbtj = akkbkj — bkj =0.
t=1

t=1

In particular, b,,_1, = 0. Therefore, B is also a lower triangular matrix. O
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1.7.2 Symmetric matrix

A square matrix A is called symmetric if A = AT. A square matrix A is called

skew-symmetric if A = —AT.

Example Consider the matrices

s 2 0 1 0 -1 4
A= 32], B= 5 2|, Cc=| 1 0 3
1 -2 7 -4 -3 0

Then A and B are symmetric and C' is skew-symmetric since

L 3 2 0 1 01 —4
AT = 3 5 =A, B"=|0 5 —2|=B, ¢CT=|-1 0 -3|=-C.
1 -2 7 4 3 0

Theorem 1.21 Let A and B be symmetric matrices of the same size. Then
(a) AT is symmetric.
(b) A+ B are symmetric.
(¢) kA is symmetric, where k is any scalar.
(d) AB is symmetric if and only if AB = BA.
(e) If A is invertible, then A" is symmetric.
Proof Parts (a), (b), and (c) are obvious. Here we only prove (d) and (e).
For (d), since A and B are symmetric, it follows from Theorem 1.2 (d) that
AB = (AB)T <= AB = BT A" < AB = BA.
For (e), if A is invertible and symmetric, then we have by Theorem 1.10,
(AT = (AT)"' = A1,
Thus, A~! is symmetric. O

Theorem 1.22 Let A be an arbitrary matriz. Then AAT and AT A are symmetric.
Furthermore, if A is square and invertible, then both AAT and AT A are symmetric

and invertible.
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Proof Tt directly follows from Theorem 1.2 (d) and (a) that
(AATYT = (AT)TAT = AAT and (ATA)T = AT(AT)T = AT A.

If A is square and invertible, it follows from Theorem 1.10 that AT is also invertible.
By Theorem 1.9, we find that AAT and AT A are invertible. O

Remark Every square matrix can be written as a sum of a symmetric matrix and
a skew-symmetric matrix. This is one of the most famous results in matrix theory.
See Exercise 1.35.

Exercises

Elementary exercises

1.1 Determine which equations are linear in variables z, y, and z. If an equation
is not linear, explain why not.

(a) z—7y+ V5z=0. (b) 22 +y?+22=1.
() a7l +T7y+2z=sin(n/9). (d) 3cosx—4y+2z=1+/3.
(e) (cos3)w — 4y + 2z =+/3. (f) z=-Txy+ 3z

(¢) zy+z+1=0. (h) 272+y+8z=5.

1.2 Determine whether each system has a unique solution, infinitely many solutions,
or no solution. Then try to solve each system to confirm your answer.

z+oy=-1
z+y=0
(a) (b) -+ y=-5
2z +y = 3.
2z + 4y = 4.
1.3 Find the augmented and coefficient matrices for each of the following linear
systems.
2z — 3y +5=0 S5r1 + X9 — x4+ 225 =1
(a) dx + 2y -2=0 (b) 3ry + 2w3 — 4 =3

1.4 Consider
T+ y+3z=a

2 — y+2z2=10
T —2y— z=c

Show that if this system is consistent, then the constants a, b, and ¢ must satisfy
c=b—a.
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1.5 For which values of a, will the following system have no solution? Exactly one
solution? Infinitely many solutions?

T+ 2y — 3z = )
3z — y+ 5% = 1
4+ y+ (a® —14)z =a+2.

1.6 Determine whether each matrix is in reduced row-echelon form.

1 1 3 5 2 3
01 3 0 0 01 -1 1 00
(a) - (b) (c)
0 0 0 1 0 0 O 1 0 1 1
0 0 0 0 0 1
1.7 Solve the following systems by Gauss-Jordan elimination.
2 — y+22=10
(a) x—2y+ z= 8
3r — y+2z=11.
5t — 2y + 62 =0
(b)
—2rx+ y+3z=1.
x1 + 229 + 323 + 4y = —3
T + 219 — bxy= 1
(c)
2rx1 +4x9 — 33 — 1924 = 6
3x1 + 6x9 — 3w3 — 244 = 7.
2x1 + 4xo + 8x4 + 625 + 1826 — 16 =0
.T1+2£L'272£B3 +3£E5 =0
(d)
5x3 + 1024 + 1526 — 5=0
—2x1 — 4xo + bx3 + 224 — 625 + 36 — 1=0.
1.8 Let
A:01,B:10,C’:11.
-1 0 0 1 11

1 4
(a) Is M = [ 9 1 ] a linear combination of A, B, and C?
] a linear combination of A, B, and C?

1
(b)IsN:[B
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1.9 Let A c R*5 B e R*® C e R**2, D € R*?, and E € R°**. Determine
which of the following matrix operations can be performed. If so, find the size of
each resulting matrix.

(a) E(A+ B). (b) AE+ BC + D. (c) B(EA).
1.10 Find AB and BA, where

2
A:{l 3 2}, B=| -1
1

1.11 Let A, B, and C be square matrices of the same size. Find an example to
show that AB = AC but B # C.

1.12 Compute A = (6E) (;D), where

15 2 11 2

D=| 32 4|, E=| 61 3

-1 0 1 4 1 3

1.13 Let
1 5 2 6 1 3
1 4 2

0315], D=|-101]|, E=|-11 2
3 2 4 4 1 3

Using as few computations as possible, compute

(a) The second row of DE.
(b) The third column of DE.

(¢) The entry in row 2 and column 3 of C(DE).

1.14 In each part, compute the product of A and B by the method of product
of partitioned matrices in Subsection 1.3.4. Then check your results by multiplying
AB directly.

2 1 4

-1 211 5 5 51 o

(@) A=| 0 =314 2| p=|_-—- _-'_=
U506 1 TolEs

‘ 0 3!-3



38 Chapter 1 Linear Systems and Matrices

] 2 11 4
-1 2 1!5
________ 3 51 2
1 5 6 1 - - - —=
! 0 3!-3
(2 -5
r 3 2 -1 3 —4
A= B = .
(c) 0 5| 0 15 7
1 4
1.15 Let A and B be partitioned as follows:
b,
b,
A=|a | ay | ba, |, B=| "1,
b,
where a; (1 < ¢ < n) are column matrices of A and b; (1 <4 < n) are row matrices

of B. Then AB can be expressed as
AB:a1b1+a2b2+~~~+anbn. (113)

Based on (1.13), compute AB if

1 3 2 -l
A: 5 le 2
0 -1 1 0

1.16 Let A = [a;;] € R"*". Find two n x 1 matrices x and y such that x” Ay = a;;,
where 1 <i<nand1<j<n.

1.17 Let
3 -2 7 6 —2 4
A=16 5 41|, B=1]0 1 3
0 4 9 7
Compute

(a) tr(34 — 5B7T). (b) tr(A?). (c) tr(AB).
1.18 Show that tr(AAT) = 0 if and only if A = 0.
1.19 What is M7 for the partitioned matrix

A B
C D

?

M =
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1.20 Prove Theorem 1.4 except (c).
1.21 Prove Theorem 1.6.

1.22 Use Theorem 1.8 to compute the inverses of the following matrices.

3 1 cosf sind
A= . b) B = .
(a) 5 2] (b) —sinf COSQ‘|
10 1]"
1.23 Find | 0 1 O , where n is any positive integer.
0 0 1

1.24 Let A be a square matrix. Show that if A2 = A and A is invertible, then
A=1

1.25 Let A be a square matrix. Show that if A* = 0, then
(I—A)'=T+A+A%+ A%

1.26 Let A be a square matrix. Show that if A> — 34 441 = 0, then A+ I is
invertible. Find (A + I)~1L.

1.27 Let A, B € R™*™. Show that if A is invertible and AB = 0, then B = 0.
1.28 Show that PT = P~! for any permutation matrix P.

1.29 Let A be a square matrix and partitioned as

All Al?

A =
A21 A22

)

where A1; and Ass are square matrices. Find a permutation matrix P such that
PT AP = B, where
Axy Agy

B—
A An

1.30 Prove Theorem 1.13.

1.31 Express each of the following matrices as a product of elementary matrices.

1 0
(a) [3 2]. (b)

_ o O O
S O = O
O N O O
o O O =
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1.32 Find the inverses of the following matrices.

1 2 3 4
120 1 3 1 3
(a) -1 2 3. (b)
01 0 2
1 3 1
1 2 2 2
1.33 Find a matrix A such that
2 5 A 4 -6
1 3 3 1

1.34 Let A, B € R™*". Show that tr(AB) = 0 if A is symmetric and B is skew-
symmetric.

1.35 Let A € R™*™. Show that A can be written as A = H + K, where H is a
symmetric matrix and K is a skew-symmetric matrix.

Challenge exercises

1.36 Determine the value of A such that the following linear system has only the
trivial solution.

)\xl—i— $2+£L’3:O
1+ Axo +23 =0
x1 + x4+ x3=0.

1.37 Let A, B € R™*". If AB = 0, show that for any positive integer k,
tr[(A + B)*] = tr(A%) + tr(B*).
1.38 Show that if A, B,C, D € R™*" such that ABCD = I, then
ABCD = DABC = CDAB = BCDA =1.

1.39 Find the inverses of the following matrices.

1 ... 1 0
1 1
2 9 2

10 1

(a) 3 3 (b) .
: 0 1

12 3
" i 10
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1.40 Find the inverse of the 3 x 3 Vandermonde matriz

1 1 1
a b ¢ |,
a? b

where a, b, and ¢ are distinct scalars from each other.

1.41 Let A,B,C, X,Y,Z € R"™™". If A=! and C~! exist, find

—1
A B

I XY
(a) 0 C (b) |0 I Z
0 0 I

1.42 Let A, B € R™*". Show that if A+ B is invertible, then
A(A+B)"'B=B(A+B) A

1.43 Let A € R™ ™. Show that if AB = BA for all B € R™"*", then A = cI, where
c is a scalar.

1.44 Let A be a skew-symmetric matrix. Show that

(a) I — A is invertible.

(b) =AU +A) =T+ AT - A"

(¢) MTM =1, where M = (I — A)~1(I + A).
(d) I+ M is invertible.

1.45 Let A, B € R™*". Show that if A> = 2] and B = A3 — 2A + 31, then B is
invertible. Find B!,



Chapter 2

Determinants

“The purpose of computation is insight, not numbers.”

— Richard Hamming

In this chapter, we introduce the determinant of any square matrix, which actually
is a function f defined on R™*™ in the sense that it associates a number f(A4) € R
with any A € R™*"™. We then study some fundamental properties of determinant
functions and discuss their applications to linear systems and matrices.

2.1 Determinant Function
We begin with the following definitions before we introduce the determinant function.

2.1.1 Permutation, inversion, and elementary product

Definition A permutation of the set {1,2,...,n}, denoted by (j1,J2,---,Jn), is
an arrangement of {1,2,...,n} in some order without omissions or repetitions. An
inversion is said to occur in a permutation (j1,7J2, ..., jn) whenever a larger integer

precedes a smaller one.

Remark A permutation is called even if the total number of inversions is an even
integer and is called odd if the total number of inversions is an odd integer. For
instance, the number of inversions in (2,4,3,1) is 4 and therefore it is an even
permutation. The number of inversions in (4,2,3,1) is 5 and therefore it is an odd
permutation.

Definition An elementary product from an n x n matriz A = [a;;] means any
product of n entries from A, mo two of which come from the same row or column,

i.€e.,
Qi1 Qiggp " Qipgns

where (i1,12,...,i,) and (j1,Jo, ..., jn) are permutations of the set {1,2,...,n}. A
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signed elementary product from A is defined by

(=)t T GnTe ) gy 4 agy g, a (2.1)
where T(i1,12,...,1) and 7(j1,42,...,Jn) denote the number of inversions in
(i1,12,...,1n) and (j1,J2,...,Jn), TESpectively.

In fact, an n x n matrix A has n-(n—1)---2-1 = n! elementary products. Note
that if the positions of any two elements in a;,;, a;,j, - - - a4, 5, are exchanged, the
sign in front of (2.1) keeps unchanged. For instance, consider the following signed
elementary product

1)t ipyipt sy sin) T dpdpt0dn) . o o g g g
( 1) ey o Bt R iy jip Vi 1jpr1 Qi i+ (2-2)

If the positions of a;,;, and a;, ., ;,,, are exchanged, then

1V @bt 1hipsein) AT G1esdiptiodprdn) g g gy Qi g
(1) s ST gy G gy Qi T B

— (— T(ilw"'vi N +11"'7i ):l:1+7-(j11-~7j 2J +1 . ):tl O T . P T
( 1) v " P " a’zljl alp+1]p+1a’7fp]p a”n]n

(71)7—("-1:H~77f.p77f.p+1:H~ﬁin)+7'(j17~~~1jp1.jp+17~“s.jn)

Aiygy " Qi1 Figgip " Figyjin - (2.3)

Comparing (2.3) with (2.2) shows that they are equal. Thus, we can rearrange
the order of a;, j,ai,j, ... a;,;, in (2.1) such that the permutation of row indexes is
(1,2,...,n). It follows that (2.1) can be rewritten as

(1,2, ) +7(55 55 T T(J153%55dm) )
(71) 3Ly 132530 n alj;“Zj; .. ‘anjn — (71) 12025 0n a1j1a2jé '“anﬂl'

For simplicity, later we usually use

T(J 125005 ]
(-1) (41,32, ’va)a1j1a2j2”,anjn’

Example We list all signed elementary products from the matrix

ailp a2 ais
Ga21 Qa2 423

X Signed
Elementary Associated

) Even or Odd Elementary

Product Permutation
Product

a11a22a33 (1,2,3) even a11a22a33
411023032 (1,3,2) odd —a11a23a32
a12a21a33 (2,1,3) odd —ai12a21a33
a12a23a31 (2,3,1) even a12a23a31
a13a21a32 (3,1,2) even a13a21a32
a13a22a031 (3,2,1) odd —a13a22a31
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2.1.2 Definition of determinant function

We are now in a position to define the determinant function.

Definition Let A be a square matriz. The determinant function is defined to be
the sum of all signed elementary products from A. This function (number), denoted
by det(A), is called the determinant of A usually.

More precisely, let A = [a;;] € R**™, we have

det(A) — Z(_l)'r(]d,j2,~~7jn)a1jla2j2 S g, = Z taqj,azj, - nj, - (2.4)
Here Y indicates that the terms are summed over all permutations (41, j2, - -, jn)-

Example We obtain

d ail a1z |
et = Q11022 — 412021
az1  G22

and
ailp a2 ais

det | @21 aga a23 | =@11a22a33 + a12023a31 + A13a21032
asz1 asz asg
—a11023G032 — 12021033 — 13022031 -

2.2 Evaluation of Determinants

In this section, we show that determinants can be evaluated by using row (or column)
reduction.

2.2.1 Elementary theorems

Theorem 2.1 Let A = [a;;] be an n x n matriz. Then
(a) det(A) =0 if A has a zero row (or column).
(b) det(A) = det(AT).
(c) det(A) = ar1a99 - any if A is a triangular matriz.

Proof We only need to prove (b). The proofs of (a) and (c) are left as an exercise.
For a general term in det(A), we have by (2.1),

1 T(11,%2,..y0n)+7(J1,52,--,]
( ) (ia,82,-..18m) (.52, ]n)ailjl aizjz e ainjn'
I( can be WI’i ten as

1V 1sdasdn) o .
( 1) przrn ayj: Q251 Qnjr
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and also as

o .
T(27 80,5
<_1) (#1143, n)ai’llai’QQ"'ai;Ln'

Thus,

T .Iv., 11111 i
= E (—1) (41552 Jn)aljiagjé...anjg

= D (=Tt (AT) g (AT )y (A,
= det(AT). O

Remark Part (c) in Theorem 2.1 shows that it is easy for us to evaluate the
determinant of a triangular matrix regardless of its size. A method proposed later

for evaluating determinants is to reduce a given matrix to be a triangular matrix.

Since det(A4) = det(AT), nearly every statement about determinants that

contains rows is also true when rows are replaced by columns.

Theorem 2.2 Let A be an n X n matriz.

(a) If B is resulted when a single row (or column) of A is multiplied by any scalar
k, then
det(B) = k - det(A).

(b) If B is resulted when two rows (or columns) of A are interchanged, then

det(B) = —det(A).

(¢) If A has two same rows (or columns), then det(A) = 0.
(d) If A has two proportional rows (or columns), then det(A) = 0.

(e) If B is the matriz that results when a multiple of one row (or column) of A is
added to another row (or column), then det(B) = det(A).

Proof The proofs of (a), (c), (d), and (e) are left as an exercise. Here we only prove
(b). For simplicity, we first assume that B is resulted when the first row of A is
interchanged with the second row of A. Then

det(B) = Z(—l)T(il’iz"“’i")blilbz@bgig b,
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_ -1 T(41,42,000s0n) . . .
=> (-1 A2iy 010,305 * O,
— -1 T(41,42,000s0n) . . .
- ( ) A145A2i, A345 * * * Anyi,,
_ -1 T(’LQ,il ..... ’L'n):l:l . X . i
- ( ) A145A2¢, 344 * * * Ang,,
T(9 N 1 geeny -'n.
==Y (—1)TUv eI ay a0, a5, - ang,
= —det(A).

Similarly, one can prove that (b) still holds if B is resulted from interchanging any
other two rows of A. O

2.2.2 A method for evaluating determinants

Based on Theorems 2.1 and 2.2, the row (or column) reduction actually gives us
a method to evaluate determinants by reducing the given matrix to a triangular
matrix which can be computed easily. Here is an example.

Example Evaluate the determinant of

w o o =
D W O N
S N N O
Tt O N W

Interchanging row 2 with row 3 and then adding (—3)x row 1 to row 4, we have

1 2 0 3 1 2 0 3

det(A) = —det 0 3 7 6 = —det 0 3 7 6 = 24.
0 0 2 2 0 0 2 2
3 6 0 5 0O 0 0 —4

2.3 Properties of Determinants

We develop some essential properties of determinants in this section. We will show
that if A and B are square matrices of the same size, then

det(AB) = det(A)det(B).

Specially, a determinant test for the invertibility of a matrix is given.



2.3 Properties of Determinants 47

2.3.1 Basic properties

Let A and B be n X n matrices and k € IR. We consider possible relationships
between det(A), det(B), and

det(kA), det(A + B), det(AB).

Theorem 2.3 Let A = [a;5] be an n x n matriz and k be any scalar. We have
det(kA) = k™ - det(A).
Proof By noting that kA = [ka;;], it follows from (2.4) that

det(k;A) = Z :tkaljl ka2j2 e kanjn = k‘n Z :I:Chjla,gjz s lpg, = k‘n . det(A) O

Usually, det(A 4+ B) # det(A) + det(B). For instance, if A = B = I5, then

1 0 1 0 1 0
4:det<[0 1 —|—[0 1]>#det[0 1

However, we have the following theorem.

10

det
+e()1

=14+1=2.

Theorem 2.4 Let A, B, and C be n xn matrices that differ only in a single row, say
the rth row. Assume that the rth row of C can be obtained by adding corresponding
entries in the rth rows of A and B. Then

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

The same result holds for columns.

Proof Let A =[a;;], B = [b;;], and C = [¢;;]. We assume that
{ cij = az; = by if i £

er = arj + b.,-j le =T.

It follows from (2.4) that

det(c) = E iCljl C2js * " Crj,. * " Cnj,
= e cap 0 (@, +brj,) - Cnj,
=) EeiCopyArg,Cng + Y EC1 gy b Gy,

=Y dayaz), g ang, Y Ebibogy by, by,

= det(A) + det(B). O
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Remark By using Theorem 2.4 and Theorem 2.2 (d), one can prove Theorem 2.2
(e) easily.

2.3.2 Determinant of a matrix product
Let A and B be square matrices of the same size. We are now going to show that

det(AB) = det(A)det(B).

Lemma 2.1 Let k be any scalar. For three types of elementary matrices, we have
(a) det(E(i(k))) = k.
(b) det(E(i,j)) = —1.
(c) det(E(i,j(k))) = 1.

Proof Tt follows from Theorem 2.1 (c) that (a) and (c) are true.

For (b), we first note that det(I) = 1 by Theorem 2.1 (c¢) again. It follows from
Theorem 2.2 (b) that
det(E(i,§)) = —det(I) = —1. O
Lemma 2.2 Let B be an n x n matriz and E be an n x n elementary matriz. Then
det(EB) = det(E)det(B).

Proof We consider three types of elementary matrices E(i(k)), E(i,j), and
E(i,j(k)). If E = E(i(k)), then by Theorem 1.12, E(i(k)) B results from multiplying
the ith row of B by k. It follows from Theorem 2.2 (a) that

det(E(i(k))B) = k - det(B).
But from Lemma 2.1 (a), we have det(E(i(k))) = k. Thus,

det (E(i(k))B) = det(E(i(k)))det(B).

The proofs of the other two cases are similar to that of E(i(k)). O
Remark It follows by repeated applications of Lemma 2.2 that if B is an n X n
matrix and E(1y, E(2), ..., E() are n X n elementary matrices, then

det(E(T) s E(Q)E(l)B) = det(E(r)) e det(E(g))det(E(l))det(B). (2.5)

The next theorem gives a determinant test for the invertibility of a matrix.
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Theorem 2.5 A square matriz A is invertible if and only if det(A) # 0.

Proof Let E(1), E@),...,E) be the elementary matrices that correspond to the
elementary row operations that produce the reduced row-echelon form R of A, i.e.,

R = E(/,«) e E(Z)E(I)A.
We deduce by (2.5),
det(R) = det (E(T)) -+ -det (E(Q))det (E(l))det(A). (2.6)

But from Lemma 2.1 the determinants of elementary matrices are all nonzero. It
follows from (2.6) that det(A) # 0 if and only if det(R) # 0.

If A is invertible, then by Theorem 1.19 we have R = I, so det(R) = 1 # 0 and
consequently det(A) # 0. Conversely, if det(A) # 0, then det(R) # 0, so R cannot
have a row of zeros. It follows from Theorem 1.6 that R = I and therefore A is
invertible by Theorem 1.19 again. O

Theorem 2.6 Let A and B be square matrices of the same size. Then
det(AB) = det(A)det(B).
Proof Let R be the reduced row-echelon form of A. Then
R=FEuEq_1)- EgE1)A, (2.7)

where E(1), E3), ..., E-_1), E(;) are the elementary matrices that correspond to the
elementary row operations that produce R from A. It follows from Theorem 1.6 that
R has a zero row or R = I. We have by (2.7),

T P R o
A=EyEy B B R,

where E&;, Eé;, ce E(;il)’ E(;; are still elementary matrices. Moreover,

_ p-lp—1. -1 -1
AB = EE G E(r—l)E(r)RB’

where either RB has a zero row if R has a zero row or RB = B if R = 1.

If R has a zero row, then det(A) = 0 and also det(RB) = 0. Thus, we obtain by
(2.5),

det(AB) = det(E) E) -+ B, B, RB)
= det(E(y))det (Ey)) - - det(E; L)) det(E,))det(RB)

=0 = det(A)det(B).
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If R =1, then we deduce by (2.5) again,
det(AB) = det(E ) B -+~ BLy B} B)
= det(E)det(E)) -~ det(EL,,)det(E)det(B)

(r—1)
= det(Eq By -~ Bl E,y)det(B) = det(A)det(B). O

1,
M@’ ()

Remark The proof of Theorem 1.17 can be given easily by using Theorems 2.5
and 2.6.

Theorem 2.7 If A is invertible, then

1
det(A4)

Proof Since A~'A = I, it follows from Theorem 2.6 that
det(A 1) det(A) = det(A™A) = det(I) = 1.

det(A™!) =

Thus, the result holds. O

2.3.3 Summary

We conclude this section by the following theorem that relates all of the major topics
we have studied so far.

Theorem 2.8 Let A be an n X n matriz. Then the following are equivalent.
(a) A is invertible.
(b) Ax = 0 has only the trivial solution.
(¢) The reduced row-echelon form of A is I,,.
(d) A is expressible as a product of elementary matrices.
(e) Ax = Db is consistent for every n x 1 matriz b.
)
)

(f) Ax =b has exactly one solution for every n x 1 matriz b.

(g) det(A) # 0.

Remark We now prove Theorem 1.20 (c). Let A = [a;;] € R™*" be a triangular
matrix with diagonal entries ajq, ass, ..., @ny. From Theorem 2.1 (c) and Theorem
2.8, the matrix A is invertible if and only if

det(A) = 4110922 *** Qpn 7é 0,

which is true if and only if the diagonal entries are all nonzero.
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2.4 Cofactor Expansions and Cramer’s Rule

We introduce a method for evaluating determinants which is useful from a theoretical
viewpoint. As a consequence of the method here, we obtain a formula in terms of
determinants for the solution to a certain linear system with a square coefficient
matrix.

2.4.1 Cofactors

Definition Let A = [a;;] be a square matriz. Then the minor of entry a;;, denoted
by M;j, is defined to be the determinant of the submatriz that remains after the ith
row and jth column are deleted from A. The number

Oij = (—1)i+jMij
is called the cofactor of a;;.
Example Consider the following matrix

ailr a2 ais
A= az az a3
az1 asz2 ass

Then the cofactors C7; and Cio are given as follows:

_ 141 o a22 A23 o
Ci1 = (—1)"" My = det = Q22033 — (23032
azy ass
and

142 a21 Aa23
Cia = (=1)'"2 My = —det [ u a ] = Q23031 — A21033.
31 @33

2.4.2 Cofactor expansions

Now, we introduce the method of cofactor expansions for evaluating determinants.

Theorem 2.9 The determinant of an n x n matriz A = [a;;] can be evaluated by
multiplying the entries in any row (or column) by their cofactors and adding the
resulting products. More precisely, for each 1 <i<nand1<j<n,

det(A) = a;1Ci1 + ai2Cia + - - - + ainCin,
(cofactor expansion along the ith row)
and
det(A) = a1;C1j + ag;Co5 + - -+ + apn,; Cnj.

(cofactor expansion along the jth column)
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We omit the proof of Theorem 2.9. For readers who are interested in the proof, we
refer to [19, pp. 72-76] and [10, pp. 236-237].

Example 1 Let

2 1 0
A= -1 -3 2
4 3 -1

Evaluate det(A) by cofactor expansion along the first row:

-3 2 -1 2 -1 -3
det(A) =2 - det —1-det :
et(A) e[ 5 _1] el 4 _1 +0 det[ 1 31

=2x(=3)—1x(=7)+0=1.
This agrees with the result obtained directly by using the definition of determinants.

Example 2 Let

0 2 0 0
0 0 3 0
A=| o n | eRv
0 n
1 00 0

where n > 3. One can easily obtain
det(A) = (=1)"*1n!
by using Theorem 2.9 (cofactor expansion along the first column).

Example 3 Let

T Yy 0 0
0 =z vy 0 0
0 0 =z --- 0 O
A: . . . . . . ERan7
00 -+ z y
L 0 0 0 =z |

where n > 3. It follows from Theorem 2.9 again (cofactor expansion along the first
column) that

det(A) = 2™ + (=1)"T1y",
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2.4.3 Adjoint of a matrix
Let A = [a;;] € R™*™ and C}; be the cofactor of a;;. We first show that for p # g,
ap1Cq1 + ap2C2 + -+ + apnCyp = 0. (2.8)

We now construct a new matrix B = [b;;], in which all the rows of B are the same
as those in A except the gth row which is replaced by the pth row in A (p # q), i.e.,

bir bz bz --- bin aiy G2 @13 - Gin
bpr  bp2 bps - bpn | row P Gp1  Gp2  Ap3 " Qpn | row p
B— . .
by bg2 bgz -+ bgn row q apl  Ap2  Gpg - Gpn TOW ¢
L bnl bn2 bnS e bnn i Lan1 An2  aAn3 o Qpn

Therefore, the pth and ¢th rows of B are the same. Let 5'”- be the cofactor of b;;.
In fact, for this fixed g, we have Cy; = Cy; for 1 < j < n. It follows from Theorem
2.2 (c) and Theorem 2.9 (cofactor expansion along the gth row) that

0= det(B) = bqléql + bqgéqz + -4 bqnéqn = apqul + angqg + -4 apann.

Thus, (2.8) holds. We have by Theorem 2.9 again,

ap10q1 =+ apgcqg 4+ 4 apann = 5pqd€t(A), (29)
where
1 ifp=g
51711 =
0 if p#£gq.

Also we have
a1p01q + angQq 4+ 4 aannq = 5pqd€t(A).

We are now in the position to develop a formula for the inverse of an invertible
matrix.

Definition Let A = [a;;] be an n x n matriz and C;; be the cofactor of a;;. Then
the adjoint of A is defined by
Cii Cor -+ Cn
Cia Coa -+ Cpo
adj(4) == | | , .

Oln CQn o Cnn
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Theorem 2.10 Let A be an invertible matrixz. Then
—1_ 1
det(A)

adj(A).
Proof Let A = [a;;] be an n x n invertible matrix. First, we show that
A adj(A) = det(A)I.

We have by using (2.9),

[ aip o Qln Cn -+ Cm
az; -+ G2n Cia -+ Cpa
Aadj(A) =
L an1 o Qpp Cln T Cnn
[ det(4) 0 -~ 0
0 det(4d) -~ 0
0 0 - det(A)
— det(A)I. (2.10)

Since A is invertible, det(A) # 0. Therefore, (2.10) can be rewritten as

A| o] = 1

Thus, it follows from Theorem 1.16 (b) that

2.4.4 Cramer’s rule

Cramer’s rule provides a formula for representing the solution of a certain linear
system.

Theorem 2.11 (Cramer’s Rule) Let Ax =b be a system of n linear equations in
n unknowns such that det(A) # 0. Then the system has a unique solution which is
given by
S det(A(l)) vy — det(A(Q)) S det(A(n))

YT det(A) T TP det(A) T T T T det(A)
where A;) is the matriz obtained by replacing the jth column of A by the n x 1

matrix
b = [b1,b,...,b,)7T.
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Proof Let A = [a;;] be an n x n matrix and C;; be the cofactor of a;;. By using
Theorems 2.5, 1.18, and 2.10, we know that the unique solution of Ax = b is given
by

1
=A"lb= dj(A)b
x en ()2 j(A)b,
i.e.,
Zcilbi
i=1
1 Cn Ca -+ Cn by n
x Cis Coy - C b > Ciabi
2 | 1 12 22 n2 2 | 1 -
Dol det(4) | : | det(4)
Tn Cln C2n e Cnn bn
D_ Cinb
L =1 .
(2.11)
Construct
ai; - arj-1 b oaijyr o ai
az;p - G241 bo azj+1 - G2np
A= . T ], 1<i<n
an1  ° Gn,j—1 bn An,j+1  *°° Onn
We have by using cofactor expansion of det (A(j)) along the jth column,
det(Ag)) =Y Cijbi, 1<j<n. (2.12)
i=1
Thus, substituting (2.12) into (2.11) yields
det(A(j))
= 1<j<n. O
YT Tdet(4) IS

Exercises

Elementary exercises

2.1 Find the number of inversions in each of the following permutations.

(a) (3,2,4,1). (b) (2,4,1,3).  (c) (4,1,3,5,2).
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2.2 In the determinant of a matrix 4 = [a;;] € R%*%, what are the signs of the

terms a23031042056014065 and a32043014051066025, respectively?

2.3 Prove Theorem 2.1 (a) and (c).

2.4 Prove Theorem 2.2 except (b).

2.5 Let

where b # 0. Find det(A) and A~

b
0
0
A=
00
L0 0

c ]Rnxn,

2.6 Evaluate the determinants of the following matrices.

0
0

0

n

2.7 Show that

det

In

0 -0 001
0 . 20

n—1 --- 0 0
0

_.%‘1+1 X1

T2 xo+1

Tp
1 — U
T2 — U1

(e)

Tn — Y1
b+c c+a
by +c1 1+
bo+co o+ as

1

€2

T, +1

1 — Y2

T2 — Y2

Tn — Y2

a+b
a1+ by
az + by

1 3

3 2
(b) 3 3

|3 3 3

_;(; y

Yy x
(d)

LY Y
T1 = Yn
T2 = Yn
Tn — Yn

a b
= 2-det ay b1
as bg

C1

C2
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2.8 Let uand v be n x 1 matrices and B be an n x n matrix. Show that

B —Bu

= 0.
—~vIB vTBu

2.9 Let A be a matrix defined by A = aTa, where a = [2,0, —1]. If k is a positive
integer, find
det ((21 — A)¥),

where [ is the 3 x 3 identity matrix.

2.10 Let
a b c
A=|d e f
g h 1
If det(A) = —7, find
g d
(a) det(A2). (b) det ((24)71). (c) det| b h e
c 1
2.11 Let
a1 a2 a3 air b7 laix b7 2ass
A= | an ax a3 |, C= bazi az2 b lags |,
as1  az2 ass baz1  bass as3

where b # 0. Show that det(A) = det(C).
2.12 If A% = A, find all possible values of det(A).

2.13 Let A be an nxn skew-symmetric matrix. Show that det(AT) = (—1)" det(A).

2.14 Let
02 0 0 0 3
A=| -1 00|, B=|0 -2 0
00 2 2 0 0

Find det ((24) 7' B) and det (B~ AT)?).
2.15 Find all values of k so that each of the following matrices is invertible.

k -k 3 k k0
) A=|0 k+1 1 |. (b) B=| k> 4 k2
k-8 k-1 0 k k
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2.16 Let
1 -3 4
A=| =2 1 3
7 6 —1

(a) Evaluate the determinant of A by cofactor expansion along the first row.

(b) Evaluate the determinant of A by cofactor expansion along the second column.
(¢) Find adj(A).

(d) Find A~! by using Theorem 2.10.

(e) Find det ((34)~" + adj(24)).

2.17 Let A € R***. The elements in the first row of A are 1,2, —3,4. The cofactors
of the elements of the third row of A are given by 6,x,9,5. Find the value of z.

2.18 Suppose that A, B € R3*3 such that adj(4)BA = 10BA — I3. If

'S
Il
o o w
=)
oo o

then find B.
2.19 Let A € R™ ™. Show that if A # 0 and adj(A) = AT, then A is invertible.
2.20 Let A, B € R™*™.

(a) Show that if A is invertible, then adj(A) is invertible and

1

[adj(A)] " = det(4)

A =adj(A™h).

(b) Show that
det[adj(A)] = [det(A)]" .
(c) If det(A) = 2 and det(B) = —3, find

det[2 - adj(A)B™].
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Challenge exercises

2.21 Using the fact that 2093, 6992, 3496, and 989 are divisible by 23, show that
the determinant of the following matrix is also divisible by 23 without computing
the determinant directly.

N

I
o w o W
N )
® © © ©
© o N oW

2.22 Let A € R?*3. Show that
det(M5 — A) = A% — X%tr(A) + Atr(adj(A)) — det(A).

2.23 Show that

a b c d
-b —d
det ¢ = (a® + b* + 2 + d*)2.
—c d a —b

2.24 Show that

1 1 1
ay a9 Qnp
det : . : = H (aj — CLi),
: : : 1<i<j<n
a?—Q ag—2 ceoal?
a?il a;zfl . GZ_I
where a1, as, ..., a, are distinct scalars from each other.

2.25 Given four matrices A € R"*", B € R"** C € R**", and D € R***, define

A B
Cc D

M =

Show that
(a) If B=0 and C = 0, then det(M) = det(A) det(D).

(b) If B=10 or C' =0, then det(M) = det(A) det(D).
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(c) If A is invertible, then det(M) = det(A)det(D — CA!B).

2.26 Let A, B € R"*". Show that if A2 = B? = I and det(A) + det(B) = 0, then
A + B is not invertible.

2.27 Let A € R™ ™. Show that if AAT = I and det(A) < 0, then det(A + I) = 0.

2.28 Let A = [a;;] € R™*™ be an upper triangular matrix. Show that the cofactor
Cyj of ayj is zero if 1 < j.



Chapter 3

Euclidean Vector Spaces

“An interesting feature of these codes is that they make a very intensive use of
subroutines; the addition of two vectors, multiplication of a vector by a scalar, inner
products, etc, are all coded in this way.”

— James Hardy Wilkinson

“ “Obvious’ is the most dangerous word in mathematics.”
— Eric Temple Bell

In the mid-seventeenth century, people started to use pairs of numbers to denote
points in a plane and triples of numbers to denote points in a 3-dimensional
space. Later, mathematicians recognized that they can apply a similar idea to high-
dimensional spaces. For instance, an n-tuple of numbers can be used to represent a
point in an n-dimensional space. In this chapter, we begin with the definition of the
n-vector space and follow by the definition of Euclidean n-space. We then introduce
linear transformations from R™ to R™ and study their properties.

3.1 Euclidean n-Space

In this section, we first introduce definitions of the n-vector space and Euclidean
n-space. Then we study some geometric properties of Euclidean n-space.

3.1.1 mn-vector space

Let R™ := {(a1,a2,...,a,) | a; € R}, where an ordered n-tuple (a1, as,...,ay) is
called a vector in R". Two vectors u = (u1,uz, ..., u,) and v = (v1,vs,...,0,) in
R™ are called equal if

Uy = vy, U = V2, ey Up = Up.

Definition Let u = (ug,us,...,u,) and v = (v1,v2,...,v,) be two vectors in R™.
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(i) The sum u+ v is defined by

u+v:i=(up +v,us + Vo, ..., U, + V).

(ii) If k is a scalar, the scalar multiplication ku is defined by

ku = (kuy, kua, ..., kuy,).

The set R™ with the operations of addition and scalar multiplication is called the

n-vector space.

The most important arithmetic properties of vector operations in IR™ are listed in
the following theorem. The proof of the theorem is trivial and is left as an exercise.

Theorem 3.1 Let u, v, and w be vectors in R™. Then
(a) u+v=v+u
(b) u+(v+w)=(u+v)+w.
(¢) u+0=0+u=u, where 0= (0,0,...,0).
(d) u+(—u)=0, ie., u—u=0.
(e) k(lu) = (k)u.
() k(u+v)=ku+ kv.
(g) (k+Du=ku+lu.
(h) lu=u.
Here k and | are scalars in R.

3.1.2 Euclidean n-space

To develop geometrical notions of distance, norm, and angle in R"™, we begin with
the following definition.

Definition Let u = (uj,ug,...,u,) and v = (v1,va,...,v,) be any vectors in R™.
Then the FEuclidean inner product u - v is defined by

n
U-V:i=uvy + Uusva + - -+ + Unvy :Zuivi. (3.1)
i=1

The vector space R™ with the Euclidean inner product is called Fuclidean n-space.
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Some arithmetic properties of the Euclidean inner product are listed in the
following theorem.

Theorem 3.2 Let u, v, and w be vectors in R"™ and k be any scalar. Then
(a) u-v=v-u.
(b) (u+v) - w=u-w+v-w.
(¢) (ku)-v=Fk(u-v).
(d) v-v >0. Further, v-v =0 if and only if v=0.

Proof The proofs of (a) and (c) are trivial and we therefore only prove (b) and (d).
Let

u = (ug,ug,y...,uy), Vv=_(v1,v2,...,0,), W= (w,Wa,...,W,).
For (b), it follows directly from the definition of the Euclidean inner product that
(u+v) -w=(u; +v1)wy + (ug +v2)wy + - + (Up + vn)wy

= (mw1 + vaws + -+ + upwy) + (Vw1 + vowa + - - - + VW)

=Uu-W+V-Ww.

For (d), we have

n

v-v=vf+v§+~-~+vi=2vf>0.

i=1
Furthermore,
Zv?zO@vi:O, 1<1<n.
i=1
Thus, v - v =0 if and only if v = 0. O

3.1.3 Norm, distance, angle, and orthogonality

Definition The Euclidean norm (or Euclidean length) of a vector u = (uy,
U, ..., Up) tn R™ is defined by

Jaf = (u-u)/2 = \/U%'f‘u%-i-”-—i—u%.

The distance of u = (u1,ua,...,u,) and v = (v1,ve,...,v,) is defined by

d(u,v) == lu = v|| = /(w1 — 01)2 + (ug — v2)? + - + (up — v)2.
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The next theorem provides one of the most important inequalities in matrix
theory: the Cauchy-Schwarz inequality.

Theorem 3.3 (Cauchy-Schwarz Inequality in R™) Let u and v be vectors in R™.
Then
lu- v < [lul] - [[v]. (3.2)

Proof If u= 0 or v = 0, then the theorem is obviously true. Now assume u # 0
and v # 0. Construct a new vector

r=u+tv, teR.

We have
0<r-r=(u+tv)-(u+tv)=u-u+2u-vt+v-vt’

Considering the discriminant A of the quadratic function of ¢, we have
A=(2u-v)?—4(u-u)(v-v) <0,
which implies
(u-v)2<(u-u)(v-v).
Thus,
lu-v| < uf v O

Remark InR?, we know that two nonzero vectors u and v form an angle #, where
0 < 0 < 7. Then we have by the cosine formula,

2 2 2 .
B L Gl e R O

2||alf - flv]| [l v

It follows from the Cauchy-Schwarz inequality (3.2) that the cosine of an angle 6
between two nonzero vectors u and v in R” can also be defined by

cosf i= ————. (3.3)
([l - [IvI]

The next two theorems are concerned with the basic properties of norm and
distance in Euclidean n-space.

Theorem 3.4 Let u and v be vectors in R™ and k be any scalar. Then
(a) [lul[ = 0.
(b) |Ju|l =0 if and only if u=0.

(©) [Ikull = [k[ - [u].
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(@) [Jla+v| < |Jull +|Ivll- (Triangle inequality)

Proof From Theorems 3.2 (¢) and (d), one can show that (a), (b), and (c) are true.
Here we only prove (d). Based on (3.2), we have

lu+v|?=(u+v)-(u+v)=u-u+2u-v+v-v<u-u+2u-v|+v-v
2

< [l + 2l + [IvI* = (lall + Vi)™
Thus, (d) holds. O

Theorem 3.5 Let u, v, and w be vectors in R"™ and k be any scalar. Then

(a) d(u,v) >0

(b) d(u,v) = 0 if and only if u = v.

(c) d(u,v) =d(v,u)

(d) d(u,v) < d(u,w)+d(w,v). (Triangle inequality)

The proof of Theorem 3.5 is left as an exercise.
We now introduce the concept of orthogonality of vectors.
Definition Two vectors u and v in R™ are called orthogonal if u-v = 0.

Remark Actually, two nonzero vectors u and v are orthogonal if and only if the
angle 6 between u and v defined by (3.3) is 7/2 .

Theorem 3.6 (Pythagorean Theorem in R™) Let u and v be orthogonal vectors
in R™ with the Euclidean inner product. Then

[u+v|[* = [[uf]® + [v].
Proof Since u-v = 0, we have
la+ ][ = (u+v) (u+v) = Julf’ +2u- v+ |v[* = [juf* + |v]* O
3.1.4 Some remarks

(1) A vector u = (uq,uz,...,u,) € R"™ can be written in row matrix notation or
column matrix notation if no confusion arises:
Uy
U2

u = [ug, U, ..., Uy or u=

Un
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Notice that there is no essential difference between an n-vector and a 1 x n
matrix or an n X 1 matrix from an algebraic viewpoint. Thus, in the following,
we will use the notations above to denote any vector in R"™ freely.

(2) The Euclidean inner product (3.1) of vectors
u = (uy,ug,y ..., Uy) and v = (v1,02,...,0p)

can also be written in a form of the matrix product:

U1
V2
U-V =uivy + UgVs + <+ + UpUy = (U1, Uz, . .., Up]
Un
(3) If the row matrices of an m X r matrix A are ry,ra,...,r, and the column
matrices of an r X n matrix B are ¢, cCs, ..., Cy,, then by using the Euclidean

inner product, the matrix product AB can be expressed as

ry-Cp ry-Co r|-cCy

rs - Cy s - Co rs - Cp
AB =

ry, - Ci Iy, - C2 Ty - Cp

3.2 Linear Transformations from R" to R™

In this section, we study linear transformations from R"™ to R™.

3.2.1 Linear transformations from R"” to R™

A transformation T from R"™ to R™ is a map which maps each point
x = (x1,%2,...,2,) in R™ to a unique point T(x) = w = (w1, ws,..., W) in
R™. A linear transformation T: R™ — R is a map which is defined by linear

equations of the form
w; = a1171 + a12T2 + -+ Ay

= @21T1 + Q22%2 + -+ A2pTy

S
\V]
|

Wy = AGm1T1 + Gm2Z2 + - + GmnTn
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or in matrix notation

w1 an a2 - Qin T
W2 a1 Qg2 - Q2n T2
W Am1  Am2 ** Qmn T
or more briefly by
w=T(x) = Ax.
The m x n matrix A = [a;;] is called the standard matriz for the linear

transformation T and T is called multiplication by A. We sometimes denote this T’
by Ty, i.e.,

Ta(x) = Ax.
Hence T4 is also called a matriz transformation from R™ to R™.

Remark If 0 is the m x n zero matrix, then for every vector x in R™, we have
To(x) =0x=0€R™

We call Ty the zero transformation from R™ to R™. Moreover, for any m X n
matrix A and the zero vector 0 € R", we have

TA(0) = A0 =0 € R
If I is the n x n identity matrix, then for every vector x € R",
Tr(x) = Ix = x,

so multiplication by I maps every vector in R™ into itself. We call T} the identity
transformation on R".

3.2.2 Some important linear transformations

Among the most important linear transformations on R? and R? are reflections,
projections, and rotations. We now discuss such linear transformations 7' one by
one [1]. In the following, let u = (z,y) € R? or u = (z,y,2) € R?® and we denote
w =T(u) by w = (w1, ws) or w = (w1, wsz, ws).

(1) Reflection transformations.
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Transformation Illustration Equations Standard Matrix
Reflection about
the y-axis wi =T -1 0

we = Yy 0 1
Reflection about w1 =y 0 1
the line y = wy = x 1 0

(2,9, 2)

Reflection about w = 1 0 0
the zy-plane wy = 0 0

w3 = —2 0 0 -1

p (@ 9 —2)
(2) Projection transformations.

Transformation Illustration Equations Standard Matrix

Orthogonal projection

on the z-axis wp =T 1 0
wg =0 0 0
wp = 1 0 O
Orthogonal projection
w2 =Y 0 1 0
on the xy-plane
wz =0 0 0 O

(3) Rotation transformations.
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Transformation Illustration Equations Standard Matrix
Y (w, wy)
Rotation
through w1 = xcosf —ysinb cosf) —sinf
an angle 6 wo = xsinf 4 ycosb sin 0 cos 6
Counterclockwise
rotation about w| = 1 0 0
the z-axis with wy = ycosf — zsinf 0 cosf —sin@
an angle 0 w3 = ysinf + zcos6 0 sinf cosé

Remark In zy-plane, by using the polar coordinates, we have z = rcosa and
y = rsina. Thus,

w1 =rcos(a+0) =rcosacosld —rsinasing = xcosf — ysinb,

wo = rsin(a+60) =rcosasinf + rsinacosd = xsin 6 + y cos 0.

(4) Contraction and dilation transformations.

Transformation Illustration Equations Standard Matrix

Contraction with w1 = kx [ 0 0]
factor k on R> wy = ky 0
(0<k<1) w3 = kz L 0 0 &k i
. . w1 = kx [ 0 0]
Dilation with factor k 0
konR3 (k>1) w2 =
w3 = kz 0 0 k

3.2.3 Compositions of linear transformations

Let T4: R"” — RF and Tx: R* — IR™ be linear transformations. Then for each
x € R", one can first compute T4(x) € R*, and then compute T (TA(X)) e R™.
Hence the application of Ty followed by Ts produces a transformation from R”™ to
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R™. This transformation, denoted by T o T4, is called the composition of T
with T4. Actually, we have

(T 0 Ta)(x) = T (Ta(x)) = B(Ax) = (BA)x. (3.4)

Thus, TgoT 4 is multiplication by BA, which is also a linear transformation. Formula
(3.4) tells us that the standard matrix for T 0o T4 is BA, i.e.,

TB 9] TA = TBA- (35)

Remark Formula (3.5) reveals an important idea that actually multiplying
matrices is equivalent to composing the corresponding linear transformations in the

right-to-left order of the factors.

Compositions can be defined for three or more linear transformations. For
instance, we consider the linear transformations
Ta:R"— R, TR >R, To:R -R™
The composition Tg o Tg o Ty4: R™ — IR™ is given by
(TocoTgoTy)(x)=Tc (TB(TA(X))) = C’(B(Ax)) = (CBA)x.

Thus, the standard matrix for Tc o Tg o T4 is CBA, which is a generalization of
(3.5). This property can be extended to a finite number of linear transformations
without any difficulty.

3.3 Properties of Transformations

In this section, we study the linearity conditions and investigate the relationship
between the invertibility of a matrix and properties of the corresponding matrix

transformation.

3.3.1 Linearity conditions

Theorem 3.7 A transformation T: R™—R™ is linear if and only if the following
linearity conditions hold for all vectors u and v in R™ and every scalar c.

(a) T(u+v)=T(u)+T(v).
(b) T(cu) = c¢T'(u).

Proof If T is a linear transformation, then it is easy to see that the linearity
conditions hold. Conversely, if the linearity conditions hold, then for any vector
X = [11,29,...,2,]T € R", we can express x by the following linear combination:

n
X = E Z;€q,
i=1
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where e; is the ith column matrix of the n x n identity matrix for 1 < ¢ < n. By
using the linearity conditions, we obtain

T(x) = T(ixiei) = ixiT(ei) = Ax,
i=1 i=1

where the successive column matrices of A are T'(e1),T(e2),...,T(ey,), ie.,
A=[T(e) | T(es) | - | Tlen) |- (3.6)
Thus, T is a linear transformation and A is the standard matrix for 7. O

3.3.2 Example

Let [ be the line in the xy-plane that passes through the origin and makes an angle
6 with the positive z-axis, where 0 < 6 < 7/2. As illustrated in Figure 3.1 (a), let
T: R? — R? be the linear transformation that maps each vector into its orthogonal
projection on .

(a) Find the standard matrix A for T.

(b) Find the orthogonal projection of the vector x = [2, 3] onto the line through
the origin that makes an angle of § = 7/6 with the positive z-axis.

Solution For (a), it follows from (3.6) that

A= [ T(e1) | T(es) }

where
1 0
e = €y =
01’ 1
Ay Ay Ay
by N
X \
! Te) ! I
T(x) cos 4 ! N
N sin 6,
6 2 7 R g 1) K
> T »—> >

(a) (b) (c)
Figure 3.1
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Referring to Figure 3.1 (b), the length of the vector T'(e;) is given by ||T(e1)|| = cos¥,

S0
IT(e1)|| cosé cos?

|IT(e1)|| sin @ sin @ cos 0

Referring to Figure 3.1 (c), the length of the vector T'(eq) is given by ||T(e2)|| = sin 6,

|7 (e2)]| cos @ cos fsin 6
|T(e2)]| sin @ sin? 6
Thus, the standard matrix A for T is

cos? sin 0 cos 0
A =
sin  cos 0 sin? ¢
For (b), since sin(7/6) = 1/2 and cos(7/6) = /3/2, it follows from part (a) that the
standard matrix A for this projection transformation is

3/4 V/3/4
V3/4 1/4
Thus, the orthogonal projection of the vector x is

6+ 33

2 3/4 V3/4 2 4

T(x)=T =
3 V3/4  1/4 3 23+ 3

4

Il
O

3.3.3 Omne-to-one transformations

Definition A linear transformation T: R™ — R™ is said to be one-to-one if T

maps distinct vectors in R™ into distinct vectors in R™.

For the relationship between the invertibility of a square matrix and properties
of corresponding linear transformation, we have the following theorem.

Theorem 3.8 Let A be ann X n matriz and T4: R™ — R™ be multiplication by A.

Then the following statements are equivalent.

(a) A is invertible.
(b) The range of Ty is R", where the range of Ta is given by {Ta(x) | x € R™}.

(c) Ta is one-to-one.
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Proof We first give three more equivalent statements (a’), (b'), and (¢’).

(a) A is invertible. (&) Ax=0=x=0.
(b) The range of T4 is R™. (b") Ax = w is consistent for all w € R".
(c) T4 is one-to-one. (") Ta(x) =0=x=0.

Then by using Theorem 2.8 and the definition of linear transformations, one can
easily see that
(a) & (a) & (V) & (b), (@) & ().

Therefore, in order to complete the proof of the theorem, we only need to prove (c)
< ().

(¢) = (c¢'): If T is one-to-one, then for any nonzero x € R”,
TA(X) 75 TA(O) =0.
Thus, (c¢’) holds.

(¢') = (c): Let x1,%2 € R™ and x1 # X2. We want to show that T4(x1) # T4(x2).
By contradiction, we assume that T4 (x1) = Ta(x2). Then

TA(Xl — XQ) = TA(Xl) - TA(XQ) =0.

By the given condition, we have x; — X9 = 0 and then x; = X3, which contradicts
the fact that x; # x3. Thus, (c¢) holds. O

Remark LetT4: R™ — R™ be a one-to-one linear transformation. Then it follows
from Theorem 3.8 that the matrix A is invertible. Thus, T4-:1: R™ — R" is
itself a linear transformation and it is called the inverse of T4. In fact, the linear
transformations T4 and T4-1 cancel the effect of one another. More precisely, for
all x in R",

Ta(Ta-1(x)) = AA™'x = Ix = x, Tp-1(Ta(x)) = A7 Ax = Ix = x,
or equivalently,
TaoTp-1 =Ty =17y, Th-10Ty =Tp-14="1T7y.
3.3.4 Summary

Theorem 3.9 Let A be an n x n matriz and T4 : R" — R"™ be multiplication by
A. Then the following are equivalent.

(a) A is invertible.

(b) Ax = 0 has only the trivial solution.
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(¢) The reduced row-echelon form of A is I,,.
(d) A is expressible as a product of elementary matrices.

(e) Ax =Db is consistent for every n x 1 matriz b.

(g) det(A) # 0.

(h

)
)
)
(f) Ax =Db has ezactly one solution for every n x 1 matriz b.
)
) The range of T4 is R™.

)

(i) Ta is one-to-one.

Exercises

Elementary exercises

3.1 Prove Theorem 3.1.

3.2 Let v =[1,0,1,0], vo = [0,1,0,2], v3 = [2,0,0,1], and v4 = [0,—2,-3,0].
Find k1, ks, k3, and k4 such that

k1vi 4 kova + ksvs + kgvy = [—4,1,-5,5].
3.3 Find the inner product u - v.
(a) u=[4,2,-7, v=I[-1,25]. (b) u=1[-2,8,4,-7, v=1[5-1,-3,2].
3.4 Letu = [4,1,2,3], v = [0,3,8,-2], and w = [3,1,2,2]. Evaluate each

expression.
1

(a) |I3Bu—>5v+w]. (b) Wi

3.5 Findu-vif|lu+v|=1and |ju—v| =5
3.6 Find ||u+ v if [[ul| = ||v|| = [[u—-v| = 2V2.
3.7 Let u,v € R". Show that

(@) fu+vI*+[Ju—v]* =2 (ul® +[v]?).

(b) [lu+ v[* = [u—v|[* =4u-v.
3.8 Ifu,vecR"™! and A € R"*", show that

(uT AT Av)? < (uT AT Au) (v AT Av).
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3.9 Prove Theorem 3.5.
3.10 For which value of k, are u = [2,1,3] and v = [1, 7, k] orthogonal?
3.11 Let u,v € R™. Show that u and v are orthogonal if and only if
lu+ v = flu—-v].
3.12 Let u,v,w e R".
(a) If u is orthogonal to v and w, is u orthogonal to v + w?
(b) If u is orthogonal to v 4+ w, is u orthogonal to v and w?

3.13 Let uy,ug,...,u, € R™ Show that if uy, us,...,u, are pairwise orthogonal,
ie, u;-u; =0 for any i # j, then

s+ + | = g fug ] 4 a2

3.14 Show that

(a) T(
(b) T(

3.15 Find the standard matrix for each of the following linear transformations.

v ]) = [ 8 ] defines a linear transformation from R? to RR2.
Yy

Y

1
r ] ) = l 1 1 does not define a linear transformation from R? to R2.

0
. +ag+ . +
(a) T Lo Ty T T2 T T3 (b) T X2 _ 1+ 24
. 2x9 — 373 T3 —Ig
3 T4 To

3.16 For each part, find the standard matrices for 77 and 75, then determine
whether T1 ] TQ = TQ ] Tl-

(a) T1: R? — R? is the reflection about the z-axis, and T»: R? — R? is the
reflection about the y-axis.

(b) T1: R? — R?2 is the reflection about the z-axis, and Th: R? — R? is the
orthogonal projection on the y-axis.

(c) Ty: R? — R? is the rotation through an angle 6, and Ty: R? — R? is the
reflection about the y-axis.
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(d) T1: R® — R3 is the orthogonal projection on the xy-plane, and Tp: R® — R?
is the orthogonal projection on the yz-plane.

(e) Ti: R® — TR? is the counterclockwise rotation about the positive x-axis
through an angle 6, and 75 : R? — R? is the counterclockwise rotation about
the positive y-axis through an angle 6.

3.17 Let T: R? — R? be the linear transformation that maps each vector into its
reflection about the line [.

(a) Find the standard matrix for T if [ is the line in the zy-plane that passes
through the origin and makes an angle § with the positive z-axis, where 0 <
0 < /2.

(b) Find the reflection of the vector x = [1, 5] about the line [ through the origin
that makes an angle of § = /6 with the positive z-axis.

3.18 Let T: R3 — R? be the linear transformation that counterclockwise rotates
each vector about the positive y-axis through an angle 0, where 0 < 6 < 7/2.

(a) Find the standard matrix for T'.

(b) Find the rotation of the vector x = [—5,1,2]T through an angle of § = 7/3.

3.19 Let T;: R™ — R™ and Ty: R™ — IR?® be linear transformations.
(a) If T1 and T, are one-to-one, is Ty o T} one-to-one?
(b) If either Ty or T5 is one-to-one, is T5 o T} one-to-one?

3.20 Determine if each linear transformation 7: R™ — R™ (n = 2,3) defined by
the given equations is one-to-one; if so, find the standard matrix for the inverse
transformation, and find 7-1!.

wy = T1+ 2x9 + x3
w, = X1+ 21’2

(a) (b) we = —T1 + To— T3
Wo = —T1 + Xo.

w3y = T1+ X2+ 3x3.

Challenge exercises

3.21 Let u,v € R™. Show that if u-w = v - w holds for all w € R", then u = v.

3.22 Let A € R™*™ and B € R"*™. Show that if (Ax) -y = x - (By) for all
x € R" and y € R™, then B = AT.
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3.23 Let x,y,z € R". Show that
% = y* = 2]z —x||* + 2llz — y||* — 4]z — (x +y)/2*
3.24 Using the Cauchy-Schwarz inequality, show that

(a) If a1, a9, ...,a, >0, then

11 1 )
(a1+a2+---+an)(—+—+-~-+f)271-
ay az Qp
(b) If a,b,¢ > 0, then
1 1 1\2 1 1 1
Za+ b 7) < a2+ b2 4 22
(ga+zb+ge) <3e+30+ge
(¢) I ay,as,...,an, w1, wa, ..., w, >0and > wy =1, then
k=1

(Xn: akwk)z < i: aiwk.
k=1 k=1
3.25 Let x,y € R". Show that the following are equivalent.
(a) x-y <0.
(b) [Ix]| < x — ay]| for all a > 0.
() IIx|l <€ |Ix — eyl for all & € [0, 1].
3.26 Let x,y € R”. Show that the following are equivalent.
(a) x-y=0.
(b) [Ix]l < [lx — ay| for all a € R.
(¢) Ixl| < IIx — ay]| for all a € [~1,1].
3.27 Let T4: R? — R3 be the matrix transformation such that for all x € R?,
Ta(x) -x=Ax-x=0.
(a) Show that A is not invertible.
(b) Is a similar assertion true for a matrix transformation T4 : R? — R??

3.28 Let T4 be the matrix transformation from R™ to R", where m < n. Show
that the following are equivalent.
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(a) T4 is one-to-one.

(b) There exists a matrix transformation T from IR™ to R™ such that TgoTy =
T7, where T7 is the identity transformation on R™.

(¢) For any matrix transformations T¢ and T from R” to R™ satisfying TaoTc =
TaoTp, we have Tc =1Tp.



Chapter 4

General Vector Spaces

“Mathematics is the art of giving the same name to different things.”

— Henri Poincaré

“Mathematics is the tool specially suited for dealing with abstract concepts of any kind and
there is no limit to its power in this field.”
— Paul Dirac

In this chapter, we generalize the concept of vectors in R™ further. If a class of objects
with two operations satisfies a set of axioms, then we entitle those objects to be called
“vectors”. Moreover, since the axioms of generalized vectors are based on properties
of vectors in R”, the generalized vectors have many similar properties. Thus, this
generalization provides a powerful tool to extend geometric properties of vectors in
R" to many important mathematical problems where geometric intuition may not
be available. Consequently, if we have a problem involving our generalized vectors,
say matrices or functions, we may study the problem based on the corresponding

one in R".

4.1 Real Vector Spaces

In this section, we extend the concept of vectors in R™ by extracting the most
fundamental properties from them and turning those properties into axioms for our
generalized vectors.

4.1.1 Vector space axioms

The following definition is extremely useful for many purposes. It consists of two
operations and eight axioms.

Definition Let V' be a nonempty set of objects on which two operations are defined,
addition and scalar multiplication. It requires that V is closed under the addition
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and scalar multiplication, i.e., for each pair of objects u and v in V, u+v is in V;
for each scalar k and each object u in V, ku is in V. Then V is called a vector
space and the objects in V are said to be vectors if the following eight axioms are
satisfied for allu, v, and w in V.

i) u+v=v+u
(i) u+ (v4+w)=(u+v)+w.

(iii) There is an object 0 in V, called a zero vector for V', such that for allu in V,
u+0=nu.

(iv) For each u in V, there is an object —u in V', called a negative of u, such that
u+(—u)=0.
(v) k(u+v)=ku+ kv.
(vi) (k+Du=ku+lu.
(vii) k(lu) = (kl)u.
(viii) 1u = u.

Here k and | are scalars. If the scalars are in R, then V is called a real vector
space.

Remark In fact, Axiom (i) is not necessary because it can be deduced by the other
axioms. Hence there is no need to list it explicitly. See Appendix A for details.

In the following, all scalars will be real numbers until Section 8.3.
Examples

(a) The set R™ with the operations of addition and scalar multiplication defined
in Subsection 3.1.1 is a typical example of a vector space.

(b) The set R™*"™ with the operations of matrix addition and scalar multiplication
is a vector space.

(c¢) For all functions f = f(z) and g = g(z) defined on (—o0, c0), we define the
following operations of function addition and scalar multiplication

(f+g)(@):= f(z) +g(x),  (k)(x) :=k[f(2),

where k is a scalar. Then the set of functions with these two operations is a
vector space, denoted by F'(—oc0, 00). Note that the zero vector 0 € F(—o0, 00)
is the zero function defined by 0 := 0(x) = 0 for all z € (—o0, 0).
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4.1.2 Some properties

Theorem 4.1 Let V' be a vector space, u be a vector in V, and k be any scalar.
Then

(d) If ku=0, then k=0 oru=0.

Proof We only prove (a) and leave the proofs of the remaining parts as an exercise.

For (a), we can write by Axiom (vi),
Ou+0u=(0+0)u=0u.

By Axiom (iv), we know that the vector Ou has a negative —0u. Adding this negative
to both sides above obtains

[Ou + Ou] + (—0u) = Ou + (—0u).
Then we have by Axiom (ii),
Ou + [Ou + (—0u)] = Ou + (—0u).
It follows from Axiom (iv) that
Ou+0=0.

Thus, by Axiom (iii), it holds
Ou = 0. O

4.2 Subspaces

We consider a special kind of subset of a vector space V that is itself a vector space
under the operations of addition and scalar multiplication defined on V.
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4.2.1 Definition of subspace

Definition A subset W of a vector space V is called a subspace of V if W is itself
a vector space with respect to the addition and scalar multiplication defined on V.

The following theorem states that W C V' is a subspace if and only if W is closed
under the operations of addition and scalar multiplication.

Theorem 4.2 Let W be a nonempty set of vectors in a vector space V.. Then W
is a subspace of V' if and only if the following conditions hold.

(a) Ifu and v are in W, then u+v is in W.

(b) If k is any scalar and u is in W, then ku is in W.

Proof Let W be a subspace of V. It follows from the definition of vector space that
conditions (a) and (b) hold.

Conversely, assume conditions (a) and (b) hold. Axioms (i), (ii), (v), (vi), (vii),
(viii) are automatically satisfied by the vectors in W since they are satisfied by all
vectors in V. Therefore, to complete the proof, we need only verify that Axioms (iii)
and (iv) are satisfied by vectors in W. Let u € W. By condition (b), we know that
ku is in W for every scalar k. Setting k = 0, it follows from Theorem 4.1 (a) that
Ou =0 is in W. Setting k = —1, it follows from Theorem 4.1 (c) that (—1)u = —u
is in W. Thus, Axioms (iii) and (iv) hold. O

Examples

(a) The following subsets are subspaces of R? or R®.
In R?: {0}; lines through the origin; R?.
In R?: {0}; lines through the origin; planes through the origin; R3.

For instance, one can easily check that the sum of two vectors on a line [
through the origin of R? or IR? also lies on [, and a scalar multiple of a vector
on this line [ is on [ as well. Thus, by Theorem 4.2, the line [ through the
origin is a subspace.

(b) Let W be the set of all n x n symmetric matrices. For any two matrices
A, B € W and any scalar k, it follows from Theorem 1.21 (b) and (c¢) that
A+ B and kA are both symmetric matrices. Thus, by Theorem 4.2, W is a
subspace of R™*™.
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Let F'(—o00,00) be the vector space of functions discussed in Subsection 4.1.1,
n be a positive integer, and P, be the subset of F(—o0,00) consisting of all
polynomials in the following form

p:=px) =ao+az+- -+ a,z",

where ag, a1, - .., a, are real numbers. Then P,, consists of all real polynomials
of degree n or less. We now show that P, is a subspace of F(—o0,00). For any
two polynomials p,q € P,, and any scalar k, one can directly check that p+q
and kp are both in P,. Thus, by Theorem 4.2, P, is a subspace of F(—o0, 00).
Moreover, we have the following chain of subspaces:

F(—00,00) D+ DP, DP,1D:--DP DF.

We consider the solution set of a homogeneous linear system Ax = 0, where A
is an m X n matrix. Let u, v be any two solutions and k be any scalar. Then,
Au =0 and Av = 0. We therefore have

Alu+v)=Au+Av=0+0=0, A(ku) = kAu= k0= 0.

So u+ v and ku lie in the solution set. It follows from Theorem 4.2 that
the solution set is a subspace of R™. Thus, the solution set will be called the
solution space of Ax = 0.

Let W and U be two subspaces of a vector space V. Then WNU is a subspace
of V and W + U is also a subspace of V', where

WnNU :={v|veWandveU}, W4+U:={w+u|weW, uecU}.
(4.1)
See Exercise 4.2.

4.2.2 Linear combinations

Addition and scalar multiplication are frequently used in combination to construct

new vectors.

Definition Let vy,va,..., v, be vectors in a vector space V. A wvector w in V is

called a linear combination of vi,vs, ..., v, if it can be written in the form

w = k1vy + kave + - + kv,

where ki, ko, ..., k. are scalars.

Theorem 4.3 Let vq,Va,...,V, be vectors in a vector space V. Then
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(a) The set W of all linear combinations of vi,va,...,V, is a subspace of V.
(b) W is the smallest subspace of V' that contains vi,Va, ..., v, in the sense that
every other subspace of V' that contains vi,va, ..., v, must contain W.

Proof For (a), let u and w be vectors in W. Since W is the set of all linear
combinations of vectors vi,va,...,Vv,, the vectors u and w can be written as

u=c1vy+cove + -+ ¢ vy, w=d;vy +dayva +---+d,v,.
For any scalar k, we have
u+kw=cyvy +covy + -+ v + k(dyvy +dovo + - -+ dvy)
=(c1 + kd1)vi + (c2 + kda)va + - - + (¢ + kdy) Vs,
i.e.,, u+ kw is in W. It follows from Theorem 4.2 that W is a subspace of V.

For (b), let U be another subspace of V' that contains vi,va,...,v,. It follows from
Theorem 4.2 again that U must contain all linear combinations of vi,va,...,v,.
For any w € W, it can be expressed in the form

W = k1V1 —|—k:2v2+-~~+krvr.

Then w should be in U. Thus, W C U. O

Definition Let S = {vy,va,...,v,.} be a set of vectors in a vector space V and W
be the subspace of V' consisting of all linear combinations of the vectors in S. Then
W is called the subspace spanned by vi,va,..., v, and denoted by

W :=span{vy,va,...,v,.} or W =span(9).

n

Example 1 The polynomials 1,z,22, ..., 2™ span the vector space P, since each

polynomial p € P, can be written as
P=ao+ax+- - +apx”,

which is a linear combination of 1, z, 22, ..., z". Thus,
P, =span{l,z,z? ... 2"}

Example 2 Determine whether vi = [1,3,2], vo = [1,0,2], and v3 = [2, 3,4] span
the vector space IR3.
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Solution We must determine whether an arbitrary vector b = [by, by, b3] € R? can
be written in the form of

b = kiyvi + kava + k3vs.
Expressing this equation in terms of components yields
[bla b?a b3] = kl [17 33 2] + k2[1a O, 2] + k3[2> 37 4}a

i.e.,
[b1, b2, b3] = [k1 + ko + 2ks, 3k1 + 3ks, 2k1 + 2ko + 4ks]

or
ki+ ko4 2ks =10

3k1 + 3k3 = by

2k1 + 2ko + 4k = bs.

Thus, the problem reduces to determining whether the system is consistent for all
values of by, by, and b3. By Theorem 3.9 (e) and (g), a system with a square
coeflicient matrix is consistent for every vector on the right-hand side if and only if
the determinant of the coefficient matrix of the system is not equal to zero. However,

1 1
det | 3 0 =0.
2 2

=W N

Thus, v1, Vg, and v3 can not span R3. O
Theorem 4.4 Let S = {vy,va,...,v,.} and S’ = {w1,wa,..., Wi} be two sets of
vectors in a vector space V. Then

span{vy,va,...,Vv,} = span{wy, wa, ..., Wi}

if and only if each vector in S is a linear combination of those in S, and conversely
each vector in S’ is a linear combination of those in S.

The proof of Theorem 4.4 is left as an exercise.

4.3 Linear Independence

We knew that a set of vectors S = {vy,vs,...,V,} spans a given vector space V if
every vector u € V can be written as a linear combination of the vectors in S, i.e.,

u=~kivy+kovo+---+kpvy,
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where k; (1 < j < r) are scalars. In general, there may be many different ways to
express a vector in V' as a linear combination of the vectors in S. In this section,
we study conditions of S under which each vector in V' can be expressed as a linear
combination of the vectors in S in a unique way.

4.3.1 Linear independence and linear dependence

Definition Let S = {v1,va,...,V,} be a given nonempty set of vectors. Then the
vector equation
k1V1+I€2V2+"'+I€TVT:0

has at least one solution obviously
ky=ky=---=k =0.

If this is the only solution, then S is called a linearly independent set (or

V1,Va,...,V, are said to be linearly independent). If there exist nonzero solutions,
then S is called a linearly dependent set (or vi,va,...,v, are said to be linearly
dependent).
Examples

(a) Determine whether S = {vy, vy, v3} is linearly independent or not, where
V] = [2,—2,1], Vo = [5,3,—2], V3 = [7,17—1]

Solution Since
vi+ve—v3 =0,

S = {v1,va,vs} is linearly dependent. O
(b) Show that the polynomials 1,x,x2,..., 2™ are linearly independent in P,.
Proof We consider the following equation

co+err+ex® 4 e =0(x), € (—o0,00), (4.2)

where 0(z) is the zero function. Recall from the Fundamental Theorem of Algebra
[11] that any nonzero polynomial of degree n in one variable has at most n distinct
complex roots. However, the polynomial ¢y + c1@ + coz? + -+ + c,2™ in (4.2) has
infinitely many roots. Therefore, its coefficients should be all zero, i.e.,

cp=c1=cy=---=c¢,=0.

Thus, 1,z,22,...,2" are linearly independent in P,. O
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4.3.2 Some theorems

The following theorems are concerned with some basic properties of linear indepen-
dence.

Theorem 4.5 Let S be a set with two or more vectors. Then

(a) S is linearly dependent if and only if at least one of the vectors in S is expressible
as a linear combination of the other vectors in S.

(b) S is linearly independent if and only if no vector in S is expressible as a linear
combination of the other vectors in S.

Proof Let S ={vi,va,...,v,} with r > 2.

For (a), based on the definition of a linearly dependent set, S is linearly dependent
if and only if
k1V1+k2V2+"'+kTVT:0

has nontrivial solutions, i.e., there exists at least a nonzero k; for some ¢ such that

e o N
¢ AL ky VLT TR Ver ke VT
Thus, (a) holds. Part (b) follows immediately from (a). O

Theorem 4.6 A set of a finite number of vectors that contains the zero vector is
linearly dependent.

Proof Let S ={0,v1,va,...,v,} and consider the following equation
koO + k1vy + kovo + -+ - + kv, = 0. (43)
Let kg =2 and k1 = ko =--- =k, =0. Then

2:.0+40-vi4+0-vo+---4+0-v, =0,
i.e., equation (4.3) has a nonzero solution. Thus, S is linearly dependent. O

Theorem 4.7 Let S ={vy,vsa,...,v,} be a set of vectors in R™. If r > n, then S
is linearly dependent.

Proof First, we assume that the vectors in S = {v1,va,...,v,} are column vectors.
Consider the following equation

klvl +k2V2 +~-~—|—k,«vr =0.
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We can rewrite it in the following matrix form

kq 0

ko 0
[V1}V2I-~-Ivr} — :

k., 0

which is a homogeneous system of n linear equations in r unknowns. Since r > n,
it follows from Theorem 1.1 that the system above has infinitely many solutions
(nonzero solutions). Thus, S is linearly dependent. O

4.4 Basis and Dimension

How can the vectors in a vector space be generated? There exist some linearly
independent subsets which can span the entire vector space. For instance, R? =
span{[1,0],[0,1]} and P = span{l,z,2%}. Concepts of basis and dimension are
proposed from such kinds of subsets.

4.4.1 Basis for vector space

Definition Let V be any vector space and S = {v1,va,...,v,} be a set of vectors
in V. Then S is called a basis for V if the following two conditions hold.

(i) S is linearly independent.
(ii) V = span(S).
Theorem 4.8 Let S = {v1,va,...,Vv,} be a basis for a vector space V. Then every
vector u in 'V can be expressed in the form
u=cvy+cvy+---+c,vp
in exactly one way.

Proof We only need to show that there is only one way to express a vector u € V
as a linear combination of the vectors in S. Suppose that u can be written as

u=cvy+coyve+---+c,vp

and also as
u=dvy +davg +---+d,vy,.
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By subtracting the second equation from the first one, we obtain
O=u—u=(c1vi+cava+- - +c,vp) — (divy +dova + - +dpvy)

=(c1 —d1)vi+ (ca —do)va+ -+ (cn — dpn) V. (4.4)

Since S is linearly independent, (4.4) implies
¢ —d; =0, ie, c¢=d;;, 1<i<n.
Thus, the two expressions for u are the same. O
4.4.2 Coordinates
Definition Let S = {vi,va,...,v,} be a basis for a vector space V and
V=cV]y+cCvy+---4+c,v,

be the expression for a vector v in terms of the basis S. Then the scalars c1,ca, ..., Cp
are called the coordinates of v relative to the basis S. The vector [c1,c¢a, ..., ¢p] in
R™ is called the coordinate vector of v relative to S and is denoted by

[v]ls = [c1,¢2,. .., cCnl.
Remark Let S = {ej,es,...,e,} be a set of vectors in R", where
er =[1,0,0,...,0], e =[0,1,0,...,0], ..., e,=10,0,0,...,1].

One can show that S is a basis which is called the standard basis for R". For every
vector X = [21,Za,...,%,] € R", it can be expressible as

X =xI1€1 + To€o + -+ xpey.
Then the coordinate vector of x relative to the standard basis S is
[x]s = [z1, 22, .., 24].

Thus, x = [x]g, i.e., a vector x and its coordinate vector relative to the standard
basis are the same.

Example Let S = {vi,vy,vs}, where vi = [1,1,2], vo = [0,2,1], and v3 =
2,1,3].

(a) Show that S is a basis for R3.
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(b) Find the coordinate vector of v = [—3,5, —1] relative to S.

(c) Find the vector v in R?® whose coordinate vector relative to S is [v]s =
[—1,2,1].

Solution For (a), to show that S spans R3, we must show that any vector b =
[b1, b2, b3] € R? can be expressed as a linear combination of the vectors in S, i.e.,

b= C1V1 + CaVa + C3V3.
Expressing this equation in terms of components gives
[bl, ba, b3] = 61[1, 1, 2} + CQ[O, 2, 1] + 03[2, 1, 3],

or in matrix form

1 0 2 c1 by
1 2 1 co | =1 b |. (4.5)
2 1 3 C3 b3
Since
1 0 2
det [ 1 2 1 | =-1+#0,
2 1 3

it follows from Theorem 3.9 that
spans R3.

—~

4.5) has a unique solution for every b. Thus, S

To prove that S is linearly independent, we must show that the following equation
c1V1 +covo +c3vy3 =0 (46)

has only the zero solution ¢; = ¢z = ¢3 = 0. In matrix form, (4.6) can be written as

a homogeneous system

1 0 2 C1 0
121 e |=10], (4.7)
2 1 3 c3 0

which is a special case of (4.5) when b = 0. Hence (4.7) has only the trivial (zero)
solution by Theorem 3.9 again. Thus, S is a basis for IR3.

For (b), we consider the following equation
V =c1V1 + V2 + C3V3,

ie.,
[_3757 _]-] = Cl[]-» 172] + 62[0727 1] + 03[27 173]
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Equating corresponding components gives

1 0 2 c1 -3
1 2 1 co | = 5
2 1 3 cs 1
Solving this system, we obtain [c1, ¢, c3] = [1, 3, —2]. Therefore,
[v]s =[1,3,-2].

For (c), we obtain by using the definition of the coordinate vector [v]g,
v=(-1)vi +2vas + vy =[1,4,3]. O
4.4.3 Dimension

Definition A nonzero vector space V is called finite-dimensional if it contains
a set of a finite number of vectors {vi,va,..., vy} that forms a basis. If no such set
exists, V is called infinite-dimensional. In addition, the zero vector space is said
to be finite-dimensional.

Theorem 4.9 Let V be a finite-dimensional vector space and S = {vi,va,..., v}
be any basis. Then

(a) FEwvery set with more than n vectors is linearly dependent.
(b) No set with fewer than n vectors spans V.

Proof For (a), let S" = {wy,wa,...,W,,} be any set of m vectors in V, where
m > n. Since S = {vi,va,...,V,} is a basis, each w; can be expressed as a linear
combination of the vectors in S:

Wi = 11V + @21V + -+ Gp1Vy

W2 = a12V1 + G22Va + -+ + An2Vy

(4.8)
Wi = 01 V1 + G2, Ve + - - + Gum V-
To show that S’ is linearly dependent, we must find scalars ki, ka, ..., kn, not all
zero, such that
kiwy + kowso + - -+ + kpyw,, = 0. (49)

Using (4.8), equation (4.9) can be rewritten as

(kra11 + kaaiz + -+ - + kmaim ) Vi + (k1ag1 + kaaoa + - - - + kpmaom ) Vo
+ -+ (klanl + kotypo + - + kmanm)vn =0.
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Since S is linearly independent, we have

airkr + aigky + - + armkym =0

as1k1 + ageky + -+ + agmk, =0

an1ki + angks + - 4+ apmkn,, = 0.

Since there are more unknowns than equations (m > n), Theorem 1.1 guarantees the
existence of nontrivial (nonzero) solutions, i.e., equation (4.9) has nonzero solutions.
Thus, S’ is linearly dependent.

The proof of (b) is left as an exercise. O

We immediately have the following corollary.

Corollary 1 All bases for a finite-dimensional vector space have the same number
of wvectors.

Definition The dimension of a finite-dimensional vector space V, denoted by
dim(V), is defined to be the number of vectors in a basis for V. In addition, the
dimension of zero vector space is defined to be zero.

Corollary 2 If dim(V) = n, then
(a) FEvery set with more than n vectors is linearly dependent.

(b) No set with fewer than n vectors spans V.

Example 1 Dimensions of some vector spaces:
dim(R") = n, dim(P,) =n+1, dim(R™*™) = mn.

Example 2 Determine a basis for and the dimension of the solution space of the
homogeneous system
1+ 30+ T3 — 24 =0
1 — To+2x3 —3xy4 —2x5=0
Tr3 — 2584 — Ty = 0

—2r1 4+ T3 — w3 — x5 = 0.
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Solution The solution of the given homogeneous system is

r1=—S—1 T -1 -1
33‘2:0 xT9 0 0
rT3=8+2t — | x3 | =s 1|+t 21,
Ty =1t T4 0 1
T5 =S Ts 1 0

which shows that {[71, 0,1,0,1]%, [~1,0,2,1, O]T} is a basis for the solution space.
Thus, the dimension of the solution space is 2. O

4.4.4 Some fundamental theorems

The following theorems reveal the subtle relationships among the concepts of

spanning sets, linear independence, basis, and dimension.

Theorem 4.10 (Plus/Minus Theorem) Let S be a nonempty set of a finite number
of vectors in a vector space V.

(a) If S is linearly independent, and if v is in V but is outside of span(S), then
the set S U{v} is still linearly independent.

(b) Let v be in S and it can be expressed as a linear combination of other vectors
in S. If S —{v} denotes the set obtained by removing v from S, then

span(S) = span(S — {v}).
Proof For (a), let S = {wy,wa,...,w,}. Then
SU{v}={v,wi,wa,...,w,}.
Consider the following equation
kov + k1w + kowo + - - - + k. w,. = 0. (4.10)

Then we must have kg = 0. Otherwise v can be expressed as a linear combination
of the vectors in S, i.e., v € span(S), which contradicts the fact that v ¢ span(.S).
Hence (4.10) simplifies to

klwl + k2w2 + e+ kTWT =0.
Since S is linearly independent, we deduce

ki=ky=---=k.=0.
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Thus, (4.10) only has the zero solution, i.e., S U {v} is still linearly independent.
For (b), let S = {v,w1,wa,...,w,}. It is obvious that
span(S — {v}) = span{wy, ws,...,w, } C span{v,w;, wa,...,w,} = span(5).
For any vector u € span(S), it can be expressed as
U= cyV+ciwi+ cowo + - + ¢ Wi (4.11)

Since v € S and v can be expressed as a linear combination of other vectors in .9,

we have

v=> d;jw;. (4.12)
j=1

We can replace v in (4.11) with (4.12) and then

T

u= Co(Zdlej) + C1W1 + CoWo + -+ - + C W, = Z(Codlj + Cj)Wj.
j=1 j=1
Therefore,
u € span{wy, wa,...,w,} =span(S — {v}).

Thus,
span(S) = span(S — {v}). O

Theorem 4.11 Let V be a vector space with dim(V) =n and S be a set in V with
exactly n vectors. Then S is a basis for V if either V' = span(S) or S is linearly
independent.

Proof We first assume that V' = span(S) and S has exactly n vectors. To show
that S is a basis, we must prove that S is linearly independent. By contradiction,
we assume that S is linearly dependent. It follows from Theorem 4.5 (a) that at
least one of the vectors in S, say v, can be expressed as a linear combination of the
other vectors in S. Then we have by Theorem 4.10 (b),

span(S — {v}) = span(S) = V.

Since S — {v} contains n — 1 vectors only, it follows from Theorem 4.9 (b) and the
given condition dim(V') = n that V' can not be spanned by S—{v}. A contradiction!
Thus, S should be linearly independent.

We next assume that S is linearly independent. To show that S is a basis, we
must prove that V' = span(S). By contradiction, we assume that there is a vector
w € V but w ¢ span(S). By Theorem 4.10 (a), SU{w} is still linearly independent.
However, S U {w} has n + 1 vectors. It follows from Theorem 4.9 (a) and the given
condition dim (V) = n that S U {w} should be linearly dependent. A contradiction!
Thus, V' = span(S). O
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Theorem 4.12 Let S be a set of a finite number of vectors in a finite-dimensional
vector space V.

(a) If S spans V but is not a basis for V, then S can be reduced to a basis for V
by removing appropriate vectors from S.

(b) If S is a linearly independent set that is not already a basis for V, then S can
be enlarged to a basis for V' by inserting appropriate vectors into S.

Proof Note that V is a finite-dimensional vector space. Therefore, the following
removing process and inserting process can be completed in finite steps.

For (a), since V' = span(S), by removing appropriate vectors from S, it follows from
Theorem 4.10 (b) that S can be reduced to a subset of S which forms a basis for V.

For (b), since S is linearly independent, by inserting appropriate vectors into S, it
follows from Theorem 4.10 (a) that S can be enlarged to a basis for V. O

Theorem 4.13 Let W be a subspace of a finite-dimensional vector space V. Then
we have dim(W) < dim(V). Moreover, if dim(W) = dim(V'), then W = V.

The proof of Theorem 4.13 is left as an exercise.

4.4.5 Dimension theorem for subspaces

Theorem4.14 (Dimension Theorem for Subspaces) Let Vi and Va be two subspaces
of a vector space V. Then

dim(V1) + dim(Vz) = dim(V; + Vo) + dim (V4 N Va).
Proof We assume that
dim(Vy) = nq, dim(V3) = na, dim(Vy NVa) = m.

We can choose a basis {x1,Xa,. .., X} for V1NV, By Theorem 4.12 (b), there exist
ny —m vectors yi,¥ysa, ..., ¥n,—m such that the set

{X17X2> ey Xmy Y1,Y2, - 7yn1—m}

is a basis for V4. Similarly, by Theorem 4.12 (b) again, there exist ny — m vectors
Z1,Z2,...,Zn,—m such that the set

{X17X27 s Xy 21,22, ... aznz—m}
is a basis for V5. Since

‘/1 = span{xl,XQ, s Xmy Y1, Y2, - 7Yn1—7n}
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and
‘/2 = SpaH{X1,X27 sy Xmy Z1,42, . - - 7Zn27m}>

it follows from (4.1) that
‘/1 + ‘/2 = Span{xlaXQa s Xy Y1,Y2, -5 Y —ms 21,22, - - 7Zn2—m}-

Next, we want to show that {X1,X2, ..., Xm, Y1, Y2, -« s Yni—m> 21,22, - -« s Zng—m |
is linearly independent. Consider the following equation

klxl +-- +I€me +p1}’1 +-- '+pn17mYn17m +Q1Z1 +-- '+qn27mzn27m =0. (413)

Let
v=kixi+ -+ EknXm+p1y1+ +Pni—m¥Yni—m € Vi. (4.14)

It follows from (4.13) that
V=—q1Z1 — "~ qny—mZny—m € Va. (4.15)
Therefore, v € V1 N V5 and v can also be expressed as
v=1IUx]+loxo+ -+ lnXm. (4.16)
Combining (4.15) and (4.16), we obtain
hxi+lbxo+ - +lnXm + @121+ + Gny—mZng—m = 0.

By the fact that {x1,X2,...,Xm, 21,22, ..,%Zn,—m} is a linearly independent set, we
have
Iy ::lm:ql :"':qngfm:O-

Then v = 0. Furthermore, (4.14) becomes
0= klxl +"'+kmxm +TP1yr+ -+ Pri—mYni—m- (417)

Since {X1,X2,...,Xm,¥1,¥2,---sYn;—m} is a linearly independent set, it follows
from equation (4.17) that

k1= =kp=pr=- = Pn—m = 0.
Therefore, from (4.13) again, we know that
{X1, X2,y X, Y1,¥2y s Yy —ms 21522y« « - s Zng—m }
is linearly independent and it forms a basis for V3 + V5. Hence
dim(Vy + V2) = ny +ng — m = dim(Vy) + dim(V2) — dim(V; N Va).

The result holds. O
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4.5 Row Space, Column Space, and Nullspace

In this section, we study three important vector spaces that are associated with
matrices.

4.5.1 Definition of row space, column space, and nullspace
We first introduce the following definition of row vectors and column vectors.

Definition For an m X n matriz

aix a2 ot G1n
ag1 Qg2 - A2n
A= ,
Aml Am2 *** Omn
the vectors
rlz[allaad?w-';aln]) r2:[a217a22)"'7a2n]7 ey rm:[aml7am2;"'aamn]
(4.18)
in R™ are called the row vectors of A, and the vectors
ail ai2 QA1n
a1 a22 QA2n
C1 = ) Coy = . ) EERE Cn = . (419)
am1 Am2 Amn
in R™ are called the column vectors of A.
Definition Let A be an m x n matriz. Then
(i) row space of A :=span{ry,ra,...,T'm},
(ii) column space of A :=span{cy,ca,...,Cpn},
(iii) nullspace of A := solution space of Ax =0,
where r1,ra, ...,y are the row vectors given in (4.18), and cq,ca,...,c, are the

column vectors given in (4.19).

Theorem 4.15 A system of linear equations Ax = b is consistent if and only if b
is in the column space of A.
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Proof Let

_ I | | — T
Af[cl lea | o+ | cp }, X = [z1,22,..., 2],

where cq,co,...,c, are the column vectors of A. Then by using (1.5), the linear
system Ax = b is consistent if and only if

r1C1 + o€+ -+ xC, =b

has solutions, which means that b can be written as a linear combination of
C1,C2,...,Cp, i€,
b € span{cy,ca,...,cp}. O

4.5.2 Relation between solutions of Ax =0 and Ax=Db

Theorem 4.16 Let xq be any single solution of a consistent linear system Ax = b,
where b is a nonzero vector. If vi,va,..., vy form a basis for the nullspace of A,

then every solution of Ax = b can be written as the following form
X =Xg+c1vi +cava + - + CLV. (4.20)

Conwersely, for all choices of scalars c1,ca, . .., ck, the vector x in (4.20) is a solution
of Ax =b.

Proof Let y be any other solution of Ax = b, i.e.,
Ay =b.
We already knew that Axy = b. Therefore,
Aly —x9) = Ay — Axg=b—-b =0,

which implies that y — xq is a solution of Ax = 0, i.e., y — X is in the nullspace of
A. Since vy, Vs, ..., vy form a basis for the nullspace of A, we have

Y — Xo € span{vy,va,..., Vi }.

It follows that

Yy —Xg=c1Vy +ceve+ -+ Vg,

where ¢y, ca, ..., ¢ are scalars. Thus,
Y =Xg+cC1Vy + vy + -+ + Cp V.
Conversely, for any choices of scalars ¢y, cs,. .., cr, we can construct a vector as

Z=Xg+Cc1Vy +covy + - 4 CpVk.
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Multiplying both sides by A yields
Az = Axg + c1Avy + c2Ava + -+ cpAvp =b+0+---+0=Dh.
Therefore, z is a solution of Ax = b. O

Remark There is some terminology associated with (4.20). The vector xq is called
a particular solution of Ax = b. The expression

Xg +c1vy + vy + - Cp Vg
is called the general solution of Ax = b, and the expression
c1V1 + Cavg + -+ 4+ CL Vg
is called the general solution of Ax = 0.

Example Solve the linear system

T, — 2x9 — 323 — 3x5 =—4
—T1 + 21‘2 —+ 42133 —+ Ty —+ 4$5 — 21?6 = 2
(4.21)
3x3 +3x4+ 325+ ax6= 1
2x1 — 4x9 + 624 + 3z = —5
and obtain
r1=2r—3s—4, xz9=r, 23=-—-5—t, T4=S, x5=1t, x=1.
This result can be written in vector form as
[ 2 ] [ 2r —3s—4 [ —4 7 M2 7 [ —3 ] 07
To r 0 1 0 0
T3 —s—t 0 0 -1 -1
_ _ +r +s +t , (4.22
T4 s 0 0 1 0 ( )
T5 0 0 1
| xg | L ] L 1 ] L 0 | L 0 ] . 0 |
——
X0 Yy

which is the general solution of (4.21). The vector xg in (4.22) is a particular solution
of (4.21) and the linear combination y in (4.22) is the general solution of

1 — 2x0 — 313 — 35 =0
—x1 + 229 + 43+ T4+ 4x5 — 226 =0
3xs + 3x4 + 325 + 26 =0

2x1 — 4xo + 6x4 + 3x¢ = 0.



100 Chapter 4  General Vector Spaces

Remark In fact, for a consistent linear system Ax = b, the number of free
variables is equal to the number of parameters in the general solution of the system.
Thus, the number of those parameters is equal to the number of vectors in a basis
for the nullspace of A.

4.5.3 Bases for three spaces

It is well-known that any elementary row operation does not change the solution set
of linear system Ax = 0. Thus, we have the following theorem.

Theorem 4.17 Elementary row operations do not change the nullspace of a matriz

A.
Moreover, the following theorem is concerned with the row space of a matrix A.

Theorem 4.18 Elementary row operations do not change the row space of a matriz

A.

Proof Assume that B is a matrix obtained from A by implementing an elementary
row operation on A. Let

row space of A = span{ry,ra,...,1r,}, row space of B = span{r{,r,,... 1},
where {r1,rs,...,r,} is the set of row vectors of A and {r{,r},...,r],} is the set of
row vectors of B. We want to show that

/ / /
span{ry,ra,...,r,} =span{ry,ry,...,r,}.

For any r}; € B, corresponding to three kinds of elementary row operations performed
on A, we consider the following three cases:

r, =rj, where r; is the jth row vector of A;
r, = cry, where c is a nonzero scalar and r; is the ith row vector of A;

r; =r; + kr;, where k is a scalar and ry, is the pth row vector of A for p =1, j.

We then have for all i,
r, € span{ry,ra,...,r,}.

Therefore,
span{ry,ra,...,r,} 2 span{r|,ry, ..., 1, }. (4.23)

Since A can be obtained from B by performing inverse elementary row operations
on B, one can show that similarly

span{ry,ra,...,r,} Cspan{r|,ry, ..., 1/ }. (4.24)
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It follows from (4.23) and (4.24) that
span{ry,ra,...,r,} = span{r|,ry, ..., 1, }. O

Remark However, elementary row operations can change the column space of a
matrix A. For instance, consider

A:

If we add —2 times the first row of A to the second row, we obtain
]

B = .
0 0

Note that
column space of A = span{[1,2]*} # span{[1,0]”} = column space of B.

Although elementary row operations can change the column space of a matrix,
whatever relationships of linear independence or linear dependence that exist among
the column vectors of a matrix prior to a row operation will keep holding for the
corresponding columns of the matrix that results from that row operation. More
precisely, we have the following result.

Theorem4.19 Let E be any elementary matriz. Then a given set of column vectors
of A is linearly independent if and only if the corresponding column vectors of EA
are linearly independent.

Proof Let E be any elementary matrix and

A=lei el fen ]
where ¢y, Ca, ..., c, are the column vectors of A. Then
EA:[EC1 | Bey | oo | Ecn]

Without loss of generality, we consider the following equations:

Zkici =0 and Z k;Ec; =0,
i=1 i=1
where r < n. In fact,
i=1 i=1 i=1

Thus, the given set of column vectors of A is linearly independent if and only if the
set of corresponding column vectors of F'A is linearly independent. O
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Remark In fact, (4.25) implies an even deeper result that whatever linear
combinations that exist among the column vector of A keep holding for the
corresponding column vectors of E'A.

Theorem 4.20 Let R be a matriz in row-echelon form. Then the row vectors with
the leading 1’s form a basis for the row space of R, and the column vectors with the

leading 1’s of the row vectors form a basis for the column space of R.

The result of Theorem 4.20 is virtually self-evident and the proof of the theorem is
left as an exercise.

Remark Theorem 4.20 makes it possible to find bases for the row and column
spaces of a matrix in row-echelon form by inspection.

4.5.4 A procedure for finding a basis for span(S)

Let S = {v1,va,...,vip} C R™ Then by the following procedure, one can find a
basis for span(S) and simultaneously express the vectors in S as a linear combination
of the basis vectors.

(1) Form the matrix A having vi,va,..., vy as its column vectors.

(2) Reduce A to its reduced row-echelon form R, and let wi, ws,..., wy be the
column vectors of R.

(3) Identify the columns that contain the leading 1’s in R. The corresponding
column vectors of A are the basis vectors for span(S).

(4) Express each column vector w; of R that does not contain a leading 1 as a
linear combination of preceding column vectors that do contain leading 1’s.

(5) In each linear combination obtained in (4), replace w; with v; for j =
1,2,... k.
Example Let vi = [2,—-1,1,0], vo = [-4,2,—-2,0], v3 = [1,0,—-2,1], v4 =

[0,7,—2,3], and v5 = [3,5,2,2].

(a) Find a subset of {vy, vy, Vv3,v4,v5} that forms a basis for span{vy,va, v3, vy,

V5}.

(b) Express each vector not in the basis as a linear combination of the basis vectors.
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Solution For (a), we begin by constructing a matrix A that has vy, v, v3, vy, and

vy as its column vectors:

2 -4 1 0o 3

e -1 2 0 7T 5
1 -2 -2 =2 2

0 0 1 3 2

£ A N N |

Vi Vo V3 V4 V5

We reduce the matrix A to its reduced row-echelon form R and denote the column

vectors of the resulting matrix by wi, wa, w3, wy, and ws. We yield

-2 0 0 2
n— 0o 0 1 0 -1
0o 0 0 1 1
0 0 0 0 0
L N
W1 W9 W3 W4 Wjp

The leading 1’s occur in columns 1, 3, and 4. It follows from Theorem 4.20 that
{w1,ws, w4} forms a basis for the column space of R. Consequently, {vi,vs3,v4} is
a basis for the column space of A by Theorem 4.19.

For (b), we have the following linear combinations by inspection of R,
Wo = —2W1, W5 — 2W1 — W3 + wy.
The corresponding relationships in A are

Vo = —2V1, V5 = 2V1 — V3 + V4. O

4.6 Rank and Nullity

For a given matrix A, we have the following four fundamental matrix spaces:
(1) row space of A;
(2) column space of A;
(3) nullspace of A;
(4) nullspace of AT.

In this section, we are concerned with relationships between the dimensions of these
four vector spaces. The results obtained here are fundamental and will provide a
deeper insight into the relationship between a linear system and its coefficient matrix.



104 Chapter 4  General Vector Spaces

4.6.1 Rank and nullity

Theorem 4.21 Let A be any matrixz. Then the row space and column space of A

have the same dimension.

Proof Let R be the reduced row-echelon form of A. It follows from Theorems 4.18
and 4.20 that

dim(row space of A) = dim(row space of R) = number of leading 1’s (4.26)
and it follows from Theorems 4.19 and 4.20 that

dim(column space of A) = dim(column space of R) = number of leading 1’s.
(4.27)
Thus, we have by (4.26) and (4.27),

dim(row space of A) = dim(column space of A). O

Definition The common dimension of the row space and column space of a matriz
A is called the rank of A and is denoted by rank(A). The dimension of the nullspace
of A is called the nullity of A and is denoted by nullity(A).

Theorem 4.22 Let A be any matriz. Then rank(A) = rank(A7T).
Proof We have
rank(A) = dim(row space of A) = dim(column space of AT) = rank(A”). O

Theorem 4.23 (Dimension Theorem for Matrices) Let A be a matriz with n
columns. Then
rank(A) 4+ nullity(A) = n.

Proof Since A has n columns, the homogeneous linear system Ax =0 has n
variables. These variables fall into two categories: the leading variables and the
free variables. Then

variables

number of leading number of free | "
variables -

i.e.,

[number of leading 1’s] + [number of free variables] = n.

Thus,
rank(A) 4+ [number of free variables] = n.
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We recall that the number of free variables is equal to the nullity of A. This is so
because the nullity of A is the dimension of the solution space of Ax = 0, which is
the same as the number of parameters in the general solution, which is the same as
the number of free variables. Thus,

rank(A4) 4+ nullity(A) = n. O
Example Find the rank and nullity of the matrix
2 -8 1 3 —4
-1 4 0 -5 3

-2 8 -2 4 2
0 0 1 -7 2

Solution Consider solving the linear system Ax = 0. The reduced row-echelon
form of A is

1 -4 0 5 =3
0 0o 1 -7 2
0 0 O 0 0

o 0 0 0 O

Since there are two nonzero rows (or equivalently, two leading 1’s), the row space
and column space are both two-dimensional, i.e., rank(A4) = 2. The corresponding
system is
x1 —4xs +5x4 —3x5 =0 r1 = 4xe — Dy + 325
—
x3 —Txs +225 =0 xr3 = Txy — 2x5.

It follows that the general solution of Ax =0 is

x1 =4r — 5s + 3t

Xog =T

T3 ="Ts — 2t

Ty =S

Is = t

or equivalently,

I 4 -5 3
T2 1 0 0
23 | =710 | +s T+t -2 |. (4.28)
Ty 0 1 0
Is 0 0 1

The three vectors on the right-hand side of (4.28) form a basis for the solution space
of Ax = 0. Therefore, nullity(A) = 3. O
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Remark Let A be an m x n matrix and rank(A) = r. Then rank(A) < min{m,n}
and we have the following table relating the dimensions of the four fundamental
spaces of A.

Fundamental Space | Dimension
Row space of A r
Column space of A r
Nullspace of A n—r
Nullspace of AT m—r

4.6.2 Rank for matrix operations

Theorem 4.24 For any n X n matrices A and B, we have
(a) rank(A + B) < rank(A) 4 rank(B).
(b) rank(AB) < min{rank(A), rank(B)}.
(c) rank(PAQ) = rank(A), where P and Q are invertible matrices.

Proof We only prove (b). The proofs of (a) and (c) are left as an exercise. Let

A=la]=[a {a | la ], B=Dyl=][bi by} | by
where a; and by, (1 < k < n) are the column vectors of A and B, respectively. Let
c1,Ca,...,C, denote the column vectors of AB. Then

AB=[ci | e | fen |=A[ b bo| | b, ]
[ Aby | Aby |- Abn}
2 | - | | -
= ans | Sham |- St |.
L j=1 j=1 Jj=1
Thus,
span{cy,ca,...,c,} C span{aj,ag,...,a,}.

We therefore have

rank(AB) = dim(span{cl, Co,... ,cn}) < dim(span{al, as, ... ,an}) = rank(A).
(4.29)
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Moreover, it follows by Theorem 4.22 and (4.29) that

rank(AB) = rank((AB)") = rank(B" A") < rank(B") = rank(B). (4.30)
Combining (4.29) and (4.30), we obtain

rank(AB) < min{rank(A), rank(B)}. O
Example For any square matrices A and B of the same size, show that
rank(I — AB) < rank(I — A) + rank(I — B),

where [ is the identity matrix.
Proof We have by Theorem 4.24 (a),

rank(I — AB) = rank(l — A+ A — AB) < rank(I — A) + rank(4 — AB).
Moreover, it follows from Theorem 4.24 (b) that

rank(A — AB) = rank(A(I — B)) < min{rank(A), rank(I — B)} < rank(I — B).

Thus, the proof is completed. O
4.6.3 Consistency theorems

The following theorem guarantees a linear system to be consistent.

Theorem 4.25 Let Ax = b be a linear system of m equations in n unknowns. Then
the following are equivalent.

(a) Ax = b is consistent.
(b) b is in the column space of A.
(c) rank(A) =rank([ A | b ]), where [ A | b | is the augmented matriz.
Proof (a) < (b): See Theorem 4.15.
(b) & (c): Let
A:{cl I co | oo | cn},

where ¢1,ca, ..., c, are the column vectors of A. We have by Theorem 4.10 (b),

n
b € span{cy,ca,...,cp} <= b =3 kic;
i=1
<= span{cy,Ca,...,c,} = span{cy,Ca,...,Cpn, b}

<= dim(span{cy, ca,...,c,}) = dim(span{cy, ca,...,Ccy, b})
<= rank(A) =rank([ A | b ),

where[A:b]z[cl;cQ:.--:cn:b. O
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Corollary Let Ax =b be a linear system of m equations in n unknowns. Then
Ax = b has a unique solution if and only if rank(A) = rank([ A | b ]) = n.

The proof is left as an exercise (see Exercise 4.26).

The following theorem guarantees a linear system to be consistent for any possible
choices of b.

Theorem 4.26 Let Ax = b be a linear system of m equations in n unknowns. Then
the following are equivalent.

(a) Ax = b is consistent for every m X 1 matriz b.
(b) The column vectors of A span R™.
(¢) rank(A) = m.

Proof Let
ame e e

where ¢q,co, ..., c, are the column vectors of A.

(a) = (b): We want to show that

span{cy,ca,...,c,} = R™.
Since every c; € R™ for j =1,2,...,n, we have
span{cy,ca,...,c,} CR™.

On the other hand, it follows from (a) and Theorem 4.15 that for every b € R™,
b € span{cy,ca,...,cp}.

Thus,

span{ci,ca,...,c,} = R™.
(b) = (c): We have

rank(A) = dim(span{cy, co,...,¢c,}) = dim(R™) = m.

(¢) = (a): Since

span{cy,ca,...,c,} CR™,

and also
dim(span{cy,ca,...,c,}) = rank(4) = m = dim(R™),

we obtain by Theorem 4.13,
span{cy,ca,...,c,} = R™.

It follows from Theorem 4.15 again that Ax = b is consistent for any b € R™. O
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Theorem 4.27 Let A be an m x n matriz. Then the following are equivalent.
(a) Ax = 0 has only the trivial solution.
(b) The column vectors of A are linearly independent.
(¢c) Ax =Db has at most one solution (none or one) for every m x 1 matriz b.
The proof of the theorem is left as an exercise.

4.6.4 Summary

Theorem 4.28 Let A be an n x n matriz and T4 : R™ — IR™ be multiplication by
A. Then the following are equivalent.

(a) A is invertible.
(b
(c
(d
(e
(f

Ax = 0 has only the trivial solution.

The reduced row-echelon form of A is I,,.

A is expressible as a product of elementary matrices.

Ax = b is consistent for every n x 1 matriz b.

Ax = b has exactly one solution for every n x 1 matriz b.

(2) det(A) # 0.

(h) The range of T4 is R™.

(]
(k

The column vectors of A are linearly independent.
The row vectors of A are linearly independent.
(1

(m

The column vectors of A span R™.
The row vectors of A span R™.
(n) The column vectors of A form a basis for R™.

(o

(p

The row vectors of A form a basis for R™.

)

)

)

)

)

)

)

)

(i) T is one-to-one.

)

)

)

)

)

)

) rank(A) = n.
)

(q) A has nullity 0.
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Exercises

Elementary exercises

4.1 Prove Theorem 4.1 (b), (c), and (d).

4.2 Let W and U be two subspaces of a vector space V. Show that W NU and
W + U are subspaces of V.

4.3 Use Theorem 4.2 to determine which of the following are subspaces.
(a) The set of all polynomials ag +ajz+asz?+asxd for which ag+aq+as+as = 0.

(b) The set of all polynomials ag + ajx + asx? + azx® for which ag, ay, az, and a3
are integers.

(c) The set of all polynomials ag + a1z + asz? + azx® for which a; x az = 0.

(d) The set of all vectors in R* with the first coordinate component nonzero.

(e) The set of all diagonal matrices in R™*".

(f) The set of all vectors x in R™ such that Ax = b, where A € R"*" and b # 0.

(g) The set of all differentiable functions f = f(x) in F(—o0,+00) that satisfy

@) _
dx
4.4 Express the following vectors as linear combinations of u = [2,1,4], v =
[1,-1,3], and w = [3,2,5].
(a) [—9’ _77 _15] (b) [17 07 3]
4.5 Determine whether the vector v = [0,5,6,—3| is contained in the subspace

spanned by uj, us, us, and uy, where
u; = [_1?37270]’ uz = [230747_1]7 us = [7717 1a4]7 Uy = [673a 152]

4.6 Let A(y), A(z), Az), and B be matrices in R2*2 where

1 2 0 1 2 0 15
A — Aoy — B = .
20]’ @) 13]’ ) [0 3]’ l5 31

Determine whether B is contained in span{A, A2y, As)}-

Ay =
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4.7 Let W be the set of all vectors of each given form, where a, b, and c represent
arbitrary real numbers. Determine whether W is a subspace of R*. If so, find a set
S of vectors that spans W.

(a) [2a + 3b,—1,2a — 5b, 5a]. (b) [2a — b,3b — ¢, 3¢ — a, 3b).
4.8 In each part, determine whether the given vectors span R?.
(a) vi =1[2,-1,3], va =[4,1,2], v3 = [8,—1,8].
(b) vi =11,2,6], vo = [3,4,1], v3 = [4,3,1], v4 = [3,3,1].
4.9 Prove Theorem 4.4.
4.10 Let u, v, and w be linearly independent vectors in R™. Show that
(a) {u,u+v,u+ v+ w} is linearly independent.
(b) {u+v,u+w,v+ w} is linearly independent.
(¢) {u—v,u—w,v—w} is linearly dependent.
4.11 Determine whether each set of vectors is a basis for the given vector space.
(a) u; =[2,1,3], ug = [1,1,0], ug = [2,0,0] for R3.
(b) uy =[2,-3,1], ug = [4,1,1], ug = [0, -7, 1] for R3.

(c) pr=2+2% pa =1+, p3=3+2zx+ 2% for P,.
1 2 0 1 2 0
) 01,14(2):[1 5 ,A<3>:l 3]&)“&2@

(d) Aq) = 0
4.12 Find the coordinate vector of w relative to the basis S = {u;,up} for R2.

(a) u; =[1,0], ug = [0,1], w = [3, =7].
(b) uy =[1,1], uz = [0,2], w = [a, b].
4.13 Let {uj,us,...,u,} be a basis for a vector space V, where n > 2.
(a) Show that the set {u;,u; + us,...,u; +us + -+ u,} is also a basis for V.
(b) Is the set {u; + ug,us +us,...,uy—1 + Uy, u, + uy} a basis for V?

4.14 Prove Theorem 4.9 (b).
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4.15 Prove Theorem 4.13.
4.16 Prove Theorem 4.20.
4.17 Let S = {v1,Vva, Vs, Vy, Vs, Vg}, where
v =12,1,0,-2], vy = [4,2,0,—4], vy =1[0,—2,5,5],
vy = [8,0,10,2], vs = [6,3,0, 6], ve = [18,0, 15, 3].
(a) Find a subset of S that forms a basis for the space spanned by these vectors.

(b) Express each vector not in the basis as a linear combination of these basis
vectors.

4.18 Let A, B,C € R™*". Show that

(a) rank(AB) = rank(B) if and only if the systems (AB)x = 0 and Bx = 0 have
the same solutions.

(b) rank(ABC) = rank(BC) if rank(AB) = rank(B).
4.19 Let A€ R™*" and B € R"*P. If AB = 0, show that
rank(A) + rank(B) < n.
4.20 Prove Theorem 4.24 (a) and (c).
4.21 Let A € R™*". Show that A? = A if and only if
rank(A) 4+ rank(A — I) = n.
4.22 Let A, B € R™*"™. Show that

max{rank(4), rank(B)} < rank ([ A B D < rank(A) + rank(B).

) |

4.23 Let A and B be any matrices. Show that

A 0

k(A k(B) = rank
rank(A) + rank(B) ran< 0o B

4.24 Let A € R™™" with rank(A4) = 1.
(a) Show that A can be expressed as the following form
ay

az
A: : [b17b27"'7bn]'

an
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(b) Show that A? = kA, where k is a scalar.

4.25 How does the rank of A vary with ¢7

— = s ok
— = o
e
= =

4.26 Let Ax = Db be a linear system of m equations in n unknowns. Show that
Ax = b has a unique solution if and only if rank(A) = rank([ A | b ]) = n.

4.27 Prove Theorem 4.27.

Challenge exercises

4.28 Let W and W5 be subspaces of a vector space V.
(a) Show that Wi N Wy C W1 UW, C Wy + Wa.
(b) When is W7 U W5 a subspace of V7

(c) Show that if U is a subspace of V' containing W7 U Wa, then Wy + Wy C U.

4.29 Let W be the subspace of all n x n symmetric matrices in R"*". Find a basis
for and the dimension of W.

4.30 Let uj,us,...,u; be vectors in R"™. Determine whether the following
statements are true or not. If true, prove it. Otherwise, give a counterexample.

(a) If uy,uy, ..., u; are linearly independent, then u,; and u; are linearly indepen-
dent for each pair of 4, j, where 1 < 4,5 < k and i # j.

(b) If u; and u; are linearly independent for each pair of 4, j, where 1 < 4,j < k
and i # j, then {uy,us,...,u;} is linearly independent.

4.31 Let P, be the set that consists of all real polynomials of degree n or less.
(a) Show that {1,1+ x,1+ z + 22} is a basis for P».

(b) Let W = { p(z) | p(—z) = p(x), p(x) € P,}. Show that W is a subspace of
P,, and find a basis for W.

4.32 Let A € R**2. Show that if A2 =1 but A # +1I, then

rank(A 4+ I) =rank(A— 1) = 1.
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)

4.33 Let A and B be any given matrices. Show that

A C

k(A k(B) < rank
rank(A) 4 rank(B) ran( o B

where C is an arbitrary matrix.

4.34 Let A, B € R™*™. Show that if ABAB = I, then
rank(I + AB) + rank(] — AB) = n.
4.35 Let A € R™". Show that
(a) rank(adj(A)) = n if rank(A4) = n.
(b) rank(adj(A)) =1 if rank(A) =n — 1.
(c) rank(adj(A)) = 0 if rank(A) <n — 1.
4.36 Let A, B € R™*"™. Show that
rank(AB) > rank(A) + rank(B) — n.
4.37 Let Ay, Ae), .-, Ay € R™*". Show that if A)Ag)--- Ay = 0, then

rank(A(l)) + rank(A(Q)) + ot rank(A(k)) < (k—1)n.



Chapter 5

Inner Product Spaces

“Inner product gives a structure to vector space which allows mathematician to build
geometry out of bare manifold.”

— Shing-Tung Yau

We introduced the Euclidean inner product on R™ in Chapter 3. In this chapter,
we extend the concept of the Euclidean inner product to general vector spaces. We
extract the most important properties of the Euclidean inner product on R™ and turn
them into axioms that are applicable in general vector spaces. Then, it is reasonable
to use these generalized inner products to define notions of length, distance, and
angle in general vector spaces.

5.1 Inner Products

In this section we use the most important properties of the Euclidean inner product
as axioms to define the general concept of an inner product. We then explain how an
inner product defines notions of length and distance in general vector spaces other
than R".

5.1.1 General inner products

The fundamental properties of the Euclidean inner product on IR™ that were listed
in Theorem 3.2 are precisely the axioms in the following definition.

Definition An inner product on a real vector space V' is a function that associates
a real number with each pair of vectors u and v in V', denoted by (u,v), in such a
way that the following axioms are satisfied for all vectors u, v, and w in V and all

scalars k.
(i) (u,v) = (v,u). [Symmetry aziom]
(ii) (u+v,w) = (u,w) + (v, w). [Additivity axiom]

(iii) (ku,v) = k{u,v). [Homogeneity aziom|
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(iv) (v,v) = 0; (v,v) =0 if and only if v=0. [Positivity axiom]
A real vector space with an inner product is called a real inner product space.

Definition Let V' be a real inner product space. Then the norm (or length) of a

vector u in 'V is defined by

lull = (u, u)/2.

The distance between two vectors u and v in V is defined by
d(u,v) :=|lu—v|.
The unit vector is defined to be a vector u with ||u|| = 1.
The following theorem lists some properties of inner products.

Theorem 5.1 Let u, v, and w be vectors in a real inner product space V, and k
be any scalar. Then

(a) (0,v) = (v,0) =0.
(b) (u,v+w) = (u,v) + (u,w).
(¢) (u,kv)=k(u,v).
(d) (u—v,w)=(u,w)—(v,w).
(€ (u,v—w) = (u,v) - (u,w).

Proof We only prove (a). The proofs of remaining parts are trivial and we therefore
omit them. We have by Theorem 4.1 (a) and Axiom (iii) [Homogeneity axiom],

(0,v) = (Ou,v) =0- (u,v) =0. O
5.1.2 Examples
(1) Let u = [u1, uz,...,u,]’ and v = [v1,va,...,v,]T bein R™. Then the formula
(w,v):=u-v= Zuwi =ulv
i=1
defines (u, v) to be the Euclidean inner product on R".

(2) Let u,v € R™, and A be an invertible n X n matrix. It can be shown that the
formula
(0, v) 4 = (Au, Av) = (Au)T Av = uT AT Av
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defines a new inner product on R", where (-, -) is the Euclidean inner product.
When A =1, (u,v)4 is turned back to the Euclidean inner product. In the
following, we only show that it satisfies Axiom (ii) [Additivity axiom]| and
Axiom (iv) [Positivity axiom]. One can verify that it also satisfies Axiom (i)
[Symmetry axiom| and Axiom (iii) [Homogeneity axiom].

For Axiom (ii), we have
u+v,wia=u+v)TATAw = uT AT Aw + vT AT Aw = (0, w) 4 + (v, W) 4.
For Axiom (iv), we have
(w,u)4 = (Au, Au) = u’ AT Au =yTy >0,
where y = Au. When (u,u)4 = 0, it follows that
0=y=Au.
Since A is invertible, we obtain u = 0.

Let Cla,b] denote the vector space of all continuous functions on [a,b] with
the following operations of function addition and scalar multiplication

(f+g)(x) = f(z) +g(x),  (kf)(z) = kf(2),

where f = f(z), g = g(z) € C[a,b] and k is a scalar. Define

(f.g) = / f(2)g(x)da

We show that this formula defines an inner product on Cfa, b] by verifying four
axioms one by one for functions f = f(z), g = g(x), and s = s(z) in CJa, b].

For Axiom (i), we have

b
(f.g) = / F(@)g(e)de = / o) (2)dz = (g, £).
For Axiom (ii), we have
b b b
€+ es) = [ 1f(e) + g@lls(o)dn = [ f@saido+ [ gla)s(a)da
— (£.5) + (g.5).

For Axiom (iii), we have for all scalar k,

<kf,g>:/ kf(x dac—k/ fz dx = k(f,g).
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Finally, for Axiom (iv), if f = f(z) is any function in Cla,b], then f2(x) > 0
for all z in [a,b]. Therefore,

b
<f,f)=/ f2(z)dx > 0.

Further, because f2(z) > 0 and f = f(z) is continuous on [a, b], it follows that

b
/fQ(x)dac:O <~ f(x)=0, z¢€]la,b].

Therefore,
(f,f)=0 <= f=0.

Let R™*™ denote the vector space of all n x n real matrices. An inner product
on R™*" is defined by
(X,Y) = tr(XYT),

where X, Y € R"*"™. We recall that the trace of a matrix A = [a;;] € R"*"™ is

given by
n
A) = Z Qg5 -
i=1

In the following, we only show that it satisfies Axioms (ii) and (iv). One can
verify that it also satisfies Axioms (i) and (iii).

For Axiom (ii), we have by Theorem 1.3 (c),
X+Y,Z)=tr(X+Y)Z") =tr(XZ" +YZ") = tr(XZ") + tr(YZT)
= (X, 2) + (v, 2),
where X,Y,Z € R"*"™.
For Axiom (iv), let X = [x;;] € R™*™. Then

(X, X) =tr(XXT) = Zn:zn:xfj/
=1 5=1

Thus,
(X, X)=0 <= 2;5=0, 1<4,j<n,

i.e., X is the zero matrix.

Remark The Frobenius norm of an n x n matrix A = [a;;] is defined by

n n 1/2
A]lF = (A, A)Y? = [tr(AAT)]H/? = (Z ) :
1

i=1 j=
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5.2 Angle and Orthogonality

In this section we define the notion of an angle between two nonzero vectors in
an inner product space. With this concept, we study some basic relations between

vectors in an inner product space.

5.2.1 Angle between two vectors and orthogonality

We first introduce the Cauchy-Schwarz inequality before we define an angle
between two vectors in general inner product spaces. The proof of the theorem is

left as an exercise.

Theorem 5.2 (Cauchy-Schwarz Inequality) Let u and v be two vectors in a real
inner product space V.. Then

[{w, v)| < [[ul] - [Iv]].

In R™, by using the notation of the Euclidean inner product, the cosine of an
angle 6 between two nonzero vectors u and v is defined by (3.3). We are now going to
define the notion of an angle between two nonzero vectors in a general inner product
space V. For any nonzero vectors u and v in V, by using the Cauchy-Schwarz

inequality, we deduce

(u,v)

1< <1 (5.1)

[[af - [Iv]]
Thus, we can define the cosine of the unique angle 6 between two nonzero vectors
u and v in V by (5.1) as follows:

(u,v)

cosf = 0<o<m. (5.2)

[l [lv”
Observe that in R™ with the Euclidean inner product, (5.2) agrees with (3.3).
In R™, two nonzero vectors u and v are orthogonal if u-v =0, i.e., the angle 6

between them is /2. It follows from (5.2) that cosf = 0 if and only if (u,v) = 0.
This suggests the following definition in a general inner product space.

Definition Two vectorsu and v in an inner product space V' are called orthogonal
if
(u,v) = 0.

Example 1 Let P; have the inner product

B, q) = / p(x)g(x)dz

-1
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for p,q € P;. Then the polynomials p = 2z and q = 322 are orthogonal, since

(p,q) = /1 p(z)q(z)dx = /1 6z3dz = 0.

—1 ~1
Example 2 Let R**? have the inner product (U, V) = tr(UVT) for U,V € R?*2.
Then the matrices
-2 1
0 1

1 3
2 -1

U:

1 and V =

are orthogonal, since
(U,V)=1x(-2)+3x14+2x0+(-1)x1=0.

5.2.2 Properties of length, distance, and orthogonality

The following two theorems list some basic properties of length and distance in
general inner product spaces.

Theorem 5.3 Let u and v be vectors in an inner product space V, and k be any
scalar. Then

(a) [laf = 0.

(b) |lul]| =0 if and only if u = 0.

(c) [[Full = [&[ - [[a].

() lu+v|| < |lull+|vll- (Triangle inequality)

Proof We only prove (d) and the proofs of remaining parts are trivial. We have by
the Cauchy-Schwarz inequality,

||u—i—v||2 ={(u+v,u+v)=(uu)+2(u,v)+ (v,v)
<l +2full - V] + [vI? = (hall + [Iv])?.

Thus, (d) holds. O

Theorem 5.4 Let u, v, and w be vectors in an inner product space V, and k be
any scalar. Then

(8) d(u,v) = [u—v] >0.

(b) d(u,v) =0 if and only ifu=v.
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(¢) d(u,v) =d(v,u).
(d) d(u,v) < d(u,w) +d(w,v). (Triangle inequality)
The proof of the theorem is left as an exercise.

The following theorem extends the result in Theorem 3.6 from R to general inner
product spaces. The proof of the theorem is exactly the same as that of Theorem
3.6 and we therefore omit it.

Theorem 5.5 (Generalized Theorem of Pythagoras) Let u and v be orthogonal
vectors in an inner product space V. Then

[+ v][* = J[ul* + [ v]*.

5.2.3 Complement

We extend the orthogonality of two vectors to that of sets of vectors in inner product
spaces.

Definition Let W be a subspace of an inner product space V.

(i) A vector u in V is said to be orthogonal to W if it is orthogonal to every
vector in W.

(ii) The set of all vectors in V that are orthogonal to W is called the orthogonal
complement of W, and denoted by W.

The following theorem shows three basic properties of orthogonal complements.

Theorem 5.6 If W is a subspace of a finite-dimensional inner product space V.,
then

(a) W is a subspace of V.
(b) W W+t = {o}.
() W C (Wh)L.
Proof For (a), let u,v € W+ and k € R. Then for all w € W, we have
(u,w) =0, (v,w) =0.

Therefore,
(u+ kv, w) = (u,w) + k{v,w) = 0.

Thus, u+ kv € W+ and it follows from Theorem 4.2 that W is a subspace.
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For (b), for any vector u € W N W+, let u=u; = uz. Then
(u,u) = (ur,u2) =0,
because
wewWnwtcw, weWwWnwtcwt
By Axiom (iv) [Positivity axiom], we have u = 0, i.e., W N W+ = {0}.

For (c), for any vector u € W, u is orthogonal to W+. Besides, (W+)1 is the set of
all vectors in V' that are orthogonal to W+. Thenu € (W)+, ie., W C (W)L, O

5.3 Orthogonal Bases and Gram-Schmidt Process

In many problems involving inner product spaces, we choose an appropriate basis
for the vector space to simplify the solution of a problem. Frequently we consider a
basis in which each pair of vectors is orthogonal. In this section, we reveal how to
find such a basis.

5.3.1 Orthogonal and orthonormal bases

Definition A set of vectors in an inner product space V is called orthogonal if
all pairs of distinct vectors in the set are orthogonal. An orthogonal set in which
each vector has norm 1 is called orthonormal.

If v is a nonzero vector in an inner product space, then by Theorem 5.3 (c¢), the

vector
1
—V
v
has norm 1, since
1 1 1
vl = o | VI = g livib= 1.
v Il v

The process of multiplying a nonzero vector v by 1/||v|| to obtain a unit vector is
called normalizing v. An orthogonal set of nonzero vectors can always be converted
to an orthonormal set by normalizing each of its vectors.

Remark A set {vy,va,...,Vv,} is orthonormal if and only if
(vi,vj) =0, i#j;
(vi,vi) =1, 1<i<n.

Two nonzero orthogonal vectors are linearly independent. The following theorem
generalizes the property to an orthogonal set of nonzero vectors.
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Theorem 5.7 Let S = {vy,va,...,v,} be an orthogonal set of nonzero vectors in
an inner product space V. Then S is linearly independent.

Proof Consider the following equation
kivi+ kove +--- + kv, = 0. (5.3)

We want to show that
ki=ky=---=k,=0.

Beginning with k1, we have by taking the inner product on both sides of (5.3) with
Vi,
<I€1V1 + k2V2 + 4 knvn,v1> = <0,V1>.

Since S is orthogonal, we obtain
k1<v1,v1)+k2-O+---+k‘n-0:0,

i.e.,

k1<V1,V1> = O

Since vi # 0, it follows that (vq,vi) # 0 by Axiom (iv) [Positivity axiom]. Then
k1 = 0. Similarly,
k=0, 2<j<n

Thus, S = {v1,va,...,Vv,} is linearly independent. O

Definition In an inner product space, a basis consisting of orthogonal vectors is
called an orthogonal basis, and a basis consisting of orthonormal vectors is called
an orthonormal basis.

Orthonormal bases for inner product spaces are always convenient to solve
problems because they simplify the expression of a vector and some related formulas
as the following two theorems show.

Theorem 5.8 Let S = {vy,Va,...,v,} be an orthonormal basis for an inner prod-
uct space V.. Then for any u in 'V,

u= <11,V1>V1 + <11, V2>V2 +oeee Tt <11, Vn>v7l'
Proof Since u € V and S is a basis for V, we have
u = ]C1V1 + kQVQ + -+ knvn. (54)

Because S is orthonormal, taking the inner product of u and vy, it follows from
(5.4) that

(w,vy) = (kivi+kava + - - + kpvy, vi)
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= ki(vi,vi) + ka(va,vi) + - + kn(vp, V1)
:k‘l ><1+k2><0++kn><0:k1

Similarly,
(w,v;) =k;j, 2<j<n O

Theorem 5.9 Let S be an orthonormal basis for an n-dimensional inner product
space V. If the coordinate vectors of u and v relative to the basis S are given by

[u]ls = [u1,ug, ..., Uy and [V]s = [v1,v2, ..., U],

then

(&) full = vl +uf +--- 4.

(b) d(u,v) = /(ur —v1)? + (uz —v2)? + -+ + (un — vp)?.
(¢) (u,v) =ugv1 + ugva + -+ - + Upvy.

Proof We only prove (c¢) and leave the proofs of the remaining parts as an exercise.
Let S = {wy,ws,...,w,}. Then

n n
u = E U; Wi, VvV = E ViW;.
i=1 j=1

Since S is orthonormal, we have

n n n n
(u,v) = <Zuiwi,2vjwj> = ZZuivj<wi,w]—> = U V1 +UsVa++ - - FURV,. O
i=1 j=1

i=1 j=1

Remark Let S = {vi,vsy,...,v,} be an orthogonal basis for a vector space V.
Then normalizing each of these vectors yields the orthonormal basis

S — Vi Va2 Vn
[vall” vl livall )

For any vector u € V, it follows from Theorem 5.8 that

v v v v Vv v
u<m 1> 1+<m 2> 2+~+<m n> .
il / Tl 7\ Tvall/ Tl Vol / Tval

which can be rewritten as

<11,V1> <u7 V2>

u = V1
[[vall® [val?

Vg + -+ Vi
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5.3.2 Projection theorem

Theorem 5.10 (Projection Theorem) Let W be a finite-dimensional subspace of
an inner product space V. Then every vector u in V can be expressed in exactly one
way as

u=wj + Wy,
where wy s in W and wo is in W=,
Proof First, we prove the existence of w; and ws. Let dim(W) = n and

V1,Va,...,Vy} be an orthonormal basis for W. For any u € V, we construc
, Vo, ..., b th 1 basis for W. F y V truct
the following two vectors

n

Wi = Z(u,vi>vi, Wy =Uu— Wi.
i=1

Then u = w; + wo. Obviously, wi € W. We want to show that wo € W, ie.,

(wa, w) =0 for all w € W. Let w € W and then w = » _ k;v;. Thus,

(wa, W) = (u—wq,w) = (u,w) — (w1, w). (5.5)
Since B .
(u, w) = <u,ijvj> =D kiu,v,)
and
(wi,w) = (v, Yo kivs) = 30w vk (v, v)
i=1 j=1 i=1 j=1
5 STTRTROR I S
- y Vil »Vj 0, i#j )

substituting them into (5.5), we have (wy, w) = 0 for any w € W. Hence wy € W+.

Second, we prove the uniqueness of the expression. Let u = wi+w), with w} € W
and w), € WL, Also u = wy + wy with wy € W and wy € WL. We then have

u—u=0=(w)—wy)+ (wh) —ws).

Hence

W] — W) =W, — wy.
—_— =
w Wi
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Let q = w; —w/, = wh—wy. By Theorem 5.6 (b), we know that g € WNW+ = {0}.
Then
w; —w; =0=w),— wy.

Thus,
wi = Wi, Wy = Wi, O

Corollary If W is a subspace of an inner product space V with dim(V') = m, then
dim(W) 4 dim(W+) = m. (5.6)
Proof By using Theorem 4.14, Theorem 5.10, and Theorem 5.6 (b), we have
dim(W) + dim(W+) = dim(W + W) + dim(W N W) = dim(V) + 0 =m. O
Remark Let V be an inner product space with dim(V) = m. Since W+ is a
subspace of V', we have by the corollary above,
dim(W) + dim((WH)*) = m. (5.7)
By (5.6) and (5.7), we obtain
dim(W) = dim((W+)*).
It follows from Theorem 5.6 (c¢) and Theorem 4.13 that
W =Wt

Because W and W+ are orthogonal complements of one another, we say that W
and W+ are orthogonal complements.

In Theorem 5.10, the vector w; is called the orthogonal projection of u on W
and is denoted by projyu. The vector ws is called the component of u orthogonal
to W and is denoted by projy,.u. Thus,

u = Projy;u -+ projy;.u  Oor projy,iu = u — Projy, u.

The following theorem gives formulas to compute orthogonal projections onto a
finite-dimensional subspace.

Theorem 5.11 Let W be a finite-dimensional subspace of an inner product space

V.

(a) If {vy,va,...,Vv,.} is an orthonormal basis for W and u is any vector in V,
then

projyyu = (W, vi)vy + (0, V) vy + -+ + (0, v,)v,..
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(b) If{vi,va,...,v,.} is an orthogonal basis for W and u is any vector in V, then
: <11,V1> <u7 V2> (u,v >

= T e A 5.8

R N T AR T8 >

Proof We only prove (a) and the proof of (b) is trivial by using (a). We have by
Theorem 5.10,

u = Projy,u + projy, . u.

Since projy,u € W, we have
projyyu = k1vy + kava + - - + kv,

Then

-
u= Z k;jv; + projyy.u.
j=1

Hence

T

T
(u,v,)= < ijvj+projWLu,vi> :Z ki(vi,vi)+(projpyiu,v;) =k;, 1<i<r
j=1 j=1

Thus, (a) holds. O

We next provide a geometric perspective to depict the relations between the
nullspace and the row space of a matrix.

Theorem 5.12 Let A be an m X n matriz. Then

(a) The nullspace of A and the row space of A are orthogonal complements in R"
with respect to the Euclidean inner product.

(b) The nullspace of AT and the column space of A are orthogonal complements
in R™ with respect to the Euclidean inner product.

Proof For (a), let ry,ra,...,1,, be the row vectors of A. First, we want to show
that the orthogonal complement of span{ry,rs,...,r,,} is the nullspace of A. To do
this we must show that if a vector v is orthogonal to span{ry,ra,...,r,,}, then v is
in the nullspace of A. Conversely, if a vector u is in the nullspace of A, then u is
orthogonal to span{ry,ra,...,r;n}.
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Assume first that v is orthogonal to span{ry,rs,...,r,,}. Then v is orthogonal
to all row vectors r{,ra,...,ry,, i.e., r;v =0 for 1 <7 < m. We have
[ ry ] [ riv ] [0
rs rov 0
Av=|—""|v=| —— | =]| = | =0. (5.9)
| T | | TV | | 0 |

Thus, v is a solution of Ax = 0, i.e., v is in the nullspace of A.

Conversely, assume that u is in the nullspace of A. Then Au = 0. It follows
from (5.9) that r;,u = (u,r;) =0 for 1 <7 < m. Let w € span{ry,re,...,r,,} and

m
then w = ) ¢;r;. Taking the inner product of u and w yields
i=1

m

(u,w) = <u§cr> => cfur)=0.

=1

Then u is orthogonal to the row space of A.

Thus, the orthogonal complement of the row space of A is the nullspace of A.
Since W = (W)L for a subspace W in a finite-dimensional space, the orthogonal
complement of the nullspace of A is the row space of A.

For (b), by applying the results in (a) to AT, it follows that the nullspace of AT and
the row space of A7 are orthogonal complements in R™. Thus, the nullspace of A7
and the column space of A are orthogonal complements in R™. O

5.3.3 Gram-Schmidt process

In order to produce orthogonal (or orthonormal) bases, we introduce the Gram-
Schmidt process. Let

S = {ul,ug,...,un}
be a linearly independent set. The following process converts S to be an orthogonal
set.

Step 1. Let Vi = uj.

Step 2. As illustrated in Figure 5.1, we can obtain a vector vy that is orthogonal
to vi by computing the component of us orthogonal to the space W7 =
span{v; }. By using (5.8), we have
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Va = U — Projy, Uz = Uy — <u2’V1>V1.

[[va?
Of course, if vo = 0, then v» is not a basis vector. However, this cannot
happen, since it would then follow from the preceding formula for vy that

Uy = <112,V1> _ <1127V1> )

[[va][? [[vll?
which implies that uy is a multiple of u;, contradicting the linear
independence of S.

Step 3. To construct a vector vs that is orthogonal to both v; and vo, we compute
the component of uz orthogonal to the space W5 = span{vy,va}. See
Figure 5.2. From (5.8) again,

V3 = us — pI‘OjW2113 = us — <US’V1> — <U3,V2>V2.
vl [[vall?
As in Step 2, the linear independence of S ensures that v3 # 0.

Step 4. To determine a vector v4 that is orthogonal to vi, vo, and v, we compute
the component of uy orthogonal to the space W5 = span{vy,va,v3}. It
follows from (5.8) that

V4 = U4 — Projy, Uy = Uy — <114’V1>V1 - <U4’V2>V2 - <U4’V3>V3
[[vl? [[vall? [[vs][?
and vy # 0.
n—1
Step n. v, = u,, — Z WVZ and v, # 0.
i=1 ¢

The preceding step-by-step construction for converting an arbitrary linearly indepen-

dent set into an orthogonal set is called the Gram-Schmidt process.

Vy=1,—Proj Wy Uy A

V3=13—DPIoj ;U3
p 1
A :
uz |
_________________ :
\ ]
] :
uy , i
, .
l ! -
] >
: j \
, ' \
] : \
: : |
E v PIoj y,u3 N
Wi 5 o 5 \
> > R > \\
vy projy,uy W, |
__________________ \
Figure 5.1 Figure 5.2
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Remark We have
span{vy,vs,...,v,;} =span{uj,us,...,u;}, 1<j<n

Moreover, vi1 is orthogonal to span{uy, ua, ..., u;} for any k. Thus, every nonzero
finite-dimensional inner product space has an orthogonal (or orthonormal) basis.

Example Consider R? with the Euclidean inner product. Apply the Gram-Schmidt
process to transform the basis vectors

u; = [1371,0]a Uz = [71,1,1]7 us = [1,1,1]

into an orthogonal basis {v1, vo, v3}, and then normalize the orthogonal basis vectors
to obtain an orthonormal basis {q1, g2, qs}.

Solution By using the Gram-Schmidt process, we have

Step 1. vi =u; = [1,—1,0].

Step 2. vy = Uy — projy, Uy = Uy — <T|1‘2/’ ‘”,;>v1 =[-1,1,1] +[1,-1,0] = [0,0,1].
1

. <u37vl> <u3vv2>
Step 3. V3 = U3 — Proj us = ug — Vi — Vo

e [[vall? [v2ll?

0

=[1,1,1 - 5[1,—1,0] —10,0,1) =[1,1,0].
Thus,
Vi = [17 _170}7 V2 = [0707 1} ) V3 = [17 170}

form an orthogonal basis for R®. The norms of these vectors are
vill=v2, lvell=1,  lvsll = v2.

Therefore, an orthonormal basis for R?® is S = {q1,q2,qs}, where

QI:{\}E,—\}E,O}, @ = [0,0,1], qu[\g,\%,o]. 0

5.3.4 QR-decomposition

Let A be an m x n (m > n) matrix with linearly independent column vectors. If
@ is the matrix with orthonormal column vectors that results from applying the
Gram-Schmidt process to the column vectors of A, what is the relationship between

A and Q7
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To solve this problem, let

A= w | uy | QZ[qllqz.---.qn}7

|
|un:|7

where u; and q; (1 < j < n) are column vectors of A and @, respectively. It follows
from Theorem 5.8 that

u; = (ur,q1)q1 + (u1,92)qe + -+ + (U1, qn)qn
u; = (u2,q1)q1 + (u2,q2)q2 + -+ + (U2, qn)qn
u, = <un7q1>q1 + <un,Q2>QQ + -+ <u71,7(1n>qn~

It can be written in matrix form

[ u | up | Ly, }
(ui,a1) (w2, a1) (un, qr)
| | | <u1, q2> <u27 q2> <un7 Cl2>
Z{Q1|Q2|"'|Qn} . . . s
<u1, qn> <u27 qn> <un7 qn>
or more briefly as
A=QR, (5.10)
where
<u17q1> <u27q1> <unaq1>
<u17 q2> <ll2, q2> <u7la q2>
R= . . .
<111, Q71,> <u27 qn> <una qn>

It is a property of the Gram-Schmidt process that for j > 2, the vector q; is

orthogonal to uy,ug,...,u;_;.

R are zero,

(u,q1) (uz,q1)
0 (uz,q2)

0 0

<U—mCI1>
<unaq2>

(U, qn)

Therefore, all entries below the main diagonal of

All the diagonal entries (uj,q;) (1 < j < n) of R are nonzero. We prove this

fact as follows:
u;

For (uy,q1), since q; = Tl
1

# 0, we know that (u,q;) # 0.
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For (ug, q2), if (uz,q2) = 0, then

<u25u1>

uy = (U2, q1)q1 = w2

up,

i.e., u; and uy are linearly dependent, which contradicts the fact that u; and u, are
linearly independent.

Moreover, for (uj,q,), if (u;,q;) =0, then

u; € Spa‘n{qlquv L) jfl}'

But
Ui, Ug,...,u_1 € span{qi,qz,...,q;_1},
which implies
up, Ug,...,W_1,u; € span{qi,dz,...,qj—1}-

Thus, ui, ug, ..., u;_1,u; are linearly dependent by Theorem 4.9 (a). A contradiction
again! Therefore, (u;,q;) # 0 for 1 < j < n. Then R is invertible.

Formula (5.10) is a decomposition of A in the form of the product of a matrix
@ with orthonormal column vectors and an invertible upper triangular matrix R.
We call (5.10) the QR-decomposition of A. In summary, we have the following
theorem.

Theorem 5.13 (QR-Decomposition) Let A be an m X n matriz with linearly
independent column vectors. Then A can be decomposed as

A=QR,
where ) is an m X n matrixz with orthonormal column vectors and R is an n X n

invertible upper triangular matrix.

Remark Recall from Theorem 4.28 that if A is an nxn matrix, then the invertibility
of A is equivalent to linear independence of the column vectors. Thus, every
invertible matrix has a () R-decomposition.

We conclude this section by adding three more results to the following theorem,
which involves all major topics we have studied so far.

Theorem 5.14 Let A be an n X n matriz and T4 : R™ — R™ be multiplication by
A. Then the following are equivalent.

(a) A is invertible.

(b) Ax = 0 has only the trivial solution.
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The reduced row-echelon form of A is I,.

A is expressible as a product of elementary matrices.

Ax = b is consistent for every n x 1 matriz b.

Ax = b has exactly one solution for every n x 1 matriz b.
det(A) # 0.

The range of Ty is R™.

T4 is one-to-one.

The column vectors of A are linearly independent.

The row vectors of A are linearly independent.

The column vectors of A span R™.

The row vectors of A span R™.

The column vectors of A form a basis for R™.

The row vectors of A form a basis for R™.

A has rank n.

A has nullity 0.

The orthogonal complement of the nullspace of A is R™.
The orthogonal complement of the row space of A is {0}.

A has a QR-decomposition.

Best Approximation and Least Squares

We show how orthogonal projections can be used to solve certain approximation

problems. The results obtained here have a wide variety of applications in both

mathematics and science.
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5.4.1 Orthogonal projections viewed as approximations

If a point P € R? and W is a plane through the origin O, then the point @ in W
closest to P is obtained by dropping a perpendicular from P to W. See Figure 5.3.
Therefore, let u = OP and then the distance between P and W is given by

min ||lu —w| = ||u — projy u|.
mi [[u = w| = [[u — projy,u
See Figure 5.4. Thus, projyyu is the “best approximation” to u by vectors in W.

P

"

u—projyu

5
projyu Q w

Figure 5.3 @ is the point in W closest to P

N
. A

w u—projyu

\al

@)

projyu w

Figure 5.4  |ju — w|| is minimized by w = proj,u

Theorem 5.15 (Best Approximation Theorem) Let W be a finite-dimensional
subspace of an inner product space V and u be in V. Then projyu is the best
approximation to u from W in the sense that

[[u — projyul| < [lu— wi
for every vector w in W with w # projy, u.

Proof For every vector w in W, we can write by Theorem 5.10 (Projection

Theorem),
u—w = (u — projyyu) +(projyyu — w).
Wt w
Thus, by Theorem 5.5,
[u = w* = [[u — projy ul|* + [|projyu — wl|*.

If w # projy,u, then the second term in this sum is positive, so that
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lu = wi[* > [Ju — projy ulf?,

which implies that

[lu —w| > ||u—projyul. O

5.4.2 Least squares solutions of linear systems

Up to now, we have been mainly concerned with consistent systems of linear

equations. However, inconsistent linear systems also appear in science and engineer-
ing. If Ax = b has no solution, then for any x, ||Ax — b|| # 0 with the Euclidean
norm. We therefore study the following least squares problem.

(1)

Least squares problem. Given a linear system Ax = b of m equations in n
unknowns, find a vector x € R™ that minimizes ||Ax — b|| with respect to the
Euclidean norm on R™. Such x is called a least squares solution of Ax = b.

Let A=[c1|ca) -+ | cp ], where ¢; (1 < i < n) are the column vectors of
A. Then

W = span{cy,ca,...,c,} = {r=Ax | x € R"}, (5.11)
ie, Ax e W.

Review of Theorem 5.12 (b). If A is an m x n matrix, then the nullspace of
AT and the column space W of A are orthogonal complements in R™ with
respect to the Euclidean inner product, i.e.,

W+ = nullspace of AT.

Find a solution of the least squares problem. It follows from Theorem 5.15
(Best Approximation Theorem) that the closest vector in W to b is the
orthogonal projection of b on W. Thus, for a vector x € R" to be a least
squares solution of Ax = b, x must satisfy

Ax = projyb,

and then
b — Ax = b — projyb.

Since b — projy,b € W, it follows from (2) that
b — Ax € W= = nullspace of AT.
Therefore, a least squares solution of Ax = b must satisfy

AT (b — Ax) =0,
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ie.,

AT Ax = AThb.
This is called the normal system associated with Ax = b. Thus, the problem
of finding a least squares solution of Ax = b has been reduced to the problem

of finding an exact solution of the associated normal system. The following
observations are about the normal system:

(a) The normal system has n equations in n unknowns.

(b) The normal system is consistent, since it is satisfied by a least squares
solution of Ax = b.

(¢) The normal system may have infinitely many solutions and all of its
solutions are least squares solutions of Ax = b.

5.4.3 Uniqueness of least squares solutions

We establish conditions under which a linear system is guaranteed to have a unique
least squares solution. We need the following theorem.

Theorem 5.16 Let A be an m x n matriz. Then the following are equivalent.

(a) A has linearly independent column vectors.
(b) AT A is invertible.

Proof (a) = (b): Assume that A has linearly independent column vectors. The
size of matrix AT A is n x n, so we can prove that this matrix is invertible by showing
that the linear system A7 Ax = 0 has only the trivial solution. Assuming x is any
solution of this system, then

(Ax, Ax) = (Ax)T (Ax) = xT AT Ax = xT0 =0,

which implies Ax = 0 by Axiom (iv) [Positivity axiom]. Assuming A has linearly
independent column vectors, so x = 0 by Theorem 4.27.

(b) = (a): Assume that AT A is invertible. To prove that A has linearly independent
column vectors, it suffices to prove that Ax = 0 has only the trivial solution by
Theorem 4.27. But if x is any solution of Ax = 0, then ATAx = AT0=0,s0x =0
from the invertibility of AT A. O

The following theorem is a direct consequence of Theorem 5.16 and one can prove
it easily.
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Theorem 5.17 (Uniqueness of Least Squares Solutions) Let A be an m xn ma-
trix with linearly independent column vectors. Then for every b in R™, the linear
system Ax = b has a unique least squares solution given by

x = (ATA)"LATD.

Example Find the least squares solution of the linear system Ax = b given by

xr1— To= 2
T =-8
T+ T = 12
1+ 20 = 2

and find the orthogonal projection of b on the column space of A.

Solution Note that

1 -1 2
A= ! and b= 8
1 1 12
1 2 2

Since A has linearly independent column vectors, we know in advance that there is
a unique least squares solution. We have

1 -1
A 1111] 10 _[42]
101 2||1 1 2 6
1
and
2
AT — 1111] -8 :lS].
101 2| 12 14
2

So the normal system A7 Ax = ATb is

4 2 X1 . 8
2 6 o | | 14|
Solving this system yields the least squares solution

T =1, To = 2.
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Thus, the orthogonal projection of b on the column space of A is

1 1
1 0
Ax = [1]— ! O
1 1 2 3
5
1 2

5.5 Orthogonal Matrices and Change of Basis

A basis that is suitable for one problem may not be suitable for another. We will
study a process that changes one basis to another basis in a vector space and also
discuss various problems related to the changes of basis.

5.5.1 Orthogonal matrices

We first introduce the following important matrices and then study their fundamental

properties.

Definition A square matriz A is said to be an orthogonal matrix if
A"t = AT

or equivalently, ATA = AAT =1.

Theorem 5.18 The following are equivalent for an n X n matriz A.

(a) A is orthogonal.

b) The row (or column) vectors of A form an orthonormal set in R™ with respect
D

to the Fuclidean inner product.

Proof We only consider the case of row vectors and the proof of the case of column

vectors is similar. Let ri,ro,...,r, be the row vectors of A. We have by using
AAT =1,
ry
I‘lI‘,{1 I‘ll‘%1 s 1‘11‘2
ra
T T T T I'QI',{ I‘gl‘g te I'QI'%
— —— | | | —
AAT = [ry iry | o jr, | = .
r,rl rel oo el
rn
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1 0 0
0 1 0
0 0 1
if and only if
<ri)ri>_rlr :17 1<Z<n7
<I‘i,I‘j>:I'ZI‘]T:0, Z.?éj
Thus, the result holds. O

Remark In fact, if an n x n matrix A is orthogonal, then the set of row vectors of
A forms an orthonormal basis for R™ and the set of column vectors of A forms an
orthonormal basis for R™ as well.

The following two theorems are concerned with some properties of orthogonal
matrices.

Theorem 5.19 We have
(a) The inverse of an orthogonal matriz is orthogonal.
(b) A product of orthogonal matrices is orthogonal.
(c) If A is orthogonal, then det(A) = £1.
Proof For (a), let A be an orthogonal matrix. Then
AN A YT = A1 (AT L = (ATA)y P =T =
and
(ADTA = (AT) 1A~ = (AAT) L = "L = .
Therefore, A~! is also orthogonal.
For (b), let A and B be orthogonal matrices. Then
(ABYTAB=BTATAB=BTB=1

and
AB(AB)" = ABBT AT = AAT = 1.

Thus, AB is also orthogonal.
For (c¢), we have
1 =det(I) = det(ATA) = det(AT)det(A) = [det(A))>.
Thus, det(A) = £1. O
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Theorem 5.20 The following are equivalent for a square matriz A.
(a) A is orthogonal.
(b) [l 4x]| = x]| for all x.
(¢c) Ax- Ay =x-y forallx and y.
Proof We only prove (a) < (c). The proof of (a) < (b) is left as an exercise.

(a) = (c): We have for any x and y,
Ax - Ay = (Ax)T Ay =x"AT Ay =x"y =x-y.
(¢) = (a): Since for any x and y,
xTAT Ay = Ax - Ay =x -y =x"T 1y,

we obtain

x"(ATA-Dy=0o. (5.12)
Because (5.12) holds for all vectors x and y, it follows that
ATA—T=0, ie, ATA=1.
Therefore, A is orthogonal. O

5.5.2 Change of basis

If we change the basis for a vector space V from an old basis B to a new basis B’,
how is the old coordinate vector [v]p of a vector v € V related to the new coordinate
vector [v]p:? More precisely, let B = {uj,us,...,u,} be a basis for V. For any
vector v € V, we have

n
VvV = E kjllj.
J=1

Denote the coordinate vector [v]p of v by

[V}B = [kjhk‘g,...,kn] or [V]B =
kr,
If we change the basis for V' from the old basis B to a new basis

B = {u’l,ulz,.,,,u;},
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then the old coordinate vector [v]p of v is related to the new coordinate vector [v]p
of the same vector v by the equation

Vls = Plvls, (5.13)

where the columns of the matrix P are the coordinate vectors of the new basis
vectors relative to the old basis, i.e.,
P=[[p|[wp| - |[u]s].

The matrix P usually is called the transition matriz from B to B’.

Now we want to show that (5.13) is true. Actually,

u, = [ug, ug,...,u,l[uls
for 1 <i < n. Thus,
[uf,u}, ..., 0] =[u,ug,...,u,]P.
For any v € V| we have
/ /
1 1
n k/ k/
v:Zk.;u.’j = [u},u), ..., ul] :2 = [uy,uy,...,u,P :2 (5.14)
i—1 N N
’ k! k!
and
ky
n ko
v:ijuj =[uy,ug,...,u,] | . |. (5.15)
j=1 1
K,
Combining (5.14) and (5.15) yields
1 Ky
K, ko
[ug,uzg,...,u,] |P| . — ) =0.
K ko
Since {uy,ug,...,u,} is linearly independent, we have
K b
4 ko
-1 . | =0 e, PNp-I[vlp=0

k! o
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Hence
[V]B = P[V]B/.

Example Consider the bases B = {u;,us} and B’ = {u,u}} for R?, where
u; = [1,0], ux=10,1; u}=1[1,2], u)=][31].
(a) Find the transition matrix from B to B’.
|
—2 |

Solution For (a), we must find the coordinate vectors of the new basis vectors uj

(b) Use (5.13) to find [v]p if [V]p =

and uj, relative to the old basis B. We have by inspection

u)] = u + 2uy

u), =3u; + up

so that
1
[u’l]B:[2 and [ué]B:[i’].
Then the transition matrix P from B to B’ is given by
1 3]
PZ[[UHBHHHB]Z[Q uE

For (b), using (5.13) and the transition matrix in (a), we obtain

13 3 =
=P ;) = = O
Vls = P[v]s [2 11[_21 A
In the above example, the transition matrix @) from B’ to B is
1 1 -3
@=-3 l -2 1 ] '

If we compute the product of the two transition matrices above, we find that PQ = I,
which implies that @ = P~'. The following theorem shows that this holds for every

case.

Theorem 5.21 Let P be the transition matriz from a basis B to a basis B'. Then
P is invertible and P~ is the transition matriz from B’ to B.
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Proof Let Q be the transition matrix from B’ to B. Then
Xlp =P]p, [x]lp=QX]s.

Thus, for any x, we obtain
x]p = PQ[x]5.

Therefore,
PQ =1, ie., Q=P O

Theorem 5.21 illustrates that a transition matrix is always invertible. The following
theorem shows that the transition matrix from one orthonormal basis to another
orthonormal basis is orthogonal.

Theorem 5.22 Let P be the transition matriz from one orthonormal basis to
another orthonormal basis for an inner product space V. Then P is an orthogonal
matriz.

Proof Let B={uj,ug,...,u,}and B’ = {vy,va,...,v,} be the two orthonormal
bases for V', and P = [p;;] be the n x n transition matrix from B to B’. Then

P11 P12 - Pin
P21 P22 0 P2n
[Vi, Vo, ..., Vp] = [ug,ug, ..., uy,] . . .
Pn1 Pn2 - DPnn
Because {v1,vs,...,Vv,} is an orthonormal basis, we have
I, 1=7;
<Vi7 Vj> = (516)
0, i#j.
On the other hand, by using the orthonormal property of {uj, us,...,u,}, we have

for any ¢ and 7,

<Via Vj> = < Z UsPsi s Z urprj> = Z Zpsipm' <u37 u7"> = Zpsipsj- (517)
s=1 r=1 s=1

s=1r=1

Combining (5.16) and (5.17), we deduce
P1iP1j + P2ip2; + -+ PniPnj =

Thus, PTP =1, i.e., P is an orthogonal matrix. O
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Exercises

Elementary exercises

5.1 Let u= [u1,us], v =[v1,vs] € R?. Show that
(u,v) = dujvy + 3ugvsy

defines an inner product.

5.2 Let p = ag + a1z + azx? and q = by + by + byz? be any two polynomials in
P,

(a) Show that (p,q) = apbg + a1b1 + agby defines an inner product on P;.
(b) Use the inner product in (a) to find d(p, q) if

p:—3—|—x—|—x2, q=1—|—2x—4x2.

5.3 Let (u,v) be the Euclidean inner product on R™. Show that for any A € R"*",
(u, Av) = (AT, v).
5.4 Let u and v be vectors in a real inner product space. Show that

(a) Theorem 5.2 holds, i.e., |(u,v)| < |u] - ||v|.

(b) The equality holds in the Cauchy-Schwarz inequality if and only if u and v are
linearly dependent.

5.5 Prove Theorem 5.4.

5.6 Consider R? with the Euclidean inner product. For which values of k, are u
and v orthogonal?

(a) u=1[1,3,—-4], v=1[-2k,6]. (b) u=lk,k,1], v=1k,4,4].
5.7 Let S = span{vy, vy, v3}. Check whether the vector u € S*.
(a) v1 =11,0,0,0], vo2 = [0,3,0,0], v3 = [5,2,1,0], and u = [0, 0,0, 1].
(b) vi =[1,-2,3,1], vo = [2,0,3,5], v5 = [0,1,2,5], and u = [0, 1, 3, 0].
(¢) vi =[3,4,1,7], vo =[1,0,3,1], v = [-1,2,-1,1], and u = [-1,—-1,0, 1].

5.8 Show that if u is orthogonal to each of the vectors vi,vs,...,v,, then it is
also orthogonal to span{vy,vsa,...,v,}.
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5.9 Prove Theorem 5.9 (a) and (b).

5.10 Let {uj,us,...,u,} be an orthogonal set in an inner product space V. Show
that

luy 4 [ = 2 fug ]+ a2

5.11 Let S ={vy,Vva,...,v,} be an orthonormal basis for an inner product space
V. Show that

la1vi + agve + -+ apvo|? = a3 + a3+ +a?,

where aq,as,...,a, € R.

5.12 Find the orthogonal projection of v onto the subspace W spanned by vectors
u; and ug, where v =[1,2,3], uy = [2,-2,1], and uy = [-1,1,4].

5.13 Let u=11,1,1,1] and S = span{vy, vy, vs, v4}, where
V1= [07 73a272]a Vg = [177170, 1]; V3 = [37037271]; V4= [172372771]'
(a) Find a subset of {vy,vsa,vs3,vs} that forms a basis for the space S.

(b) Express each vector which is not in the basis as a linear combination of the
basis vectors.

(¢) Find the orthogonal projection of u onto S and the component of u orthogonal

to S.

5.14 Consider R? with the Euclidean inner product. Apply the Gram-Schmidt
process to transform the basis vectors

u; = [13070]3 Uz = [0747 1}7 us = [3773*2]
into an orthonormal basis.

5.15 Consider R* with the Euclidean inner product. Apply the Gram-Schmidt
process to transform the basis vectors

u; = [17270371]3 Uz = []-aoaoa ]-]a us = [03271,0]; uy = [1;*17070}
into an orthonormal basis.

5.16 Find an orthogonal basis for R? that contains a vector vi = [0,2, 3].

5.17 Find an orthonormal basis for R* that contains vectors

11
Vi = [1,0,0,0], Vo = [07575, 7
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5.18 Find the QR-decomposition of the matrix.

2 8 2 1 2 b-r 4
1 4 -2
(a) 1 7 —-11]. (M |01 (c)
1 4 2
2 2 1 1 4
1 -1

5.19 Let u; =[1,2, 1], us = [5,~2, 1], and v = [3,2, 5].
(a) Find the best approximation to v from W = span{uy, uz}.
(b) Find min [|[v —w||.
weW

5.20 Find the least squares solution of each linear system Ax = b, and find the
orthogonal projection of b on the column space of A.

2 0 5

3 1 1 1 1 1

@ A=| -1 1], b=] -1 (b) A= N .
1 -2 1

-1 2 3

1 2 2 v 3 3 3 3
-1 V3
1 1 3 -5 1 1
) s| 2 -2 1]. () = o (o)
3 2|3 1 3 1 1 -5
-2 -1 2 3 1 -5 1

5.22 Consider the bases B = {uj,uz} and C = {vy,vo} for R?, where
u; = [LO]v Uz = [17 ”; Vi = [1a 71]) V2 = [07 ”

(a) Find the transition matrix P from B to C, and the transition matrix ¢ from
C to B.

(b) Find the coordinate vector [x]¢ if x = [3, —4].
(¢) Find [x]p according to the coordinate vector [x]¢ in (b).
5.23 Consider the bases B = {uj,u,uz} and C = {vy,va, vz} for R3, where
u =[1,0,-1], uwx=12,1,1], usz=1[1,1,1];
vi=[-1,1,0], vo=[0,1,1], wv3=[1,21].

(a) Find the transition matrix P from B to C, and the transition matrix ¢ from

C to B.
(b) Find [w]p if [w]c = [1, -3, —5].
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Challenge exercises

5.24 Show that
[u+ v+ [lu—v|?* = 2[u|? + 2| v|?

holds for any vectors u and v in a real inner product space.

5.25 Let f(z) and g(x) be two functions in C0,1]. Show that

([ ) < (f ) ([ )
([« ([ o) ([ )

5.26 Find the nullspace S of the augmented matrix of the following system and
then find S*.

and

x1—2m2+3x3—4x4:0
x1+5x2+3x3+3x4:0.

5.27 Let {uy,ug,...,u,} be an orthonormal basis for a subspace W of R”. Show
that for any y € R",
projyy = UU"y,

where U is an n x p matrix given by U = { w o ug |- | u,

5.28 Let S = {vi,Vva,..., v} be an orthonormal set in R"™ and x € R"™. Show
that
%[ = (3, vi)® + (x,v9) + -+ (x, 7).

5.29 Let A be a symmetric matrix. Show that Ax = b has a solution if and only
if b is orthogonal to the nullspace of A.

5.30 Let W be the plane z — y + 2z = 0 in R?, and v = [3, -1, 2].
(a) Find the orthogonal projection of v onto W.
(b) Find the component of v orthogonal to W.

5.31 Let Ax = b be consistent. Show that if A has linearly independent column
vectors, then the least squares solution of Ax = b is the same as the exact solution
of Ax =b.

5.32 Let A be a matrix with linearly independent column vectors and b be a vector
orthogonal to the column space of A. Show that the least squares solution of Ax = b
isx=0.
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5.33 Show that A is orthogonal if and only if ||Ax| = ||x|| for all x.

5.34 Let B and C be bases for R? and C' = {u;,us}, where u; = [1,2], us = [2,3].
Find the basis B if the transition matrix from B to C is

1 -1
-1 2 |

5.35 Let x € R™ with ||x|| = 1. Suppose that x has a partition as

P =

Ty
T2 Z1
X = = _—— 5
y
In
where y € R"~1, and
T
T y

Q= 1 ,
y I-13 yy”
g

where I is the (n — 1) x (n — 1) identity matrix. Show that @ is orthogonal.



Chapter 6

Eigenvalues and Eigenvectors

“Figenvalues are in everything. There is an eigenvalue in the burrito you are going to eat
for lunch today.”

— A linear algebra professor

“Nature hides her secrets because of her essential loftiness, but not by means of ruse.”

— Albert Einstein

In this chapter, we study eigenvalues and eigenvectors of a square matrix A. An
eigenvector x # 0 of A is a special vector which does not change its direction when
it is multiplied by A, i.e., Ax = Ax for some value . Such a value is then called an
eigenvalue of A. An essential highlight of this chapter is the diagonalization problem.

6.1 Eigenvalues and Eigenvectors

We introduce the concepts of eigenvalue, eigenvector, and eigenspace and then
present methods to compute them through examples.

6.1.1 Introduction to eigenvalues and eigenvectors

Definition Let A be a square matriz. If a nonzero vector X satisfies Ax=\x, where
A is a scalar, then \ is called an eigenvalue of A and x is called an eigenvector
of A corresponding to .

We observe that if A is an n x n matrix and A is a scalar, then the following are
equivalent.

(1) There exists x # 0 such that Ax = Ax.
(2) The system of equations (Al — A)x = 0 has nontrivial solutions.

(3) det(M — A) = 0.
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The equation det(AI — A) = 0 is called the characteristic equation of A. Any
scalar satisfying the equation det(A — A) = 0 is an eigenvalue of A. Obviously, if A
is a triangular matrix, then the eigenvalues of A are the entries on the main diagonal
of A. In fact, for an n x n matrix A, det(A\ — A) is a polynomial in X\ of degree n,
which is called the characteristic polynomial of A.

Example Find the eigenvalues of

Solution The characteristic polynomial of A is

A3 -2 4
det(\M —A)=det | —2 X =2 | =X-6)\?—-15)-38.
-4 -2 A-3

The eigenvalues of A therefore satisfy
M6\ —150-8=0 = (\-8)(A+1)?*=0.
Thus, the distinct eigenvalues of A are

A=S8, A=—1. O

Remark A real matrix may have complex eigenvalues. For instance, let

a=| 0 ] :
1 0
The characteristic polynomial of A is
1 2
det(A] — A) = det 1A =X +1

The eigenvalues of A are the roots of A> +1 = 0 and therefore A = i and A = —i,

2

where i = —1. For a review of complex numbers, we refer to Subsection 8.3.1 for

details.

6.1.2 Two theorems concerned with eigenvalues

We list two theorems concerned with some properties of eigenvalues and eigenvectors.
The first theorem indicates a simple way to find the eigenvalues and eigenvectors of
any positive integer powers of a matrix A once the eigenvalues and eigenvectors of
A are found. The second one demonstrates a relationship between eigenvalues and
the invertibility of a matrix.
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Theorem 6.1 Let k be a positive integer, A be an eigenvalue of a matriz A, and x be
a corresponding eigenvector. Then \F is an eigenvalue of A* and x is a corresponding
etgenvector.

Proof Since Ax = Ax, we have
A?x = A(Ax) = A(Ax) = Mx = \(Ax) = A?x.
By induction, one can prove easily that A*x = A\¥x for any positive integer k. [

Theorem 6.2 A matriz A is invertible if and only if A = 0 is not an eigenvalue of
A.

Proof In fact, the statement in the theorem is equivalent to that A is not invertible
if and only if A = 0 is an eigenvalue of A. So we consider its equivalent statement.
If A =0 is an eigenvalue of A, then

Ax=0x=0
has nonzero solution x, i.e., A is not invertible. Conversely, it is obviously true. [

6.1.3 Bases for eigenspaces

We know that the eigenvectors corresponding to A are the nonzero vectors in the
solution space of (A — A)x = 0. This solution space is called the eigenspace of A
corresponding to A. The following example is of finding bases for the eigenspaces of
a matrix A.

Example Find bases for the eigenspaces of

A:

N O =
N W=
S O W

Solution The characteristic equation of A is
A 4N —BA 18 = (A +2)(A—=3)2 =0.

Thus, the distinct eigenvalues of A are A = —2 and A = 3. There are two
eigenspaces of A. By definition, we know that x = [, 72, 23] is an eigenvector of

A corresponding to A if and only if x is a nontrivial solution of

A—-1 -1 =3 1 0
(M —-A)x = 0 A=3 0 o | =10 ]. (6.1)
—2 -2 A I3 0



152 Chapter 6  Eigenvalues and Eigenvectors

If A = —2, then (6.1) becomes

-3 -1 -3 1 0
0 -5 0 z2 | =10
—2 -2 -2 T3 0
Solving this system yields
1 =-—8, 22=0, xz3=s.
Thus, the eigenvectors corresponding to A = —2 are the nonzero vectors of the form
—s —1
X = 0| =s 0
] 1
Hence [—1,0,1]7 is a basis for the eigenspace corresponding to A = —2.

If A = 3, then (6.1) becomes

2 -1 -3 1 0
0o 0 O z2 | =] 0
-2 =2 3 I3 0

Solving this system yields
1 =3s, x2=0, xz3=2s.

Thus, the eigenvectors of A corresponding to A = 3 are the nonzero vectors of the

form
3s 3
X = 0=s]0
2s 2
Hence [3,0,2]7 is a basis for the eigenspace corresponding to A = 3. O

6.2 Diagonalization

We are concerned with the problem of finding a basis for R™ that includes all
eigenvectors of a matrix A € R™ "™ because such a basis helps us to simplify
numerical computations involving A. In this section, our goal is to show that this
problem is actually equivalent to a diagonalization problem.

6.2.1 Diagonalization problem

Given a square matrix A, does there exist an invertible matrix P such that P~'AP
is a diagonal matrix? Such kind of problem is called the diagonalization problem.
A square matrix A is called diagonalizable if there is an invertible matrix P such
that P~1AP is a diagonal matrix.
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Theorem 6.3 Let A be an n X n matriz. Then the following are equivalent.

(a) A is diagonalizable.
(b) A has n linearly independent eigenvectors.

Proof (a) = (b): Since A is diagonalizable, there exists an invertible matrix P such
that
Pl1AP =D,

where D is a diagonal matrix with diagonal entries A1, Aa, ..., Ap, i.€.,
D= diag()\l, )\2, ey /\n)

Let

P = P1IP2I"'IPn,

where p; (1 <4 < n) are the column vectors of P. Then from P~ 'AP = D, we have

AP = PD,
which implies
[ Ap1 | Ap2 | -+ | Aps } = [ A1P1 | A2P2 | 0 | AnPa
Therefore, for any i,
Api = \ips,
i.e., p1,P2,---,Pn are eigenvectors of A corresponding to the eigenvalues Ay, Ao, . ..,

An, respectively. Since P is invertible, the column vectors p; (1 < @ < n) are linearly
independent. Thus, A has n linearly independent eigenvectors. Conversely, one can
show that it is also true. O

6.2.2 Procedure for diagonalization

Recall that an n x n matrix A with n linearly independent eigenvectors is
diagonalizable. The following procedure provides a method for diagonalizing A.

(1) Find the eigenvalues A1, Ag, ..., A, of A.

(2) If there are n linearly independent eigenvectors of A, say, pi1,P2,-.-,Pn
corresponding to A1, Ag, ..., \,, then we can construct a matrix

P=|pi{p2| - | Pn

(3) The matrix P~1AP = diag(A1, A2, ..., \n).
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Example 1 Find a matrix P that diagonalizes

1 2 0
A=10 3 0
2 -4 2

Solution The characteristic equation of A is
det(A\l —A)=(A-1)(A=2)(A—=3)=0.

Thus, the eigenvalues of A are A = 1, A = 2, and A = 3. The corresponding
eigenvectors are given as follows:

-1 0 -1
A=1 p;= 0 1; A=2, p2=1|0 |; A=3, ps3=| —1
2 1 2
In fact, p1, pe2, and ps are linearly independent. We can construct an invertible
matrix
-1 0 -1
P=|piip2ips|=| 0 0 -1
2 1 2
such that
P~'AP = diag(1,2,3) O
Example 2 Let
1 1 0
A=| -1 3 0
0 -1 1

Is A diagonalizable?
Solution The characteristic equation of A is
det(AM — A) = (A —1)(A—2)* =0.

Thus, the distinct eigenvalues of A are A = 1 and A = 2. The corresponding
eigenvectors are given as follows:

0 -1
A=1, pi1=1|0 |; A=2, p2=| -1
1 1

Since A is a 3 x 3 matrix and there are only two linearly independent eigenvectors
in total, A is not diagonalizable. O
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Remark If an n x n matrix A is diagonalizable, then it is much easier for us to
compute the power of A. More precisely, if P~ AP = D, where

D = diag(Ala )‘27 ceey A’n.)a

we then have
A=PDP™",

which implies

A* = (pDP~ Y)Y (PDPY)...(PDPYY=PDD-.-DP~! = PD*P~!,
N——

k k

where D* = diag(A\}, N5, ..., AF).
6.2.3 Two theorems concerned with diagonalization

From the examples in previous subsection, one may guess that basis vectors from
various eigenspaces of A are linearly independent. The following theorem gives the
proof.

Theorem 6.4 Let vi,vs,..., Vv be eigenvectors of A corresponding to distinct
eigenvalues A1, Aa, ..., Ap. Then {vy,va,... , vi} is linearly independent.

Proof By contradiction, we assume that {vq,va,...,vg} is linearly dependent.
Since an eigenvector is nonzero by definition, {v1} is linearly independent. Without
loss of generality, let r be the largest integer such that

{Vl,VQ, e avr}
is linearly independent. Then we have 1 < r < k. Moreover, {vy,va, -+ ,Vyi1} is
linearly dependent. Thus, there are scalars cj, cs, ..., ¢ 41, not all zero, such that
vy +cava+ -+ cpp1vepr = 0. (62)

Multiplying both sides of (6.2) by A and using
Avy = vy, Ave=Xova, ..., Aveir = MgV,

we deduce

cl)\lvl + CQ)\QVQ + -+ Cr+1)\r+1vr+1 =0. (63)
Multiplying both sides of (6.2) by A,t; and subtracting the resulting equation from
(6.3) yields

a(M = Ap)vi+ (A — Aj)va + -+ (A — Apg1) v = 0.
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Since {v1,Vva,...,v,.} is linearly independent, this equation implies that
1A = Arg1) =co(Aa — Apg1) = - = (Ar — Apg1) = 0.
Since A1, Ao, ..., A1 are distinct, we have
cp=cp=---=¢.=0. (6.4)

Substituting these values into (6.2) yields
Cry1Vep1 = 0.

Note that the eigenvector v,11 is nonzero and it follows that

eri1 = 0. (6.5)
Equations (6.4) and (6.5) contradict the fact that ¢, ca,..., 41 are not all zero.
The proof is completed. O

As a result of the theorem above, we have the following important theorem.

Theorem 6.5 Let an n X n matriz A have n distinct eigenvalues. Then A is

diagonalizable.

Proof Since A has n distinct eigenvalues, by Theorem 6.4, we know that there are
n linearly independent eigenvectors of A. It follows from Theorem 6.3 that A is
diagonalizable. O

6.3 Orthogonal Diagonalization

In this section, we focus on another problem of finding an orthonormal basis that
consists of eigenvectors of a square matrix. Equivalently, we study a diagonalization
employing an orthogonal matrix. Given A € R"*", does there exist an orthogonal
matrix P such that

P7YAP = PTAP = diag(A\1, Ao, ..., An)?

Such kind of problem is called the orthogonal diagonalization problem. A square
matrix A is called orthogonally diagonalizable if there is an orthogonal matrix
P such that PT AP is a diagonal matrix.

Theorem 6.6 For an n X n matriz A, the following are equivalent.

(a) A is orthogonally diagonalizable.

(b) A has an orthonormal set of n eigenvectors.
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(¢) A is symmetric.

Proof (a) = (b): Since A is orthogonally diagonalizable, there is an orthogonal
matrix P such that P~'AP is diagonal. As shown in the proof of Theorem 6.3, the
n column vectors of P are eigenvectors of A. Since P is orthogonal, by Theorem 5.18
these column vectors are orthonormal. Hence A has n orthonormal eigenvectors.

(b) = (a): Assume that A has n orthonormal eigenvectors p1, pe, ..., Pn, i.€.,
Ap; = A;jpj, 1<j<n

Construct a matrix with p1, p2,..., P as column vectors:

P = P1IP2I"'Ipn

We then have
AP = PD,
where P is orthogonal and D = diag(\1, A2, ..., \,). Thus, P"1AP is a diagonal

matrix, i.e., A is orthogonally diagonalizable.

(a) = (c): Since A is orthogonally diagonalizable, there exists an orthogonal matrix
P such that
PTAP = D,

where D is a diagonal matrix. It implies
A=PDP".
It follows that
AT = (pDPT)" = PD"PT = PDPT = A.
Thus, A is symmetric.

(¢c) = (a): We prove this by using induction. If A is a 1 x 1 matrix, then (c)
obviously implies (a). Suppose that all (n — 1) x (n — 1) symmetric matrices can be
orthogonally diagonalizable. Now we consider a symmetric matrix A € R™*™. Let A
be an eigenvalue of A and v be the corresponding eigenvector. Since v is a nonzero
vector, we construct a unit vector

v
vVi=——
v
Then v’ is an eigenvector of A with ||[v/|| = 1. We can always find vectors
Y1,¥2,---,Yn_1 together with v/ to form an orthonormal basis for R”. Construct a
matrix with y1,y2,...,¥n—1 as column vectors:

Y=y |y2 | | Yo } € R (=1,
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We then have

yi
T Yivi  Yiyz 0 Yiyaa
Y2 T T T
Ty o | | | _ Y2¥Y1 y2Yy2 Y2¥Yn-1
Y'Y = [Y1|Y2|"'\Yn71]— . . .
o yzfﬂ’l yzfﬂ’z yz:f1}’n—1
L V-1
= Infl
and
V/TY _ [ V/Tyl } V/Ty2 : : V/TYn—l ] —o7 c Rlx(nfl)' (6.6)

Note that the matrix YT AY € R~ D*(=1) ijs symmetric. Then by the inductive
hypothesis there exists an orthogonal matrix P € R~ 1D*("=1) guch that

PTYTAYP =D (6.7)
is diagonal. Constructing
B=[v |YP]eR"",
we therefore have by using (6.6),

V/T

B'"B=| ——— | [V |YP]=
(yp)*

vTy! vy p
vTYP)T (YP)TYP

1 o7
= =1,.
[ O In71 ‘| !

Thus, B is orthogonal. By (6.6) and (6.7), we obtain

VTAYP = (ATV)TYP = (AV)TYP = \WTYP =0T (6.8)
and
(YP)Y'AYP = PTYTAYP = D. (6.9)
Finally, it follows from (6.8) and (6.9) that
BTAB — v'T AV vTAY P _ vTAv' of
(VTAYP)T (YP)TAYP 0o D |’
i.e., BT AB is diagonal. The proof is completed. O

Before we develop a procedure of orthogonal diagonalization, we need the
following important theorem about eigenvalues and eigenvectors of symmetric
matrices. We defer the proof of the theorem until Chapter 8 (see Theorem 8.12).
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Theorem 6.7 Let A be a symmetric matriz. Then

(a) The eigenvalues of A are all real.

(b) Eigenvectors from different eigenspaces are orthogonal.

Therefore, combining the above theorems, we provide the following method for

diagonalizing a symmetric matrix A.

(1) Find a basis for each eigenspace of A.

(2) Apply the Gram-Schmidt process to each of these bases to obtain an orthonor-
mal basis for each eigenspace.

(3) Find the matrix P whose columns are the basis vectors constructed in (2).
Then PT AP is diagonal.

Example Find a matrix P that orthogonally diagonalizes

0 —1 1
A= -1 0 -1
1 -1 0

Solution The characteristic equation of A is

det(A\] — A) = (A +1)2(A—2) =0,

and the distinct eigenvalues are A = —1 and A = 2. The following are bases for the
eigenspaces:
-1 1
A=—-1, x3=|1 ], xo= 0 |; A=2, x3=| —1
1 1

There are three basis vectors in total. Applying the Gram-Schmidt process to each
of these bases, we have the following bases for each eigenspaces:

A:_la P1 =

> Sl -5l
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Construct an orthogonal matrix

1 1 1

V2 V6 V3

\ 1 1 1

PZ[P1|p2\P3}= \ﬁ %*ﬁ

2 1

0 = _

V6 V3

It is easy to verify

PTAP = diag(—1,—1,2). O

6.4 Jordan Decomposition Theorem

The following theorem is fundamental and useful in linear algebra.

Theorem 6.8 (Jordan Decomposition Theorem) Let A be any n x n matriz. Then

there exists an invertible matriz X such that

Ji 0 0 0
0 J, 0 :
XTAX=J:=]90 0 J3 . 0 |
: .0
| 0 0 - 0 J, |

where J; is an n; X n; matriz for 1 <1 < p given by

;10 0
0 A 1
Ji 0 Ai 0
: U
L0 0 0 A |

with \; (1 < i < p) being the eigenvalues of A and nq1 +ng +---+mn, = n. The
matriz J is called the Jordan canonical form of A and J; (1 <i < p) are called
Jordan blocks. The Jordan canonical form of A is unique up to the permutation

of diagonal Jordan blocks.

The proof of the Jordan decomposition theorem is beyond the scope of this text.
We refer the interested readers to [14, pp. 164-171].
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Remark It is well-known that there exist some square matrices which are not
diagonalizable. However, the Jordan decomposition theorem tells us that for every
square matrix A, there exists an invertible matrix X such that X 'AX is a bi-
diagonal matrix.

Example 1 Let

_— 310

Jy = . b=[4], Ji;=|0 31
0 2

| 00 3

Moreover, from the Jordan canonical form of A, we find that A has three distinct
eigenvalues A = 2, A\ =4, and A\ = 3.

Example 2 Let

1 -3 -2
A= -1 1 -1
2 4 )

Is it diagonalizable? Find its Jordan canonical form.
Solution The characteristic equation of A is
det(A\] — A) = (A —2)2(A—=3) = 0.
Therefore, the distinct eigenvalues and the corresponding eigenvectors of A are
A=2 p;=[-1,-1,27; A=3, ps=[-1,01]".

Since A is a 3 x 3 matrix and has only two linearly independent eigenvectors, A is
not diagonalizable. However, we can find an invertible matrix

-1 1 -1
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such that
2 11 0
X'AX =10 2 | 0
0 0 | 3
is a bi-diagonal matrix (the Jordan canonical form of A). O
Exercises

Elementary exercises

6.1 Find the eigenvalues and bases for the eigenspaces of the following matrices.

1 -2 0 0
1 4 5 01 -1 0 0 O
(a) [ ] (b) 110 (c)
2 3 0 0 2 1
-7 1 0
0 0 0 2
6.2 For a positive integer k > 2, compute
k k 01 0 g 01 0 g
2 1 Al
o[t e e [ins] e e
0 0 0 1 0 0

6.3 Find the eigenvalues and bases for the eigenspaces of A%, where

-1 -2 -2
A= 1 2 1
-1 -1 0

6.4 Suppose that

(a) Find A'%b.
(b) Find A and check whether your solution of (a) is true or not.
6.5 Find a matrix A € R3*3 such that
Au; = uy, Auy = 2u,, Auz = 3us,

where u; = [1,2,2]7, up = [2,-2,1]7, and u3 = [-2, —1,2]7.



Exercises 163

6.6 Show that if

0
A= a
1

S = O

1
b
0
has three linearly independent eigenvectors, then a + b = 0.

6.7 Show that if A is an eigenvalue of an invertible matrix A and x is a corresponding
eigenvector, then 1/ is an eigenvalue of A~! and x is a corresponding eigenvector.

6.8 Show that if A is an eigenvalue of a matrix A, x is a corresponding eigenvector,
and « is a scalar, then A — « is an eigenvalue of A — al and x is a corresponding
eigenvector.

6.9 Show that if A is an eigenvalue of an invertible matrix A and x is a corresponding
eigenvector, then det(A)/\ is an eigenvalue of adj(A) and x is a corresponding
eigenvector.

6.10 Let
2 11
A=|1 3 2
1 2 4

Find the eigenvalues and bases for the eigenspaces of A, A~!, A —2I, and A + 31,
where I is the 3 x 3 identity matrix.

6.11 Let A € R™™". Show that if X is an eigenvalue of A, then A3 + 3)\% — 2\ +5
is an eigenvalue of the matrix A3 + 342 — 24 + 51, where I is the n x n identity
matrix.

6.12 Let
2 0 1
A=13 1 a
4 0 5

Find the value of a such that A is diagonalizable.

6.13 Let A € R™*" with A™ = 0 for some m > 1. Show that if A is diagonalizable,
then A must be the zero matrix.

6.14 Determine whether A is diagonalizable. If so, find an invertible matrix P that
diagonalizes A, and determine P~1AP.

2 -1 0 1

-1 4 =2 1 2 2 0 9 1 1
@A=| =3 4 0. ®A=212]. ©@A=| o, ,
-3 1 3 2 2 1 0 0 0 3
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6.15 Let A be a diagonalizable matrix.
(a) Show that AT is also a diagonalizable matrix.
(b) Show that if A is invertible, then A~! is diagonalizable.

6.16 Find A2 and AS, where

6.17 Show that if A is a symmetric matrix, then all eigenvalues of A are nonnegative
if and only if there exists a symmetric matrix B such that A = B2.

6.18 Find a matrix P that orthogonally diagonalizes each of the following matrices.

-2 0 —-36
—2
@ | © ] (b) 0 -3 0
-2 3
—36 0 -23

6.19 If b # 0, find a matrix P that orthogonally diagonalizes
a b
b a |’

6.20 Let A, B € R™ "™ be two orthogonally diagonalizable matrices.

A:

(a) Show that A+ B is orthogonally diagonalizable.

(b) Show that if AB = BA, then AB is orthogonally diagonalizable.

6.21 Show that if v is any n x 1 matrix and I is the n x n identity matrix, then

T

I — vv* is orthogonally diagonalizable.

Challenge exercises

6.22 Find det(A) given that A has p(\) as its characteristic polynomial.
(a) p(A) =N +2X2 =X +4.  (b) p(A) = \* +3)X3 +6.
6.23 Show that the characteristic equation of A € R?>*2 can be expressed as

A% — tr(A)A + det(A) = 0.
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6.24 Let A € R™". Show that A and AT have the same eigenvalues and may not
have the same eigenspaces.

6.25 Let
A =

0 1
1 1|
Show that for any positive integer k > 2,
tr(A*) = tr(AF 1) 4 tr(AF72).

6.26 Let \; and Ay be two distinct eigenvalues of a matrix A, and let v; and vo
be eigenvectors of A corresponding to A; and Ag, respectively. Show that vi + vo is
not an eigenvector of A.

6.27 Let \; and Ay be two distinct eigenvalues of a matrix A, and let uy, us, ..., u;
and vy,Vve,..., vy be linearly independent eigenvectors of A corresponding to Ay
and Ag, respectively. Show that the set {uj,us,...,us,vi,va,..., v} is linearly
independent.

6.28 Let A=uv?, where u=[1,2,3]7 and v =[4,5,6]7. Find A", where n is an
integer and n > 1.

6.29 Show that if A is diagonalizable, then rank(A) is equal to the number of
nonzero eigenvalues of A.

6.30 Let E, = [e;;] € R"*", where e;; = 1 for all ¢, j. Find the eigenvalues and
corresponding eigenvectors of

0 FE,
E, 0

A=

6.31 Let A€ R™*™ and B € R"*"™, where m > n. Show that
det(Al,, — AB) = A" - det(\l,, — BA).

6.32 Let u,v € R™ be nonzero column vectors orthogonal to each other. Find all
eigenvalues of A = uv” and corresponding eigenvectors.

6.33 Prove the Cayley-Hamilton theorem [14, pp. 109-111]: If A € R™*" with
characteristic equation

A+ Cn_1>\n71 + -+ Cl/\ +co = O,
where cg, c1,...,¢_1 € R, then
A" + Cn—lAn_l + -+ CIA + COI = Oa

where [ is the n x n identity matrix.



Chapter 7

Linear Transformations

“We do not need magic to transform our world.”

— Joanne Rowling

“Mathematics compares the most diverse phenomena and discovers the secret analogies

that unite them.”
— Joseph Fourier

In Chapter 3, we introduced linear transformations from R”™ to R™. In this chapter,
we will study linear transformations between general vector spaces. The results
obtained here many important applications in science and engineering.

7.1 General Linear Transformations

In Section 3.2, we defined and studied linear transformations from IR™ to R™. In this
section, we will define and study the more general concept of a linear transformation
from a general vector space to another.

7.1.1 Introduction to linear transformations

By inspection of Theorem 3.7 about the linearity conditions of linear transformations
from R™ to R™, we will use these conditions as the starting point to define general

linear transformations.

Definition LetT:V — W be a function from a vector space V to a vector space
W. Then T is called a linear transformation from V to W if for all vectors u
and v in'V and all scalars k:

(i) T(u+v)=T(u)+ T(v).

(i) T(ku) = kT(u).
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Examples

(a) Let p = p(z) = co + c1z + - - + ¢,z™ be a polynomial in P, and define the
function T': P, — P,,+1 by

T(p) = T(p(ac)) =xp(z) = cox + az?+ -+ epa™th
For any polynomials p;, p2 € P, and any scalar k, we have
T(p1 + kp2) = T(p1(z) + kpa(x)) = x(p1(x) + kpa(z))
= zp1(x) + kzpa(x) = T(p1) + kT (p2).
Thus, T is a linear transformation.

(b) Let V be an inner product space and vy € V be any fixed vector. Let T: V—R
be the transformation that maps a vector v into its inner product with vy, i.e.,

T(v) = (v, Vo)

From the axioms of an inner product, we have for any u,v € V and any scalar
k,
T(u+kv) = (u+kv,vg) = (u,vy) + k(v,vy) =T(u) + kT (v).

Hence T is a linear transformation.

(c) Consider the trace defined on R™*™. For A = [a;;], B = [b;;] € R"*" and any
scalar k, we have

tr(A+kB) = zn: (asi + kbi;) Za“ + kZb i = tr(A) + ktr(B).
i=1

Thus, tr(-) is a linear transformation.

(d) Let V = C'(—o00,00) be the vector space of all functions with continuous first
derivatives on (—00, 00) and W = C(—o00, 00) be the vector space of continuous
functions defined on (—o0o0,00). Let D: V' — W be the transformation that
maps a function f = f(z) into its derivative, i.e.,

df (z)

D(f) = (@) = L2,

It follows from the properties of differentiation that for any f = f(z),g =
g(x) € V and any scalar k,

D(f + kg) = (f(2) + kg(x))" = f'(x) + kg'(x) = D(f) + kD(g).

Thus, D is a linear transformation.



168 Chapter 7 Linear Transformations

(e) Let V = C(—00,00) be the vector space of all continuous functions on
(—00,00), W = C'(—00,00) be the vector space of functions with continuous
first derivatives on (—oo, 00), and J: V' — W be the transformation that maps
f = f(z) into its integral, i.e.,

J(E) = /0 F(#)dt.

It follows from the properties of integration that for any f = f(z),g =g(z) € V
and any scalar k,

5+ k) = [ 170+ ko0l = [0tk [ g(ode=a(6) + I (e).

Hence J is a linear transformation.

The following theorem lists some basic properties that hold for all linear
transformations.

Theorem 7.1 LetT:V — W be a linear transformation. Then

(b) T(—v) =-=T(v) forallvin V.

(¢) T(v—w)=T(v)=T(w) for allv and w in V.

(d) T(Zkivi) =S " KT(vi) for all vi in V and all k; in R (1< i <n).
i=1 =1

Proof For (a), we have
T(0) =T(0u) = 0T (u) = 0.
One can prove the remaining parts easily. O

Let T: V — W be a linear transformation and {vi,va,...,v,} be any basis for
V. Then for any vector v € V, T(v), the image of v under T, can be calculated
from T'(v1),T(v2),...,T(v,), which are the images of the basis vectors. In fact, let

V=cV]y+cvy+---+c,v,.
It follows from Theorem 7.1 (d) that

Tv)=cT(vi)+ T (va) + -+ e, T(vn).
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7.1.2 Compositions

In Subsection 3.2.3, we defined the composition of linear transformations on the
Euclidean vector spaces. We extend that concept to general linear transformations.

Definition LetTy:U —V and To: V —W be linear transformations. The composi-
tion of Ty with Ty, denoted by Ts o Ty, is the function defined for any vector u in U
by the formula

(T oTy)(u) =To (Tl(u)).

The following theorem shows that the composition of two linear transformations
is still a linear transformation.

Theorem 7.2 LetT,: U =V and Ty: V — W be linear transformations. Then
TooTy:U —- W
is also a linear transformation.

Proof Since T} and T, are linear transformations, we have for any u,v € U and
ke,

(To o T1)(u + kv) = Ta(Ti(u + kv)) = Tp(T1 () + kT1(v))
=Ty (T1(n)) + kT2(T1(v))
= (T2 o Tl)(u) + k(TQ © Tl)(v)

Thus, T3 o T} is a linear transformation from U to W. ]

Example Let T7: P, — P, and Ty: P, — P, be the linear transformations given
by the formulas

Ti(p(z)) = zp(z) and Ti(p(z)) = p(3z + 2).
Then the composition Ts o T7: Py — P5 is given by the formula
(Tz o Th) (p(x)) = To(T1(p(2))) = Ta(zp(x)) = (3z + 2)p(3z + 2).
In particular, if p(x) = ¢o + ¢z, then
(Tr 0 T1)(p(z)) = (T2 0 T1)(co + c1z) = (3z 4 2)(co + 1 (3z + 2))
= co(3z +2) + 1 (3 + 2)2.

If T: V — V is any linear transformation and if I: V. — V is the identity
transformation, then for all vectors v € V,

(ToD(v) =T(Iv) =T(v),  (ToT)(v)=I(T(v)) =T(v).
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It follows that
Tol=T, ToT=T.

We conclude this section by noting that compositions can be defined for more
than two linear transformations. For example, let V), Vi, Vo, and V3 be vector
spaces. If Ty: Vo — Vq, Ty: Vi — V5, and T3: Vo — V3 are linear transformations,
then the composition T3 o Ty o T, defined by

(T3 [¢] TQ [e] Tl)(V) = T3 (TQ (Tl (V)))

for v € Vj, is a linear transformation from Vj to V5. See Figure 7.1.

T50T50T,

Figure 7.1

In general, if T} is a linear transformation from the vector space V;_; to another
vector space Vj for 1 < j < n, then the composition T3, o T},_1 0+ - 015 0Ty, defined
by

(ThoTp_10---0ThoTy)(v)="T, (Tn_l e (T2(T1(v))))

for v € Vj, is a linear transformation from Vg to V,,.

7.2 Kernel and Range

In this section, we develop some fundamental properties of linear transformations.

7.2.1 Kernel and range

Definition Let T:V — W be a linear transformation. Then the set of vectors in
V' that T maps into O is called the kernel of T, denoted by ker(T). The set of all
vectors in W that are images under T of at least one vector in 'V is called the range
of T, denoted by R(T).

Note that ker(T) C V and R(T) C W.
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Examples

(a) If Ty: R™ — R™ is defined by T'4(x) = Ax, where A is an m x n matrix and
x € R", then ker(T4) is the nullspace of A, and R(T'4) is the column space of
A.

(b) Let T: R?® — R? be the orthogonal projection on the zy-plane. The kernel of
T is the set of points that 7" maps into 0 = [0, 0, 0]. These are the points on the
z-axis (Figure 7.2). Since T' maps every point in R? into xy-plane, the range
of T must be in this plane. However, every point [z, yo, 0] in the zy-plane is
the image under T' of some points. Actually, it is the image of all points on
the vertical line that passes through [z, yo,0] (Figure 7.3). Thus, R(T) is the
entire xy-plane.

z z

[0, 0, 2]

i ® [, yy, 2|
T

y br

Ve

[0, 0, 0]
o[z, y, 0]
xT T
Figure 7.2  ker(T) is the z-axis Figure 7.3  R(T) is the entire zy-plane
(c) Let V. = C%a,b] be the vector space of functions with continuous first

derivatives on [a, b] and W = C|[a, b] be the vector space of continuous functions
on [a,b]. Let D: V — W be the differentiation transformation
_ df(=)

D(f) = /(@) = 2,

where f = f(z) € V. The kernel of D is the set of functions in V with
derivative zero. From calculus, this is the set of all constant functions on [a, b].
The range of D is given by R(D) =W = C|a, b].

In all the examples above, ker(T) and R(T') turned out to be subspaces. This is
actually a consequence of the following result.

Theorem 7.3 LetT:V — W be a linear transformation. Then

(a) The kernel of T is a subspace of V.
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(b) The range of T is a subspace of W.
Proof For (a), let u,v € ker(T') and k € R. We have
T(u+kv)=T(u)+kT(v)=0+k0=0.
Thus, u+ kv € ker(T), i.e., ker(T) is a subspace by Theorem 4.2.
For (b), let u,v € R(T') and k € R. We know that there are p,q € V such that

T'(p)=u, T(q)=v.

It follows that
T(p+kq)=T(p)+kT(q) =u+kv,

where p + kq € V. Thus, u+ kv € R(T), i.e., R(T) is a subspace by Theorem 4.2
again. O

7.2.2 Rank and nullity

Definition LetT:V — W be a linear transformation. Then the dimension of the
range of T is called the rank of T and is denoted by rank(T'); the dimension of the
kernel is called the nullity of T and is denoted by nullity (7).

Let T4: R™ — R™ be multiplication by A € R™*"™. Then we have the following
relationship between the rank and nullity of the matrix A and the rank and nullity
of the corresponding linear transformation T4.

Theorem 7.4 Let A be an m x n matriz and T4 be the matriz transformation from
RTL to R77L. Then

(a) nullity(T'4) = nullity(A).
(b) rank(T4) = rank(A).
Proof For (a), we have
nullity(74) = dim(ker(74)) = dim(nullspace of A) = nullity(A).
For (b), we have
rank(74) = dim(R(T4)) = dim(column space of A) = rank(A). O
7.2.3 Dimension theorem for linear transformations

Theorem 7.5 (Dimension Theorem for Linear Transformations) Let T: V. — W
be a linear transformation from an n-dimensional vector space V to a vector space
W. Then

rank(7") + nullity (7)) = n.
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Proof We only prove the case of 1 < dim(ker(T)) < n. The proofs of cases of
dim(ker(T)) = 0 and dim(ker(T)) = n are left as an exercise. We must show that

dim(R(T)) + dim(ker(T)) = n.

Assume dim(ker(T)) = r, and let

{vlav2a e 7V’r}
be a basis for the kernel. Since {vi,va,...,v,} is linearly independent, Theorem
4.12 (b) states that there are n — r vectors v,41,..., v, such that
{V1, Vo, e o, Vi, Vg1, ooy Vi }

is a basis for V. We want to show that the n—r vectors in S = {T'(vy41),...,T(vs)}
form a basis for R(T).

First, we show that S spans R(T). If w is any vector in R(T'), then w = T'(v)
for some vector v in V. Since {vi,Vva,...,V,, Vri1,...,V,} is a basis for V| we have

V=cCVi+cvat -+ Vet Crp1 Vel o0+ CpVn

Since v1,va,..., Vv, lie in ker(T), we obtain T'(vy) = T(vy) = -+ = T(v,) = 0, so
that
w=Tw)=cr1T(Ves1)+ -+ T(vp).

Thus, R(T) = span(S).
We next show that S is a linearly independent set. Suppose that
kri1T(Veg1) + -+ E,T(v) =0. (7.1)
Since T is linear, (7.1) can be rewritten as
T(krs1Ves1 + -+ knvyn) =0,

which says that ky41Vyq1+- - +k, vy € ker(T). This vector can therefore be written
as a linear combination of the basis vectors {vi,va,..., v, }, say

kr+1vr+1 +o kv = kv Epvs

Thus,
klvl + -+ krvr - kr+1v7’+l - knvn =0.
Since {vi,Va,...,Vy, Vir1,...,V,} is linearly independent, all of the k’s are zero.

In particular,
kyy1=---=k,=0.
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Hence S = {T(v,41),...,T(vy)} is linearly independent. Consequently, S forms a
basis for R(T'). Therefore,

dim (R(T)) + dim(ker(T)) = (n —r) +r =n. O
Remark In Theorem 7.5, if T'= T4 is a matrix transformation from R™ to R™,
where A is an m X n matrix, then it follows from Theorem 7.4 that
rank(A4) + nullity(A) = n.

Thus, Theorem 4.23 actually is a special case of Theorem 7.5.

7.3 Inverse Linear Transformations

In Subsection 3.3.3, we discussed some properties of one-to-one linear transformations
from R™ to R™. In this section, we extend those ideas to general linear transforma-
tions.

7.3.1 One-to-one and onto linear transformations

Definition A linear transformation T: V —W is said to be one-to-one if T maps
distinct vectors in 'V into distinct vectors in W, i.e., for any vectors u and v in 'V,
if u#v, then T(u) # T(v).

Definition A linear transformation T:V — W is said to be onto if every vector
in W is the image of at least one vector in V, i.e., for every vector w in W, there
is a vector v in 'V such that T(v) = w.

The following theorem establishes a relationship between a one-to-one linear
transformation and its kernel.

Theorem 7.6 Let T:V — W be a linear transformation. Then the following are
equivalent.

(a) T is one-to-one.
(b) ker(T) = {0}.
Proof (a) = (b): Let u € V. By (a), if u # 0, then
T(u) #7(0) =0,

i.e.,, u & ker(T). Therefore, ker(T') = {0}.
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(b) = (a): If u # v, then u—v # 0. Hence u— v is not in ker(T) by (b). We obtain
T(uw)—T(v)=T(u—-v)#0,
ie.,
T(u) # T(v).

Thus, T is one-to-one. O

Furthermore, if the vector spaces V and W have the same dimension, then the
following theorem shows one more equivalent property. The proof of the theorem is
left as an exercise.

Theorem 7.7 Let V and W be finite-dimensional vector spaces with the same
dimension, and T:V — W be a linear transformation. Then the following are
equivalent.

(a) T is one-to-one.

(b) ker(T) = {0}.

(¢) R(T) =W, i.e., T is onto.
Example In each part, determine whether the linear transformation is one-to-one,
onto, both, or neither.

(a) T: R? — R? rotates each vector through the angle .

(b) T: R?® — R3 is the orthogonal projection on the zy-plane.

(¢) Ta: R* — R? is multiplication by the matrix

1 -1 1 2
A= 3 5 —1 2
5) 3 1 6

Solution For (a), note that ker(T") = {0}, and then T is both one-to-one and onto.

For (b), since ker(T") is the z-axis which contains nonzero vectors, T' is neither one-
to-one nor onto.

For (c), note that rank(A) = 3 and nullity(A) = 1. Since dim(ker(T4)) =
nullity(A) = 1, i.e., ker(T4) # {0}, it follows from Theorem 7.6 that T4 is not
one-to-one. However, since rank(A) = 3, it follows from Theorem 4.26 that the
linear system Ax = b is consistent for every vector b € R3. Thus, R(T4) = R3,
i.e., Ty is onto. O



176 Chapter 7 Linear Transformations

7.3.2 Inverse linear transformations

The inverse transformation of a one-to-one transformation 7°: V' — W, denoted by
T—1, is defined as a new function that maps w = T'(v) € R(T) C W back into v for
any v € V. See Figure 7.4.

T
[ <] P/
14 7! R(T)
Figure 7.4

We now show that T': R(T) — V is a linear transformation. Note that from the
definition of 771,

ie.,
T loT =1y, ToT " =Ipr), (7.2)

where Iy is the identity transformation on V and Ig (7 is the identity transformation
on R(T). Thus, for any u, w € R(T'), we deduce by using (7.2),

=T (T oT ) (w)+(ToT ) (w)] =TT (w) + T(T™ (w))]
=T HI(T H(w) + T~ (W) = (T o T[T (u) + T (w))]
=T ) + Tﬁl(w)v

T Hu+w)

and for any scalar k,

Hence T is a linear transformation.

The following theorem lists an important property of one-to-one linear transform-
ations.

Theorem7.8 LetTy: U — V andTs: V — W be one-to-one linear transformations.
Then Ty o Ty is one-to-one.
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Proof Since both T and T3 are one-to-one linear transformations, for vectors u
and v in U and u # v, we have

Ti(w) # Ta(v),
where Ti(u) and T3 (v) are vectors in V. Moreover,
(T o T1)(w) = To(Ty(w) £ Ta(T3 (v) = (Ta 0 Th)(v),

where (Tp0T7)(u) and (T2 077)(v) are vectors in W. Thus, T3 07T} is one-to-one. [

Remark In general, if T} is a one-to-one linear transformation from the vector
space V;_1 to another vector space V; for 1 < j < n, then T, 0T,,_10---0Ty 0T is
one-to-one.

7.4 Matrices of General Linear Transformations

In this section, we show that if V' and W are finite-dimensional vector spaces, then
by using bases for V' and W, any linear transformation T: V' — W can be regarded
as a matrix transformation.

7.4.1 Matrices of linear transformations

Let T be a linear transformation between two finite-dimensional vector spaces V'
and W with dim(V) = n and dim(W) = m, respectively. We have the following
relationship. See Figure 7.5.

Avectorin V. X ——» T(x) A vector in W

A vector in R"  [x]p [T(x)]p A vector in R™

Figure 7.5

Here [x]p is the coordinate vector of x relative to a basis B for V' and [T'(x)]p is
the coordinate vector of T'(x) relative to a basis B’ for W. In the following, we show
that there exists a matrix A such that

Alx]p = [T(x)]5- (7.3)

See Figure 7.6.
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T
x ————> T(x)

l l

(x]s A—> [T(x)]»

Figure 7.6

We are now going to construct A. Let
B ={uj,uy,...,u,} CV, B ={vi,va,...,vin} C W.
Note that
V =span{uy,us,...,u,}, W = span{vy,va,..., Vi, }.

Since B = {v1,Va,..., vy} is a basis for W and T'(u;) € W for 1 < j < n, we have

klj
m ij
T(u]’):ZkijVi: [Vl,VQ,...,Vm] :
i=1 :
km;
Therefore,
[T(Uj)]BI = [k‘lj, k‘gj, e, k‘mj]T cR™. (74)
It implies
kir ki oo kg
kot koo - kop
[T(u1),T(uz),...,T(u,)] = [vi,Va, ..., V] : : : . (7.5)
kml km2 kmn
Let
T
n 29
X = Zmiui = [up,ug,...,u,] | . eV.
=1 .
Ln,
Then
[x]p = [z1, 22, .. ,xn]T € R"™.
It follows from (7.5) that
T1
T(x) = T( D wow) = 3 wiT(w) = [T(w), T(w),.... T(w,)] | .
i=1 i=1

Ln
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k11 ki - kin T
ko1 koo - kop €2

=[v1,Va, ..., Vin] ] ] ] ) eWw. (7.6)
kml km2 tee kmn Tn

Thus, we have by (7.6) and (7.4),
T6s = kyllx)s = | [Tl | T@)ls |- | T@)le | (77)
Comparing (7.7) with (7.3), we therefore obtain
A=[ Tl | [Ta)s | | [Tl | R

where A is called the matrix for T relative to the bases B and B’ and is denoted by
[T]p:,p usually. Furthermore, (7.5) can be written as

[T(ul),T(ug), . 771(1171)] = [Vl,Vg, . avm][T]B’,B~ (78)

Remark When V = W it is usual to take B’ = B when constructing a matrix for
T. In this case the resulting matrix is called the matrix for T relative to the basis
B and is usually denoted by [T]p rather than [T]p 5. If B = {u;,us,...,u,}, then
in this case we obtain

Tls = | [T)]p | [T)]s | - | [T(w)s (7.9)

and
[T]s[x]s = [T'(x)]5- (7.10)

Phrased informally, (7.9) and (7.10) state that the matrix for 7" times the coordinate
vector for x is the coordinate vector for T'(x).

Example 1 Let T: P, — P, be the linear transformation defined by
T(p(x)) = ap(z).
Find the matrix for T relative to the bases
B = {u;,us}, B’ = {v1,va,v3},

where

u=1 w=z vi=1  vy=uz, V3:{,C2.
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Solution We have by (7.8),

[T(ul)vT(u2)] = [T(1)7T($>] = [x’xz] = [1,IL‘,I2]

o = O
= o O
|

—_———
(T]s/,8

Example 2 Let T: P, — P, be the linear transformation defined by
T (p(x)) = p(2z +1),

ie., T(co+ 17 + c22?) = co + 122 + 1) + co (20 + 1)

(a) Find [T]p relative to the basis B = {1, z, 2%}.

(b) Compute T'(2 + 3z + 72?) by using (7.10).

(c) Check the result in (b) by computing T'(2 + 3z + 7z?) directly.
Solution For (a), we have from the definition of T,

T(1) =1, T(zr)=2x+1, T(2*)=2r+1)* =42 +4z+1.

It follows from (7.8) that

111
[T(1),T(z), T(z*)] = [1,2zc+ 1,42> + 4z + 1] = [1,z,2%] | 0 2 4
0 0 4

2
pPle=| 3
7
Thus, we have by using (7.10),
1 1 1 2 12
(T(P)s=[T]slple=| 0 2 4 = | 34
0 0 4 7 28
It follows that
12

T(2+ 32+ 72%) = [1,2,27] | 34 | =12+ 342 + 2822
28
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For (c¢), we have by direct computation,
T(2+ 3z + 72%) =2+ 32z + 1) + 7(2x + 1)* = 12 + 342 + 2822,
which agrees with the result in (b). O

7.4.2 Matrices of compositions and inverse transformations

The following theorem is a generalization of (3.5) in Subsection 3.2.3. The proof of
the theorem is left as an exercise.

Theorem 7.9 LetT;:Vy— Vi and Ty : Vi3 — Vs be linear transformations, and let By,
By, and Bs be bases for Vy, Vi, and Va, respectively. Then

[Tz 0 Th|B,,B, = [T2]B,.5, [T1]B:,By- (7.11)

Remark In (7.11), observe how the interior subscript B; (the basis for the
intermediate space V1) seems to “cancel out”, leaving only the bases for the domain
and image space of the composition as subscripts

[Tz 0 T1|B,.B, = [T2]B,.B, [T1]B,, By -

T 1

Cancelation

This cancelation of interior subscripts suggests the following extension of (7.11) to
composition of three linear transformations. Let By, B1, Ba, and Bs be bases for
vector spaces Vp, Vi, Vo, and V3, respectively, and 7 be a linear transformation
from V;_q to Vj for j =1,2,3. See Figure 7.7.

T~ & T ~—7 T
fo LT R A S

Basis B, Basis B, Basis B, Basis By
Figure 7.7

Therefore,

(T3 0Ty 0 T] By By = [13]Bs,B,[T2] By, B, [T1] By . By -

In general, we have

[Ty, 0Th—10---0Ty0Ti]B, By = [TulB, By 1 [Tn-1]B,_1.B._» - [12] By, B, [T1] By By

where By is a basis for a vector space Vi for 0 < k < n, and 7} is a linear
transformation from V;_q to Vj for 1 < j < n.
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Theorem 7.10 Let T:V — V be a linear transformation and B be a basis for V.
Then the following are equivalent.

(a) T is one-to-one.
(b) [T)p is invertible. Moreover, [T|5" = [T~']5.

Proof Note that T is one-to-one if and only if T~ ! exists and T~ ' o T = I, where
Iy is the identity transformation on V. Then

T loT=I5L <= [T p[Tlg=[T"oTlp=[lv]=1I,

i.e., [T]p is an invertible matrix and [T]5" = [T7!]5. a

7.5 Similarity

The corresponding matrix for a linear transformation 7: V' — V relies on a basis
we choose for V. Selecting an appropriate basis for V' can simplify the matrix for T’
to be a diagonal or triangular matrix. We first introduce the following definition.

Definition If A and B are square matrices, we say that B is similar to A if there
is an invertible matriz P such that B = P~1AP.

Theorem 7.11 Let B = {vy,va,...,v,} and B’ = {wi,ws,...,w,} be two bases
for a vector space V', and let T be a linear transformation on V. Then [T|p: is
similar to [T]|p. More precisely,

[T = P~HT]P,
where P is the transition matriz from B to B’.
Proof Let P = [p;;] € R™*". Since
(W1, Wa,...,Wy] = [V1,Va,...,v,]P,

we have for 1 < j < n,

b1y

T(wy) = T( Y pgvi) = S pyTv) = [T, T(v) . T | ]
i=1 i=1 .
DPnj

which implies

[T(w1),T(Wa),...,T(wy)] = [T(v1),T(va),...,T(vy)]P. (7.12)
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Since P is invertible by Theorem 5.21, we obtain

[Vi,Va, .., V] = [W1,Wa,...,w,]P L.

Furthermore, we have by (7.8),

[T(v1), T(v2),....,T(vy)] = [v1, V2, ..., V.][T)B

and

[T(Wl),T(Wg), N ,T(Wn)] = [Wl,Wg, . 7Wn][T]B’-

It follows from (7.12), (7.14), and (7.13) that

[T(w1), T(wa),...,T(wp)] = [T(v1),T(va),...,T(vyn)]P

= [Vl,V27...

Vol [T)gP = [wi,wa,...,w,|P L T]gP.

Comparing with (7.15), we deduce
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(7.13)

(7.14)

(7.15)

O

Remark It follows from the Jordan decomposition theorem that every square

matrix A is similar to a bi-diagonal matrix. Moreover, if A is symmetric, then A is

similar to a diagonal matrix.

Similar matrices always share some important properties and we list a few of

them in Table 7.1. The proofs of the results in table are left as an exercise. See

Exercise 7.23.

Table 7.1
Property Description
Determinant A and P~! AP have the same determinant.
Invertibility A is invertible if and only if P~1AP is invertible.
Rank A and P! AP have the same rank.
Nullity A and P! AP have the same nullity.
Trace A and P~ AP have the same trace.

Characteristic polynomial
Eigenvalues

Eigenspace dimension

A and P! AP have the same characteristic polynomial.

A and P! AP have the same eigenvalues.
If ) is an eigenvalue of A and P~1 AP, then the

eigenspace of A corresponding to A and the eigenspace

of P~1AP corresponding to A have the same dimension.
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Remark Let M be an n xn invertible matrix. Define a transformation 7: R™"*"™ —
R™ " by T(A) = M~YAM for all A in R"*". It is easy to show that T'(A), called

the similarity transformation, is linear.

Exercises
Elementary exercises
7.1 Show that none of the following transformations is linear.
(a) T: R?>*2 — R defined by T'(A) = det(A).
(b) T: R — R defined by T'(z) = 2.
(¢) T: R — R defined by T'(z) = = + 1.
7.2 Consider the basis S = {vy,va,v3} for R3, where
vi=[1,1,1",  va=[1,1,0",  v3=[1,0,0".
Let T: R® — R? be the linear transformation such that
Tlv) = (L0, T(va) = 2—1T,  Tlvs) = [4,3].
(a) Find a formula for T(x) for all x = [z, o, 73] € R3.
(b) Use the formula in (a) to compute T'(x) if x = [2, -3, 5]7.

7.3 Suppose that T': R? — P, is the linear transformation such that

f([1])-zsee o([2])rom
ponr ([ 4 ]) o ([ ])

7.4 Let V be an n-dimensional vector space and T: V — V be defined by

T(v)=2v.
Find the kernel, range, rank, and nullity of T

7.5 Show that Theorem 7.5 holds in the cases of dim(ker(T)) =
dim(ker(T)) = n.

0 and
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7.6 In each part, determine whether the linear transformation is one-to-one by
finding the kernel or the nullity.

<a>T< : >: ] (b)T(

-.Z'- x+y v xr—z
(C)T< >_ e |, @T||y _[ ]
Y Yy

Yy z

7.7 LetTi: U — V and T5: V — W be linear transformations. Show that if T 0T}
is one-to-one, so is Tj.

7.8 Suppose that the linear transformations 77: P, — P, and Ty: P, — P5 are

given as follows:
Ti(p(x)) =p(z+1),  Ta(p(x)) = ap(z).
Find (T, o T1)(ag + a1z + axz?).

7.9 Let T: P, — P, be the linear transformation given by the formula 7' (p(a:)) =
p(2z +1).

(a) Find a matrix for T relative to the basis B = {1, z, 2%}.
(b) Find the rank and nullity of T'.

(¢) Use the result in (b) to determine whether T is one-to-one.

7.10 Prove Theorem 7.7.

7.11 Show that the linear transformation 7: R? — P, defined by
a
T( X ]) =a+ (a+bx

7.12 If T4: R? — R? is defined by T4 (x) = Ax, then determine whether T4 has

an inverse.
—2 4
3 —6 |

is both one-to-one and onto.

3 6

@ A=1g5

]. () 4=
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7.13 Let T: R? — R? be defined by

([2)-

and let B = {u;,us} and B’ = {v1,va} be bases for R?, where

xr1 + 31‘2
3.131 — 4.’132

u; = [072}T> Uz = [2>*1}T; Vi = [1»2]Ta Vo = [ilaO]T'

Find the matrix for T relative to the basis B, and find the matrix for T relative to
the bases B and B’.

7.14 Let T: R® — R? be the linear transformation defined by

T — 2y
r+y—3z |’

and let B = {uj,up,u3z} and B’ = {vy,va} be bases for R® and R?, respectively,

T y
z

where
u; = [1,0,07, wy=10,1,0]", wuz=10,0,11"; v, =1[0,1]", wvo=][1,0]".
(a) Find the matrix for T relative to the bases B and B’.
(b) Find [T(v)]p if [v]p = [1,3,-2]T.

7.15 Let V be an n-dimensional vector space and I be the identity transformation
on V. What is the matrix for I relative to two distinct bases B and B’ for V'?

7.16 Let T: P, — P; be the linear transformation defined by
T(p(z)) = p(z + 1),
and let B = {p1,p2} and B’ = {q1,q2} be bases for P;, where
Pi1=6+4+3x, p2=104+22; qi =2, q2=3+2x.
(a) Find the matrix [T]p/ g relative to the bases B and B'.

(b) If p =1+ 3z, then find [T'(p)]p by using the matrix [T]p: p.

7.17 Let
1 3 -1
A= 2 0 )
6 —2 4

be the matrix for T': P, — P, relative to the basis B = {p1, p2, p3}, where

p1 =3z +32%, py=—-1+3z+222 p3=3+Tz+2%
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(a) Find T'(p1), T(p2), and T(p3).

(b) Find [T(p1)]B, [T(P2)]5, and [T(p3)]5-
7.18 Let
1 3
)

be the matrix for 7: R? — RR? relative to the basis B = {v1, vy}, where

A:

vi=[13", ve=[-1,4".
(a) Find T'(vy) and T'(vs).
(b) Find [T'(v1)]s, [T(v2)]B, and T(u), where u = [1,1]T.
7.19 Let T: P, — P be the linear transformation defined by T'(p(z)) = p(z + 1).
(a) Find the matrix [T]p g relative to the bases B = {1, 2,22} and B’ = {z, 2%, 1}.
(b) If p =1+ 2x + 322, find [T(p)]p’ by using the matrix [T]p p.

7.20 Verify that the linear transformations T, : R?> — P, and T»: P; — R? defined

by
n (

are inverses of each other.

Z])za—!—(a—i—b)x, T2(6+dm):ldcc]

7.21 LetTi:U — V and To: V — W be one-to-one linear transformations, where
U, V, and W are vector spaces with the same dimension. Show that (T 0 Ty)~! =
T oyt

7.22 Prove Theorem 7.9.
7.23 Prove all the properties in Table 7.1.

7.24 Suppose that

|
I\

A= . B=

ot W =
N2 O
NN O
S O

w o O
_ o O

Find the values of a and b if A is similar to B.
7.25 Show that if A and B are similar, then AT and BT are similar.

7.26 Show that if two invertible matrices A and B are similar, then A~! and B~!

are similar.
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Challenge exercises

7.27 For any linear transformations 7} and 75 from a vector space V into a vector
space W, the operations of addition and scalar multiplication are defined by

(Tl + TQ)(X) = T1 (X) + TQ(X), (le)(X) = le (X),

where x € V and k is a scalar. Show that the set of all linear transformations from
V to W with these two operations is a vector space.

7.28 Let vi,va,..., Vv, be vectors in a vector space V and T': V' — W be a linear
transformation.

(a) Show that if {T'(v1),T(v2),...,T(v,)} is linearly independent in W, then
{v1,va,...,v,} is linearly independent in V.

(b) Show that the converse of (a) is false, i.e., it is not necessarily true that if
{v1,va,...,v,} is linearly independent in V, then {T'(vy),T(v2),...,T(vy)}
is linearly independent in W.

(¢) Show that if T is one-to-one, then {vy,va,...,v,} is linearly independent in
V if and only if {T'(v1),T(v2),...,T(vy)} is linearly independent in W.

7.29 Determine whether each function T': P, — P» is a linear transformation.
(a) T(ap + a1z + az2?) = ap + ai(z + 1) + ag(x + 1)2.
(b) T(ap + a1z + azz?) = (ao + 1) + (a1 + 1)(x + 1) + (a2 + 1)(z + 1)*
7.30 Let T: P, — P53 be the linear transformation defined by
T (p(x)) = zp().
Find the bases for the kernel and range of 7.

7.31 Find the kernel, range, rank, and nullity of the linear transformation T': P3 —
P; defined by

dz
7.32 Let T: R? — R? be the linear transformation given by the formula

T(z,y) = Bz +y,—4da + 3y).

Find the bases for the kernel and range of T



Exercises 189

7.33 Find the kernel and the nullity of the linear transformation 7: P, — R defined
by

T(p(e)) = [ pla)ds.

—1
7.34 Let V be a finite-dimensional vector space and T: V — V be a linear
transformation. Show that

(a) ker(T) N R(T) = {0} if and only if rank(T) = rank(T o T").
(b) ker(T)=R(I-T)ifT=ToT.

7.35 Let V be the vector space of all symmetric 2 x 2 matrices. Define a linear
transformation 7: V' — P, by

g

Find the rank and nullity of T

a b
b ¢

):(a—b)+(b—c)x+(c—a)a:2.

7.36 Let Ty: P, — P3; and Ty: P3 — P35 be the linear transformations given by the
formulas

T1(p(z)) = ap(z),  Ta(p(z)) =pla +1).
Find the formulas for 7] " (p(z)), Ty " (p(z)), and (T2 o T1)~*(p(z)).

7.37 Let V and W be finite-dimensional vector spaces and dim(W) < dim(V).
Show that there is no one-to-one linear transformation 7': V. — W.

7.38 Let B = {vi,va2,...,Vv,} be a basis for R® and P = [p;;] € R™*" be an
invertible matrix. Show that if

W; = p1ivi + p2ive + -+ PriVa, 1< <N,

then B’ = {uy,ug,...,u,} is a basis for R and P is the transition matrix from B
to B’.

7.39 Let T: R?*? — R?*2 be defined by

T a b _ 2¢ a+c
c d b—2c d

Find the matrix [T'|p relative to the basis B = {A(1), A(2), A(3), A(a) }, Where

0 0

1 0

0 1
A(l)Z[O 0

0 0
, A(g):[o 0

’ A(3):[1 0




Chapter 8
Additional Topics

“God used beautiful mathematics in creating the world.”

— Paul Dirac

“The art of doing mathematics consists in finding that special case which contains all the
germs of generality.”
— David Hilbert

In this chapter, we study several important topics in linear algebra. We introduce
quadratic forms, complex inner product spaces, and some special structured
matrices. Finally, we discuss the Bottcher-Wenzel conjecture.

8.1 Quadratic Forms

In this section we study functions in which the terms are squares of variables or
products of two variables. Such functions arise in a variety of applications, including
geometry, vibrations of mechanical systems, statistics, and electrical engineering.

8.1.1 Introduction to quadratic forms

Up to now, we have been interested primarily in linear equations of the following
form
a1x1 + asxe + - -+ 4+ apxy, = b.

The expression on the left-hand side of this equation is a linear form, in which all
variables occur to the first power. Now, we are concerned with quadratic forms,
which are functions of the form

a173 + agx3 + - -+ + a2 + (all possible terms of form 2axx;x; for i < j).
For instance, a quadratic form in the variables z; and x5 is

ale + GQ(E% + 2a3m1x2 (81)
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and a quadratic form in the variables x1, z2, and x3 is
2 2 2
a1x] + agxs + azrs + 2a4T1T2 + 2a5T123 + 2a6T223. (8.2)

The terms in a quadratic form that involve products of different variables are called
the cross-product terms.

Note that (8.1) can be written in matrix form as

[z1, o] [ s 1 [ o ] (8.3)
az a2 X9

and (8.2) can be written as

ai a4 as 1
[1’1, ZTo, 1’3] as a2 QAg To . (84)
as Qg as I3

The products in (8.3) and (8.4) are both of the form x7 Ax, where x is the column
vector of variables, and A is a symmetric matrix whose diagonal entries are the
coefficients of the squared terms and whose entries off the main diagonal are half
the coefficients of the cross-product terms. By using the Euclidean inner product,
we can write the quadratic form as

xT Ax = xT(Ax) = (Ax,x) = (x, Ax). (8.5)
There are two important mathematical problems related to quadratic forms.
is

(1) Find the maximum and minimum values of x7 Ax if x = [x1,22,...,7,]7

constrained so that
Il = (23 + w3+ +ap)2 = 1.
(2) What conditions must A satisfy for a quadratic form to satisfy x7 Ax > 0 for
all x # 07
We study the problems above in the next two subsections.

8.1.2 Constrained extremum problem

The goal in the subsection is to consider the problem of finding the maximum and
minimum values of x” Ax subject to ||x|| = 1. By Theorem 6.7 (a), we know that
all the eigenvalues of a symmetric matrix A are real. Therefore, we can arrange the
eigenvalues of A in a decreasing size order.
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Theorem 8.1 Let A be a symmetric n X n matriz whose eigenvalues in decreasing
size order are A\y = Ao = -+ = A\ If X is constrained so that ||x|| = 1 with respect
to the Fuclidean inner product on R'™, then

(a) A\ = xTAx = \,.
(b) xTAx = )y if x is an eigenvector of A corresponding to A1 and xT Ax = \,, if

X is an eigenvector of A corresponding to A\, .

Proof We only prove (a) and the proof of (b) is left as an exercise. Since A is
symmetric, it follows from Theorem 6.6 that there is an orthonormal basis for R™
consisting of eigenvectors of A. Suppose that S = {vi,va,...,v,} is such a basis,
where v; is the eigenvector corresponding to the eigenvalue );. Let (-,-) be the
Euclidean inner product. It follows from Theorem 5.8 that for any x € R",

X = (X, V1)Vv1 + (X, Va)Va + -+ + (X, V) V.
Thus,
Ax = (x,v1)Avy + (X, Vo) Avo + - - + (X, v, ) AV,
= (X, vi)AM V1 + (X, Vo) Aova + - - + (X, Vi) A Vi
= A (X, V1)V + A2 (X, Vo) vy + - - + A\ (X, Vi) V.
The coordinate vectors of x and Ax relative to the basis S are

[x]s = [(x,v1), (x,Va),..., (X, Vn>]T

and
[AX]S - [)‘1 <X7 V1>a A2 <Xa V2>> ceey >\n<X; V7l>]T'

Thus, from Theorem 5.9 (c¢) and the fact that ||x|| = 1, we obtain
%/ = (x, %) = (x,v1)* + (x,v2)® + -+ (x,vs)* = 1

and
(x, Ax) = /\1<x,v1>2 + )\2<x,v2>2 + -4 A(x, vn>2.

Using (8.5) and these two equations, we can prove that x7 Ax < \; as follows:

xT Ax = (x, Ax) = M\ (%, v1)2 + Ao (x, V2>2 4+ )\n<x,vn>2
<X, V)2 A (%, V)2 4 A (%, v,)?

=X\ (<x7v1>2 +(x,vo)2 + -+ (x,vn>2) =)

Similarly, one can show that xT Ax > \,. O
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8.1.3 Positive definite matrix

Definition A symmetric matriz A and the quadratic form xT Ax are called
(i) positive definite if xT Ax > 0 for all x # 0.

(ii) positive semidefinite if x' Ax > 0 for all x.

(iif)
(iv)

Theorem 8.2 A symmetric matrix A is positive definite if and only if all the

negative definite if xT Ax < 0 for all x # 0.

v) negative semidefinite if x' Ax <0 for all x.

eigenvalues of A are positive.

Proof Assume that A is positive definite and ) is an eigenvalue of A. Let x be an
eigenvector of A corresponding to A, i.e., Ax = Ax with x # 0. Then

0 <xTAx = x"hx = \xTx = \x|?,

where ||x|| is the Euclidean norm of x. Since ||x||? > 0, we have A > 0.

Conversely, assume that all eigenvalues of A are positive. We must show that
xT Ax > 0 for all x # 0. However, if x # 0, we can normalize x to obtain the vector
y = x/||x|| with the property ||y|| = 1. It now follows from Theorem 8.1 that

yl Ay >\, >0,

where ), is the smallest eigenvalue of A. Thus,

T
0<ylAdy = x A B I %XTAX,
x| x| x|

xTAx >0,

which implies

i.e., A is positive definite. O
Similarly we have the following corollary for positive semidefinite matrices.

Corollary A symmetric matriz A is positive semidefinite if and only if all the
eigenvalues of A are nonnegative.

Our next objective is to give a criterion that can be used to determine whether
a symmetric matrix is positive definite without finding its eigenvalues. To do this it
is helpful to introduce some terminology. If

ai;r ai2 -+ Qin

@21 QA22 -+ A2p

apl Ap2 - Qpp
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is a square matrix, then the leading principal submatrices of A are the
submatrices formed from the first r rows and r columns of A for 1 < r < n. These
submatrices are

a11 ai2 ais

a a
A(l) = a1, A(2) = [ 1 12 s A(g) = as1 Q95 @23 |, ...,

a21 a2
az1 asz ass
and
a1 aiz2 -+ Aain
a1 A22 - Q2p
Ay =A=
an1 an2 o Qpn

Theorem 8.3 A symmetric matriz A is positive definite if and only if every leading
principal submatriz of A is positive definite.

The proof of Theorem 8.3 is left as an exercise.

A principal submatriz of an n x n matrix A = [a;;] is a square submatrix
obtained by removing certain rows and columns from A. In fact, for any 1 < k < n,
a k X k principal submatrix of A is given by

Qiviy  Qigip " Qigig,
Giziy  Gigip " Qigigy,
b
Qipiy  Qigig "0 Qi
where 41,13, ...,4; are integers with 1 < i1 <19 < --- < i < n. For instance,

az2 A24 A28
Gg2 Q44 Q48
agz ag4 A

is a 3 x 3 principal submatrix of an n x n matrix with n > 8.

Theorem8.4 A symmetric matriz A is positive definite if and only if every principal

submatriz of A is positive definite.

The proof of Theorem 8.4 is left as an exercise.

8.2 Three Theorems for Symmetric Matrices

We list three important theorems which are concerned with eigenvalues of symmetric
matrices.
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Theorem 8.5 (Courant-Fischer’s Minimaz Theorem) If A is an nxn symmetric
matriz whose eigenvalues in decreasing size order are A\1(A) = Aa(A) = -+ = A (A),
then for 1 < k < n,

T
A (A) — .ox Ax 0 xT A
k(A) = max min = max min x" Ax
XCR™ 0#xeX XI'x XCR"  xexX
dim(X)=k dim(X)=k [x||=1
) xT Ax ) T
= min max = min max x- Ax,
XCR™ 0#xEX XTX XCR" xEX

dim(X)=n—k+1 dim(X)=n—k+1 |x|=1

where X denotes a subspace of R™ and ||x|| is the Euclidean norm of x in R"™. In

particular,
A (A) = max xT Ax, A (A) = min xT Ax.
llxll=1 llxll=1
Proof Let dim(X) = k. Suppose that uj,us,...,u, are the orthonormal eigenvec-

tors of A corresponding to A1(A), A2(A),..., A, (A), respectively. Let Y = span{uy,
Ugi1,-..,U,}. We have

dim(X) + dim(Y) = n + 1.
Note that by Theorem 4.14,
dim(X NY) = dim(X) + dim(Y) —dim(X +Y) 2n+1—-n=1.

We have for any x € X N Y with ||x|| = 1,

x=Y &Gu;, D lgP=1
=k j=k

Then . .
xTAx =D 1§ PN (A) < D 1GPAR(A) = A (A).
j=k j=k
Hence
min x? Ax < min xLAx < Ak (A).
izt ik

On the other hand, if we take
Xo = span{uy,ug,...,u},
then dim(Xy) = k and we obtain

fenx% xT Ax = u} Aup = uf \p(A)uy, = A\p(A).
llxll=1
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Thus,

M(A) = max min x7 Ax.
XCR™  xE€EX
dim(X)=k |x[=1

Applying the above equality on —A, and noting that
“A(A) = Angp1(=4), 1<k<n,

one can deduce

— _ o T
Ae(A) = =Ap—pr1(—4) = — max min x (—A)x
dim(X)=n—k+1 [x[=1
_ T _ . T
=— max (— max x" Ax) = min max x Ax.
XCR" xEX XCR" xEX
dim(X)=n—k+1 [[x[|=1 dim(X)=n—k+1 [[x[=1

In particular, we have

A (A) = max xT Ax, A (A) = min xT Ax,
[Ix[|=1 Ix||=1

which coincide with Theorem 8.1 (b). O

Theorem 8.6 (Cauchy’s Interlace Theorem) Let A be an n X n symmetric matriz
whose eigenvalues in decreasing size order are

AL(A) = Aa(A) = - = An(A).

Let B be any m x m principal submatriz of A whose eigenvalues in decreasing size
order are

p1(B) = p2(B) = -+ = pim(B).
Then for 1 < j<m,
Ai(A) Z 13 (B) 2 Ajrn—m(A).

Proof We can assume that A is given as the following form

B C

A:
cT D

In fact, we can always take a similarity transformation on A by permutation matrices
if necessary. By using Theorem 8.5, there exists a subspace X C R" with dim(X) =
4 which satisfies

w;(B) = min x” Bx.

xEX
[Ixll=1

For any x € R™, we construct X = €R"™ Let X = {X | x € X} CR". Then

dim(X) = j. Moreover,
x! Bx = x" AX.
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We have by Theorem 8.5 again,

(B) = min x'Bx = min X' AX < max min yL Ay = \;(A).
’u]( ) xEX e ® = YCEn yey y Ay j( )
Ix][=1 [|%||=1 dim(Y)=;5 llyll=1

Applying the above result on —A and — B, and noting that
—)\Z(A) = )\n,iJrl(—A), 1 < 1 < n (86)

and
1 (B) = i1 (~B), 1<) <m, (8.7)
we have by taking i = j + n —m in (8.6) and then followed by using (8.7),
“Ajan-m(A) = Ao n—my+1(—A) = Am—j1(—A4) Z pm—j+1(—B) = —p;(B),

ie.,

)‘j-&-n—m(A) < :U’j(B)' O]

Theorem 8.7 (Weyl’s Theorem) Let A and B be n X n symmetric matrices whose
eigenvalues in decreasing size order are

M(A) 2 Xa(A) = - 2 AlA), A(B) > a(B) 2 = Mi(B),

respectively. Let A\(A + B), \2(A+ B),...,A\u(A + B) denote the eigenvalues of
A+ B in decreasing size order as

M(A+B) =2 MA+B)>--- 2\ (A+ B).
Then for all 1 < j < n,

max {4 (4) + A:(B)} S Aj(A+B) < min {A(4) + A (B)).

r+s=j+n r4s=
Proof We prove the left inequality first. Let r + s = j +n. By Theorem 8.5, there
exist two subspaces X and ) in R™ with dim(X’) = r and dim()) = s such that

M (A) = min xT Ax, As(B) = meig xT Bx.
[Ix]|=1 ||x]|=1

Since
dim(X NY) = dim(X) + dim(Y) —dim(X +Y) > r+s—n = j,
there exists a subspace To € X N Y which satisfies dim(75) = j. Thus,

N(A+B) = max  min xT(A+ B)x > min (xT Ax + x* Bx)
CR™ x x€To
dim(7T)=j5 lIx[=1 [Ix|l=1
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> min x? Ax + mm xT'Bx > HllIl xT Ax + min x' Bx
x€Tp €To x€Y
[Ix[[=1 HXH 1 ||X|| 1 [Ix|l=1

— A(A) + A\ (B).

Applying the above inequality on —A — B, and noting that

A\j(~A=B)=—-X_js1(A+B), 1<j<n
AT(_A) = _>\TL—T‘+1(A)7 1<r<n;
)\s(_B) = _)\n—s+l(B)7 1 <s < n,

we deduce

_)‘n*jJrl(A + B) = )‘j(_A - B) = )‘T(_A) + )‘S(_B) = _>‘nfr+1(A) - >‘n75+1(B)~
(8.8)
Let /=n—j+1,7"=n—r+1,and s =n—s+1. Then (8.8) can be simplified to

Aj’(A + B) < AW(A) + )\s/(B),

where
r+s=mn-r+1)+n—s+1)=Mn—-j+1)+1=4+1

Thus, the right inequality holds. O

8.3 Complex Inner Product Spaces

A complete presentation of linear algebra must include complex numbers. We
therefore review some basic knowledge of complex numbers before we study complex
inner product spaces.

8.3.1 Complex numbers

Definition A complex number z is defined by
z = a + bi,

where a and b are real numbers, and i> = —1. The real numbers a and b are called
the real and imaginary parts of z, respectively.

Let 21 = a + bi and 29 = ¢+ di be two complex numbers. Then z; and z5 are
said to be equal if and only if their real parts are equal and their imaginary parts
are equal, i.e.,

zZ1=29 <= a=c and b=d.
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Also, z; and 25 can be added, subtracted, and multiplied in accordance with the
standard rules of algebra but with i? = —1. For instance,

z1tzo=(a+bi) L (c+di)=(atc)+ (b d)i

and
2129 = (a+bi) - (¢c+di) = (ac — bd) + (ad + be)i.

Definition For a complex number z = a + bi, the complex conjugate of z, denoted
by the symbol z, is defined by

zZ:=a — bi.
The modulus of a complex number z = a + bi, denoted by |z|, is defined by
2] == Va2 + b2.
The following theorem establishes some essential properties of complex numbers.

Theorem 8.8 Let z, z1, and z2 be any complex numbers. Then

(a) ZliZQ Zzligg.

(b) 2’1'22:51'52.

(d) z-z = |2]%

Proof We only prove (a) and (d). The proofs of (b) and (c¢) are left as an exercise.
For (a), let z; = a; + byi and z2 = az + bei. Then

21 £ 29 = (a1 + b1i) £ (ag + boi) = (a1 £ a2) + (b1 £ bo)i
= (a1 £ a) — (by £b2)i = (a1 — b1i) + (az — boi)
=2z £ 2.
For (d), let z = a + bi. Then
z-Z={(a+bi)- (a+bi) = (a+bi)- (a— bi)
=a” — abi+ abi — b*i* = a® + b*

=P a
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8.3.2 Complex inner product spaces

In the definition of a general vector space V' in Subsection 4.1.1, if the scalars are in
C:={a+bi|la,beR, i:=v-1},

then V is called a complex vector space. The notions of linear combination, linear
independence, spanning sets, basis, dimension, and subspace carry over without
change to complex vector spaces. Moreover, the theorems developed in previous
chapters for real vector spaces continue to hold with real vector spaces changed to
complex vector spaces.

Definition An inner product on a complex vector space V' is a function that asso-
ciates a complex number with each pair of vectors u and v in V', denoted by (u,v),
in such a way that the following axioms are satisfied for all vectors u, v, and w in
V' and all scalars k in C.

A complex vector space with an inner product is called a complex inner product
space.

Remark In a complex inner product space V, the norm of a vector u € V' is defined
by

hal| = (u,w)'/2.

The Cauchy-Schwarz inequality is also available for complex inner product spaces.
Moreover, the definitions of orthogonal set, orthonormal set, orthogonal basis, and
orthonormal basis carry over to complex inner product spaces without change. The
Gram-Schmidt process can be used to convert an arbitrary basis into an orthogonal
(or orthonormal) basis for a complex inner product space.

Example Let C" := {(c1,c2,...,¢,) | ¢; € C} with the operations of vector
addition and scalar multiplication. For vectors u = (uy,us,...,u,) and v =
(v1,v2,...,vy) in C", the complex Euclidean inner product (u,v) is defined by

n
<u, V> = Z U; Vi,
=1
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which satisfies the four axioms of the inner product. A complex vector space C™
with this inner product is call the complex Euclidean space. We can define the norm
and distance as follows:

n

Sl duv) = u-v] =

=1

[l = (u,w)'/? =

Let C™*™ denote the vector space of all m x n complex matrices with the
operations of matrix addition and scalar multiplication. In fact, almost all the
concepts concerned with the matrix operations can be generalized from real matrices
to complex matrices straightforwardly. Let A = [a;;] € C™*", i.e., a;; € C for any
i and j. Then the matrix defined by

A* = AT = [(_lji]

is call the conjugate transpose of A. We have the following theorem concerned
with some basic properties of A*. The proof of the theorem is trivial and we therefore
omit it.

Theorem 8.9 Let A and B be complex matrices and k be any complex number.
Then

(a) (A") =A. (b) (A+B)* = A*+B*. (¢) (kA)* =EA*. (d) (AB)* = B*A*.

Example An inner product on C™*™ is defined by
(X,Y) :=tr(XY™),

where X,Y € C™"*™. One can check easily that (X,Y) satisfies the four axioms of
the inner product. The Frobenius norm for any X = [z;;] € C"*" is defined as

n n

Xl o= (X072 = (X2 = (0D )

i=1j=1
8.4 Hermitian Matrices and Unitary Matrices

We study Hermitian matrices and unitary matrices in this section.

Definition If a square matriz A with complex entries satisfies A = A*, then A is
called a Hermitian matriz. If a square matrix A with complex entries satisfies
Al =A% e,

A*A = AA* =1,

then A is called a unitary matriz.
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Theorem8.10 Let A be annxn complex matrixz. Then the following are equivalent.
(a) A is unitary.

(b) The row (or column) vectors of A form an orthonormal set in C™ with respect
to the Fuclidean inner product.

The proof of Theorem 8.10 is similar to that of Theorem 5.18 and is left as an

exercise.

We note that our earlier definitions of eigenvalue, eigenvector, eigenspace,
characteristic equation, and characteristic polynomial carry over without change

to complex matrices.

For a square matrix A with complex entries, if there exists a unitary matrix P
such that
P*AP =D,

where D is a diagonal matrix, then A is called unitarily diagonalizable.
Theorem 8.11 If A is a Hermitian matriz, then A is unitarily diagonalizable.
The proof of Theorem 8.11 is left as an exercise.

Theorem 8.12 Let A be Hermitian. Then

(a) The eigenvalues of A are all real.

(b) Eigenvectors from different eigenspaces are orthogonal.

Proof For (a), let A be an eigenvalue of a Hermitian matrix A and v be the
corresponding eigenvector. Then

Av = \v.
Multiplying both sides by v* yields
VAV = Av'v,

and then
v*Av

v

Therefore,

- <V*AV)* VA*V  v*Av )

A=\ = = -
[vi? vl v
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For (b), let vi and va be eigenvectors corresponding to distinct eigenvalues A; and
A2 of A. Then we have by (a),

)\1 <V1,V2> = <AV1,V2> = v§Av1 = (A*VQ)*Vl = (AVQ)*V:[ = 5\2V§V1 = )\2<V1,V2>,

which implies
(/\1 — )\2)<V1,V2> =0.

Since A1 — A2 # 0, we have
<V1, V2> =0. O

Remark If A is a real symmetric matrix, then A is also Hermitian. Therefore, the
results in Theorem 8.12 hold for all real symmetric matrices. See Theorem 6.7.

4 1—-1i
1+i 5

is unitarily diagonalizable because it is Hermitian. Find a matrix P that unitarily

Example The matrix

_A:

diagonalizes A.
Solution The characteristic equation of A is

A—4 —1+4i

=X -9\ +18=A=3)(A—6)=0
-1—-i A=5 + ( ) )

det(A] — A) = det l

and the eigenvalues are A\ = 3 and A\ = 6. The corresponding eigenvectors are given
as follows:
1—i
; A=6, vo= 2
1

—1+i
1

Since each eigenspace has only one basis vector, we have (vi,vy) = 0 by Theorem
8.12. Normalizing these basis vectors yields
—1+i 1—1i
Vi V3 Vo V6

p1 = = sy P2= =
v 1 27 vall 2
V3 NG

Thus, A is unitarily diagonalized by the matrix

-14i 1-1i

PZ[pllpz}z

SI-%
SEE
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It is easy to verify

P*AP = 30 . O
0 6
Theorem 8.13 Let A1, s, ..., A\, be eigenvalues of an n X n Hermitian matriz A.

Then
AR = A2 4+ 23+ + A2,

Proof 1t follows from Theorem 8.11 and Theorem 8.12 (a) that there exists a unitary
matrix P such that
P*AP =D,

where D = diag(A1, Aa,..., A) with Ay € R (1 < k < n). Hence

|AlI% = |PDP*|% = &[(PDP*)(PDP*)’] = tx(PDD" P*)
= tr(DD*P*P) = tr(DD*) = || D||%
=AM+ A3+ AL

Here we used the property of tr(VW) = tr(WV) for all V,W € C"*". O
Finally, for certain Hermitian matrices, we introduce the following definition.
Definition A Hermitian matriz A is called
(i) positive definite if x*Ax > 0 for all x # 0.
(ii) positive semidefinite if x*Ax > 0 for all x.
(iii) megative definite if x* Ax < 0 for all x # 0.
(iv) negative semidefinite if x*Ax < 0 for all x.

Theorem 8.14 A Hermitian matriz A is positive definite (or semidefinite) if and
only if all the eigenvalues of A are positive (or nonnegative).

The proof of the theorem is similar to that of Theorem 8.2 and is left as an exercise.

Remark The results of Courant-Fischer’s Minimax Theorem, Cauchy’s Interlace
Theorem, and Weyl’s Theorem in Section 8.2 also hold for Hermitian matrices.

8.5 Bottcher-Wenzel Conjecture

In the final section of the book, we study the Bdottcher- Wenzel conjecture.
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8.5.1 Introduction

A fundamental fact in matrix theory is that the matrix product is not commutative,
i.e., there are n x n matrices X and Y such that

XY £YX.

See Example 2 in Subsection 1.3.1. The difference XY — Y X is called the
commutator or Lie product of X and Y. The commutator plays an important role
in diverse areas in mathematics, for instance, Lie algebra and Lie group theory [3] and
matrix computation [12]. Béttcher and Wenzel [5] proposed the following conjecture
in 2005: the upper bound of the Frobenius norm of the commutator of all n x n
matrices X and Y is given by

IXY =Y X||p < V2| X|pY]lF.

Note that the constant v/2 is best possible as shown by a simple example

) e[

The conjecture was first proved for all n x n real matrices in 2008 by Vong and
Jin [24]. Later, the result had been generalized to complex matrices [2,6,9]. The
result is important and fundamental. This can be reflected by the fact that the
result is immediately included in the encyclopedic book [4].

8.5.2 Proof of the Bottcher-Wenzel conjecture

As defined in Subsection 8.3.2, the Frobenius norm is given by
JAIZ = (4, 4) ZZ lay? = tr(AA47).

In order to prove the Bottcher-Wenzel conjecture, we need the following lemmas.

Lemma 8.1 Letp; > 0 for 1 < j < n with Z p; = 1 and q; be real numbers for
j=1
1<j5<n. Then

n

n n 2 q2
ij(bz' - (Zpﬂb‘) < Zgj
j=1 j=1

Jj=1

Proof From direct calculations, we have

> opidd = (Xopia) = Yomi|u— (X man)] -
j=1 j=1 j=1 k=1
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1
Assuming that ¢; > ¢ > -+ > ¢, and denoting d = q1 + qn) Zp]qj, we

deduce

j=1
n n 2
-3 [qj— (zpqu)] ~20Y p, (qg zpqu) d
Jj=1 k=1
n n 2
=D P [q] - (Zpqu) - d}
j=1 k=1
- G—an @a—q\’
_ ) 7 — 4n 1 — 4y
=Yt - 15
Jj=1
n 2 n 2
1 — Gn 1 q;
= ij( - ) < Z(QQ% +2q5) < Ej [
j=1

Lemma 8.2 Let A and B be Hermitian matrices. Then the trace of AB is real.
Proof We have
tr(AB) = tr(AB) = tr(AB) = tr((AB)")
= tr(BTAT) = tr(B*A*) = tr(BA)
= tr(AB).

Thus, the trace of AB is real. O

Lemma 8.3 (Cartesian Decomposition [8]) Let M be any square matriz with
complex entries. Then M can be decomposed as

M = A+iB,

where A and B are Hermitian matrices and i = /—1.

Proof Let
M * *
Ao MEM o —u
2 2
Then A and B are Hermitian and M = A +iB. O

We now state the Bottcher-Wenzel conjecture as the following theorem. The idea
of the following proof is elementary.
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Theorem 8.15 For any n X n complex matrices X and Y, we have
XY = Y X5 < 2| X[ Z[IY]% (8.9)

Proof T1f X = 0, then (8.9) holds obviously. Now suppose X # 0 and then || X||z >
0. In the following, we repeatedly use the property of

tr(VW) = tr(WV)
for all VW € C™"*". We deduce

[XY - YX[% = tr[(XY — Y X)(XY — Y X)¥]
=tr(XYY*X* - XY X*Y* —YXYV*X* + Y XX*Y™)
=tr(X*XYY* - XYX*V* - YXY*X* + XX*Y*Y)

and
IX*Y + YX*||% =tr[(X*Y + Y X")(X'Y + Y X¥)¥]
=tr( XYY X+ X'YXY"+YX'V*X +YX"XY™)
=tr(XXYY"+YXY*' X"+ XY X'Y* 4+ X" XY'Y).
Thus,

XY - YX|% + | X*Y + Y X*||%
=tr(X*XYY* + XX*V*Y + XX*'YY* + X*XY*Y)
=tr[(X*X + XX*)(Y*Y +YY™))]. (8.10)

By using the Cauchy-Schwarz inequality, we obtain

e[V (XX + XX*)]| = [tr[(X*Y + YX*)X]| = [(X*Y + Y X*, X))
< XHpIXTY + Y X = [ X[ p| XY + Y X p.

Consequently,
XY + VX5 > oY (XX + X X))/ [ X 13- (8.11)
Combining (8.10) and (8.11) then gives

IXY — VX3 < 0 (X°X + XX*)(YY + YY)~ [orlY (XX + XX/ )X 3.
(8.12)
Let
D= (XX + XX")/(2| X|I3)-
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We can simplify (8.12) by using D as follows:
IXY — VX < 4X[3 [0[DEY +YY*)/2] - [te(DY)?]. (8.13)

Note that D is positive semidefinite with
tr(D) = tr[(X*X + XX*)/(2| X[%)] = t«(XX*)/[| X% = I X|F/1X][F = 1.

Now, it remains to show that the right-hand side of (8.13) satisfies the following

inequality:
Y 2
tr[D(Y*Y +YY™)/2] — [tr(DY)]? < | 2HF.

Following Lemma 8.3, we suppose that
Y =A+iB,
where A, B are Hermitian and i = v/—1. Obviously,
%(Y*Y +YY*) = A% + B
and then
[V[|%2 = tr(YY™) = tr(A? + B?) = tr(AA*) + tr(BB*) = | A|% + | B||%. (8.14)

Using Lemma 8.2 that the trace of the product of two Hermitian matrices is a real
number, we therefore have

tr(DY)|? = |tr(DA) + itr(DB)|* = [tr(DA)]* + [tr(DB))>.

Hence

tr[D(Y*Y +YY*)/2] — [tr(DY)|?
= tr[D(A? + B?)] — [tr(DA)]? — [tr(DB))?

- (tr(DAQ) - [tr(DA)]Q) v (tr(DBZ) - [tr(DB)]Z). (8.15)

It follows from (8.13) and (8.15) that
IXY — Y X|2 < 4] X% Ktr(DAQ) - [tr(DA)F) n (tr(DBQ) - [tr(DB)F)] .
(8.16)

Next, we want to show that for any Hermitian matrix H € C™*",

tr(DH?) — [tr(DH)]? < ”};”%. (8.17)
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By Theorems 8.11 and 8.12, we have
H=UAU",

where U is unitary and A = diag(A1, Aa, ..., A,) with real numbers Aj, As, ..., Ay.
Let

Then P is also a positive semidefinite matrix with
tr(P) =tr(U*DU) = tr(D) = 1.

Thus, for every column vector e; of the n x n identity matrix, it follows from the
definition of positive semidefinite matrices that for 1 < j < n,

bj; = ejPej 2 0.
Since p;; > 0 and ) p;; = tr(P) = 1, we have by Lemma 8.1 and Theorem 8.13,
j=1

tr(DH?) — [tr(DH)]? = tr(PA?) — [tr(PA))?

¢ NN L1
= piiA - (Zm%) <D T=50
=1 j=1

j=1
Then (8.17) holds. Applying (8.17) and (8.14) to (8.16), we finally obtain

|All% + 1| BIIZ

|
IXY - Y X% <4 X% 3 = 2| X[V ]1%- =

Exercises

Elementary exercises

8.1 Express the following quadratic forms in the matrix notation x7 Ax, where A

is a symmetric matrix.
(a) x122 + 123 + 2273, (b) 527 + 5x129. (c) 42? — 923 — 6x125.

8.2 Determine which of the following matrices are positive definite.

3 -1 0 01 1 12 1
(@ | -1 2 —1]. (M |10 1. () |2 11
0 -1 3 110 11 3
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8.3 Find the maximum and minimum values of each given quadratic form subject
to the constraint 2 + 23 = 1. Then determine values of z; and x5 at which the
maximum and minimum occur.

(a) f(x1,22) = 23 + 4x129 + 3. (b) f(z1,22) = 5a? + 4xq 29 + 223
8.4 Prove Theorem 8.1 (b).
8.5 Determine which of the following quadratic forms are positive definite.
(a) 902% + 13023 + 7122 — 122129 + 482123 — 602273.
(b) —5x% — 623 — 423 + dz179 + 42173,
8.6 In each part, find all values of k for which the quadratic form is positive definite.
(a) 2% + kad — dxq2s.
(b) 222 + (2 + k)x3 + ka? + 2x129 — 22103 + T273.

8.7 Show that if A, B € R"™*"™ are positive semidefinite and a,5 € R are
nonnegative, then aA + B is positive semidefinite.

8.8 Let xT Ax be a quadratic form and T: R" — R defined by T'(x) = xT Ax.
(a) Show that T'(x +y) = T(x) + 2x7 Ay + T(y).
(b) Show that T(kx) = k?T'(x), where k is a scalar.

8.9 Prove Theorem 8.3.

8.10 Prove Theorem 8.4.

8.11 Prove Theorem 8.8 (b) and (c).

8.12 In each part, find real numbers a and § that satisfy the following equation.

(a) ai+ B(1+1i) =3 +6i. (b) a(2+3i)+ B(1 —4i) = —1 + 4i.

8.13 Letu=[1,0,—i], v=[1+4+1,1,1—2i], and w = [0, 1,2]. Express the following

vectors as linear combinations of u, v, and w.
(a‘) [1a171] (b) [17()’ _1} (C) [2_1a131+i]
8.14 Which of the following sets of vectors in €C? are linearly independent?

(a) up =[1-1,1,0], up =[2,1+1,0], us = [1 +1,i,0].
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(b) uy = [1,0,—i], up = [L +1i,1,1 — 2i], us = [0,1, 2.
(¢) uy =[i,0,2—1i], up = [0,1,i], ug = [—i,—1 — 4i, 3.

8.15 If u = [uy, us],v = [v1,v2] € C?, determine which of the following functions
f are inner products.

(a) f(u,v) = 3uiv1 + 2ugvs.
(b) f(u,v) =u1v1 + (1 +1)urve + (1 — i)ugvy + 3ugvs.
8.16 Find ||x| using the Euclidean inner product on C2.
(a) x = [1,i]. (b) x=[1-11+1]. (¢) x =[-1i,3i].

8.17 Show that the vectors u; = [i,1,i], us = [-2i,1, i], and uz = [0, —i, i] form an
orthogonal basis for C? with the Euclidean inner product. By normalizing each of
these vectors, find an orthonormal set.

8.18 Show that if u and v are vectors in a complex inner product space, then
1 1 . .

(,v) = vl = gl = v S u v - v
8.19 Show that if {wy,ws,...,w,} is an orthonormal basis for a complex inner
product space V', then for any vectors u and v in V|

(u,v) = (u, wi)(v,w1) + (0, wa) (v, wz) + - + (0, wp ) (v, Wp).
8.20 Let A € C™"*". Show that A = 0 if and only if x*Ax = 0 for any x € C".
8.21 Prove Theorem 8.10.
8.22 In each part, find a unitary matrix P that diagonalizes A, and find P*AP.

2 —i
i 2

6 2+ 2i
2—-2i 4

]. (b) A=

8.23 Let A and B be n x n Hermitian matrices.
(a) Show that A + B is a Hermitian matrix.

(b) Show that AB is a Hermitian matrix if and only if AB = BA.

8.24 In each part, verify that the matrix is unitary and find its inverse.

3 4i ove Ve
(b) 3

(a) : 5
—4 3 —(14i) 1+i

ot =

8.25 Prove Theorem 8.14.
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Challenge exercises
8.26 Show that if A € R™*" is symmetric and A? = 0, then A = 0.

8.27 Let

A ) 222 + y? — day — dyz
Ty, 2) =

, 2+ P+ 22 #£0.
Find the maximum and minimum values of the function f(x,y,z), and determine
values of x, y, and z at which the maximum and minimum occur.

8.28 Let x = [71,22]T and y = [y1,2]T. Find an orthogonal matrix Q) such that
the change of variable x = Qy transforms the quadratic form

f(z1,20) = 227 — day 20 + 23
into a new quadratic form in the variables y; and ys with no cross-product terms.

8.29 Let A be a symmetric matrix such that
A% —4A? +5A =21,
where [ is the identity matrix. Show that A is symmetric positive definite.

8.30 Let A be a symmetric positive definite matrix. Show that there exists a
symmetric positive definite matrix B such that A = B2.

8.31 Let A € R™™ ™ and
B =M + AT A,

where A > 0 and [ is the identity matrix. Show that B is symmetric positive definite.

8.32 Let A and B be symmetric positive semidefinite matrices of the same size.
Show that tr(AB) > 0.

8.33 Let A = [a;5] and B = [b;;| be symmetric positive definite matrices of the
same size. Show that C' = [a;;b;;] is a symmetric positive definite matrix.

8.34 Let A = [a;;] be an n x n symmetric positive semidefinite matrix. Show that
(a) a; = 0for 1 <i<n.
(b) If a;; = 0, then the ith row and ith column of A consist entirely of 0.

8.35 Prove Theorem 8.11.

8.36 Let B € C™*™ be invertible. Show that A = B*B is Hermitian positive
definite.
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8.37 Let A be an n x n Hermitian matrix with eigenvalues A, Az, ..., \,. Show
that
(A=MD(A=X D) (A=, 1) =0,

where I is the identity matrix.

8.38 Let A and B be Hermitian matrices of the same size. Show that if AB is
Hermitian, then every eigenvalue A of AB can be written as A = uv, where p is an
eigenvalue of A and v is an eigenvalue of B.

8.39 Let A e C™*™ and x € C". Show that (A*A)x = 0 if and only if Ax = 0.

8.40 Let A € C™*™. Show that tr(A*A) =0 if and only if A = 0.



Appendix A

Independence of Axioms

An axiom is independent if it can not be proved by using other axioms. To reach
the conclusion of a reduced set of axioms, independence is desired. In this appendix,
we study the independence of the axioms of vector spaces. For convenience, we copy
the definition in Subsection 4.1.1 to here.

Definition LetV be a nonempty set of objects on which two operations are defined,
addition and scalar multiplication. It requires that V is closed under the addition
and scalar multiplication, i.e., for each pair of objects u and v in V, u+ v is in V;
for each scalar k and each object w in V, ku is in V. Then V is called a vector
space and the objects in V are said to be vectors if the following eight axioms are

satisfied for allu, v, and w in V.
(i) u+v=v+u.
(i) u+ (v4+w)=(u+v)+w.

(iii) There is an object 0 in V', called a zero vector for V, such that for allu in V,
u+0=nu.

(iv) For each u in V, there is an object —u in V, called a negative of u, such that
u+ (—u) =0.

(v) k(u+v) =ku+kv.
(vi) (k+Du=ku+lu.
(vii) k(lu) = (kl)u.

(viii) 1u=u.
Here k and | are scalars.

Actually, Axiom (i) is not independent because it can be deduced by the other
axioms [13,20]. We next use other axioms to prove Axiom (i).
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Lemma A.1 We have (—u) 4+ u = 0 for each vector u in V.

Proof For any u € V, we have —u € V by Axiom (iv). Then it follows from Axiom
(iv) again that —(—u) € V. Thus,

(—u)+u=(-u)+u+0 [Axiom (iii)]
= (—u)+u+ [(—u) + [~ (~u)]] [Axiom (iv)]

= (—u) + [u+ (—u)] + [—(—u)] [Axiom (ii)]
=(—u)+ 0+ [—(—u)] [Axiom (iv)]

=(—u) + [ (~u)] [Axiom (iii)]

=0 [Axiom (iv)]

0

Lemma A.2 We have 0+ u = u for each vector u in V.

Proof We have

O+tu=u+(—u)+u [Axiom (iv)]
—ut[(cw) ] (Asiom (i)
—u+0 [Lemma A.1]
—u [Axiom (iii)]

0

Theorem A.1 For all vectors u and v in V, we have
u+v=v-+u.

Proof We deduce

u+v=0+u+v+0 [Lemma A.2, Axiom (iii)]
=[(—uw)+ul+u+v+[v+(—Vv) [Lemma A.1, Axiom (iv)]
=(—u)+(utut+v+v)+(-v) [Axiom (ii)]
=(—u)+ (lu+lu+1v+1v)+ (—v) [Axiom (viii)]
=(—u)+ (2u+2v)+ (—v) [Axioms (ii), (vi)]
=(—u)+2(u+v)+(-v) [Axiom (v)]
=(—u)+[(ut+v)+(u+v)]+(-v) [Axiom (vi)]
=[(—u)4+ul+v+u+ v+ (—V)] [Axiom (ii)]
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=0+v+u+0 [Lemma A.1, Axiom (iv)]

=v+u [Lemma A.2, Axiom (iii)]

O
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homogeneous linear system, 9

n-vector space, 62
negative definite, 193, 204
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inverse , 73
inverse, 21 0
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J onto, 174
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Jordan decomposition theorem, 160 orthogonal matrix, 138
orthogonal projection, 126
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leading 1, 6 particular solution, 99
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length, 116 plus/minus theorem, 93
Lie product, 205 positive definite, 193, 204
linear combination, 11, 83 positive semidefinite, 193, 204
linear equation, 1 principal submatrix, 194
linear system, 2 projection theorem, 125

linear transformation, 66, 166 Pythagorean theorem, 65



Index

Q

QR-decomposition, 132
quadratic form, 190

R

range, 170

rank, 104, 172

real inner product
space, 116

real vector space, 80

reduced row-echelon
form, 5

row matrix, 3

row space, 97
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similarity transformation, 184
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solution set, 2
solution space, 83
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subspace, 82
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T

trace, 16
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transpose, 16
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U

unit vector, 116
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vector, 61, 80, 214
vector space, 80, 214
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Weyl’s theorem, 197
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