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Preface

This book provides sufficient materials for a one-semester linear algebra course
at the sophomore level. It is based on the lecture notes for the linear algebra
course that the author taught several years to undergraduate students in sci-
ence and mathematics at the University of Texas at Dallas. The level and pace
of the course can be adjusted by balancing the time for theoretical illustration
and that for computational aspects of the subject. The author usually taught
up to Chapter 7, spending one lecture per section on average, while the re-
maining two chapters can be left for students’ reading homework or supervised
individual study.

It seems that many undergraduate students have only one linear algebra
course before graduation, and may have missed many important topics of
linear algebra which may be remedied later by self-studying on demand. This
book is written to accommodate the needs for classroom teaching in order
to effectively deliver the essential topics of the subject, and for self-studying
beyond a first linear algebra course.

The following is an introduction to each chapter of the book.

1. Chapter 1 deals with vectors, linear combinations and dot products in
R"™. In Section 1.3 we discuss matrix representations for linear systems
and for elementary row operations.

2. Chapter 2 illustrates Guassian elimination and Gauss—Jordan elimina-
tion for solving linear systems, along with basic matrix theory, LU-
decomposition and permutation matrices.

3. Chapter 3 starts with four subspaces of R™ associated with a real matrix.
Then we discuss bases and dimensions of general vector spaces.

4. Chapter 4 deals with orthogonality between subspaces. Related topics
include matrix representation of orthogonal projection, least squares so-
lutions, Gram—Schmidt process and ) R-decomposition.

5. Chapter 5 presents an axiomatic method of determinants which nat-
urally leads to the permutation formula, co-factor expansion, product
formula and Cramer’s rule.

6. In Chapter 6 we introduce the notions of eigenvalues and eigenvectors
which open the door for more applications of linear algebra, including
the immediate application on diagonalizability, spectral decomposition
of symmetric real matrices, quadratic forms, positive definite matrices
and Rayleigh quotient.

ix
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X Preface

7. Chapter 7 continues to discuss the application of eigenvalues and eigen-
vectors and presents singular value decomposition of general matrices.
Principal component analysis is also introduced as a real-world applica-
tion of linear algebra.

8. Chapter 8 discusses the matrix representation, range and null spaces
for linear transformations on general vector spaces. Then we introduce
invariant subspaces, decomposition of vector spaces and Jordan normal
form and its computation, where the treatment of the Jordan normal
form does not require a formal exposition of polynomial theory.

9. Chapter 9 presents basic theory of linear programming along with the
simplex method which is another concrete real-world application of lin-
ear algebra and which has been widely used in management and industry.

The book contains typical topics for linear algebra courses and can be used
in many ways depending on the different mathematical background of the
audiences. The book provides limited examples and exercises, while it is best
used for readers who would like to have a broad coverage of the topics of linear
algebra and who are motivated to customize questions for the materials of each
section. Comments and suggestions from readers are highly appreciated and
are welcome to be sent by e-mail to qingwen@utdallas.edu.

Qingwen Hu
January 2017
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Chapter 1

Vectors and linear systems

1.1 Vectors and linear combinations ..............ccoiiiiiiiiiin... 1
1.2 Length, angle and dot products ...................ooi 4
1.3 MatriCeS oot 8

A central goal of linear algebra is to solve systems of linear equations. We
have seen the simplest linear equation ax = b, where z € R (the symbol “€”
means “in”) is the unknown variable and a, b € R are constants. It is known
that there are three scenarios for the solutions: 1) if a # 0, there is a unique
solution =z = g; 2) if @ = 0, b # 0, there is no solution; 3) if a = b = 0, there
are infinitely many solutions. We are then motivated to investigate systems of

equations with multiple unknown variables. The following system
r+2y+32=3
20+ 5y +8z2=9 (1.1)
3z + 6y + 182 =18
is a system of linear equations with three equations and three unknowns. In
this chapter, we learn how to use vectors to represent a linear system and

learn the ideas of elimination which will be applied to solve systems of linear
equations. The general form of linear systems is as follows:

1121 + a12%2 + -+ + a1 Ty = by,
a21%1 + a2 + - -+ + A2p Ty = bo,

(1.2)

Am1%1 + AmaT2 + -+ - + AppTn = b’n’u

where © = (21, z3, -+ ,2,) € R™ is the unknown vector in n-dimensional
Euclidean space; a; j and b; with ¢ € {1,2,---,m}, j € {1,2,--- ,n} are
constants.

1.1 Vectors and linear combinations

Before we discuss how to solve general linear systems, we use system (1.1)
as a prototype to introduce the machinery of vectors. One may rewrite sys-

1
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2 Concise Introduction to Linear Algebra

tem (1.1) as
1 2 3 3
z |2 +y |5 +2|8|=19]. (1.3)
3 6 18 18

System (1.3) makes sense only if we have defined addition and scalar multi-
plication of vectors in Euclidean spaces, where we have identified the vector
(1, 2, x3) with the column of numbers

T
Z2 |,
Zs3

which is called a column matrix. In what follows we will always regard a
vector in R™ as a column matrix.

Definition 1.1.1. Let z = (1, 2, -+ ,2Zn), ¥y = (Y1, Y2, -+ ,Yn) be
vectors in R™, « a scalar. We define addition « + y and scalar multi-
plication ax by

$+y:($1 + Y1, T2 Y2, - axn+yn)a
ar = (axy, azg, -, axy).
Definition 1.1.2. Let z, 2, ---,z, € RY be vectors, and
c1, ¢ -+, ¢, € R be scalars. We call

C1T1 + C2T2 + -+ Cpn

a linear combination of z1, xa, -+ , 2.

J

System (1.3) now can be interpreted as finding a proper linear combina-
tion of the vectors (1, 2, 3), (2, 5, 6) and (3, 8, 18) to produce the given vector
(3,9, 18) on the right hand side. Certainly we can also interpret it as finding
the common point (x, y, z) of three planes determined by each of the equa-
tions. If we visualize a linear system with this interpretation of a linear system,
we obtain a row picture, while with the previous one, a column picture.

1
3

wso=s[] o[ < 3]

is a linear combination of v and w.

Example 1.1.3. 1. Let v = [ﬂ , W= [ } . Then
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Vectors and linear systems 3

FIGURE 1.1: Slope of OA — 20 — 2 BP — 42 — 2 Slope of OB —

1-0 ) 21
3-0 _ 3 AP —i-l_
= =3, AP = 35 =3.

2. Letv = [ﬂ . Then {cv : 0 < ¢ < 2} represents a line segment from (0, 0)

to (2, 4) in R2.

3. Let v = Ll)] and w = [(1)] Then {cv+ dw : ¢ € R,d € R} represents the

whole two dimensional plane R2.

1 1
4. Let v = |1| and w = |1|. Then S = {ecv +dw : ¢ € R,d € R}
0 1
represents a two dimensional plane in R?, but not the whole space R3,
1
because there exists the vector [2| which is not in S.
3

Example 1.1.4. (The parallelogram law for vector addition) A vector x =

(x1,22, - ,x,) € R™ can be visualized by the directed line segment OA from
the origin O = (0, 0, ---,0) to the point A = (21, 22, -+ ,x,) € R™. If we
denote the end point of the vector y = (y1,92, - ,yn) by B and that of x +y
by P, then we have a parallelogram OAPB, with OA parallel to BP and AP
parallel to OB, since the opposite segments have the same slopes.

Exercise 1.1.5.

1. Let u = [ﬂ , U= E] . i) Sketch the directed line segments in R? that
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4 Concise Introduction to Linear Algebra

represents u and v, respectively; ii) Use the parallelogram law to visualize the
vector addition w + v; iii) Find 2u, 2u + 5v and 2v — 5u; iv) Solve the system

of equations zu + yv = [_ﬂ for (z, y) € R? and draw the row picture and

the column picture.
1 2 1 . S
2. Let u = 117 = 3] Isw= ]2 linear combination of u and v?

3. Is it true every vector (z, y) € R? can be represented as a linear combination
of v=(1,0) and w = (1, 1)?

4. Find vectors u, v, w € R? such that the following system

r+z=1
204+ 5y + 8z = —1
r+y=1

can be rewritten as xu + yv + zw = b, where b = (1, —1, 1).

5. Show that R? = {x [(1)] +y [(1)] :x €R, yeR}.

1.2 Length, angle and dot products

In order to discuss geometry in Euclidean spaces, we introduce the notions
of length and angle, which can be defined with dot products.

Definition 1.2.1. Let © = (z1, z2, -+ ,@n), ¥y = (Y1, Y2, - ,Yn) be vectors
in R™; the dot product z - y is defined by

n
Ty =2x1Y1 +X2Y2 + -+ TpYn :szyz
i=1

Example 1.2.2. 1. Let v = [ﬂ , W= [;} . Then
1 2
U-w—[1}~{3]—1-2+1~3—5.
1 1
2. Letv= |1 andw= |1|. Thenv-w=1-1+1-1+1-0=2.
0 1

www.Engineeringbookspdf.com



Vectors and linear systems 5

1 1
3. Let v = [J , W= [_J . Then

vow=1-14+1-(-1)=0.
We say v and w are orthogonal to each other and write v L w.
4. Consider the distance from A = (1, 2) to the origin O. We have
|0A) = VT =07 + 2 0P
=V1-1+2-2.
If we denote by v the vector O—fl, we have the length of v

[lv]] = Vv - .

5. Consider unit vectors u, v € R%. Then there exist o, 8 € [0, 27) such
that

u = (cosa, sina), v = (cosf, sinf3).
Then we have

u-v = cosacosf + sinasin f = cos(a — ).

m|
One can check directly that dot product satisfies the following
Lemma 1.2.3. Let u, v, w € R™ be vectors. Then
u-v=0-u,
u-(v4+w)=u-v+u-w.
Definition 1.2.4. Let v = (v, va, - -+, v,) be a vector in R™. The length ||v||

of v is defined by

-

n 2
= v - (300
i=1
A vector with unit length is called a unit vector.

Example 1.2.5.
Consider unit vectors u, v € R%. Then there exist a, 3 € [0, 27) such that

u = (cosa, sina), v = (cosp,sinf).
Then we have
u-v=cosacosf +sinasinf = cos(a — f).

There exists 0 € [0, 7] such that cos@ = cos(a — 3). Then we call 6 the angle
between the vectors u and v.

www.Engineeringbookspdf.com



6 Concise Introduction to Linear Algebra

Consider nonzero vectors u, v € R?. Then L” and % are unit vectors and

flu llvll
there exist «, 8 € [0, 27) such that

u . v :
Tal = (cos a, sin @), ol = (cos 3, sin 8).
We have
u v
Tal " Tol = cos(a — ) = cos¥, (1.4)

where 0 € [0, 7] is the angle between muy and oy Notice that w and i have
the same direction, so do v and 7. 0 € [0, 7] is also the angle between u and
v. By (1.4) we have

w-v = |ul|||v] cosb,

where © and v can be zero. Then we have derived

Lemma 1.2.6. (Cosine formula) Let u, v € R?. We have
u - v = ||ull||v] cos®,

where 6 € [0, 7] is the angle between u and v.

An immediate consequence of the cosine formula is that |v - w| =
llulll|v]|] cos @] < ||ul|||v]| which is the Schwarz inequality in R2. We show the
general version of the Schwartz inequality in R™:

Lemma 1.2.7. (Schwarz inequality) Let u, v € R". We have

|- o] < ullflo]l-

Proof. The inequality is true if v = 0. We assume that v # 0 and let w = u+twv,
t € R. Then ||w| > 0 for every t € R. We have

0 < floll = (u+ t0) - (u + t0)
=wu-u+2u-v)t+ (v-v)t?

for every t € R. Therefore the discriminant of the quadratic polynomial (u +
tv, u + tv) of ¢ satisfies

4(u-v)? —4(u-u)(v-v) <0,

which is equivalent to |u - v| < |Ju||||v]. i
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Vectors and linear systems 7

With the Schwarz inequality, we can then define angles between vectors in
R™:

Definition 1.2.8. Let u, v € R™. We define 6 € [0, 7] such that
u-v = [lull[|v]| cos,
the angle between u and v.

By properties of dot products and the Schwarz inequality, we have

Lemma 1.2.9. (Triangle inequality) Let u, v € R"™. We have

llw + vl < [lull + [[o]].

Proof. We have
lu+ ol =(u+0) - (u+0)
=u-u+2u-v4+v-v
<u-u+2luf - [lof +v-v
=llull® + 2]lull - o] + Jlv]?
=(llull + [lv])>.
Therefore we have ||u+ v| < |[u| + ||v||- o

Exercise 1.2.10.

1 3
angle 6 between w and wv; iv) Verify that |u - v| < ||ul|||v]|; v) Verify that
lu+of] < luf] + [|v]l-

1. Let u = F] , U= F] . i) Find w - v; ii) Find ||u|| and |jv||; iii) Find the

2. Find all possible real values of a such that the quadratic polynomial z2 +
az + 1 has i) two positive roots; ii) two negative roots; iii) one negative and
one positive root; iv) no real roots, respectively.

3. Let u = [ﬂ . Find all possible vectors w such that u | w, i.e., u-w = 0.
1 -1 1

4. Letu= |1|,v=]| 1| andw= | 1]|.1i) Find w-v and v - w. ii) Is it
1 0 -1

possible to find (z, y) # (0, 0) such that v = zu + yw? Justify your answer.
5. Let u, v € R™. Show that
|- o] = [lull[[v]l,

if and only if v = 0 or there exists a scalar ¢ € R such that u = tv.
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8 Concise Introduction to Linear Algebra

1.3 Matrices

Recall that system (1.3) can be interpreted as finding a proper linear com-
bination of the vectors u = (1,2,3), v = (2,5,8) and w = (3, 6, 18) to
produce the given vector b = (3, 9, 18) on the right hand side. That is, we
are looking for scalars x, y, z such that

zu + yv + zw = b,

which looks to be a certain product between (u, v, w) and (z, y, z). To wit,
we write
=b

[U’U’LU] s

ISEINSI

which is a “row” multiplied by a “column.” The reason why we put the letters
for vectors horizontally becomes clear when we recover the values of u, v, w
and b:

12 3]« 3
2 5 8| |yl=]|9], (1.5)
3 6 18] |2 18

where we obtain a rectangular array of numbers called a matrix, and if u, v, w
were placed vertically, we would not know how to place their values!

1 2 3 T 3
A=12 5 8|,x={yl,b=19
3 6 18 z 18

System (1.3) becomes the familiar form of
Ax =b. (1.6)

By comparing system (1.3) with system (1.5), we know that the so far unde-
fined product Ax between matrices A and x essentially consists of rows of A
taking dot products with x. That is,

(Row 1 of 4) - x

(Row 2 of A) - x| =b.

(Row 3 of 4) - x
Example 1.3.1.

BRIy A= E]

www.Engineeringbookspdf.com



Vectors and linear systems 9

3 2] (3,-2)- (2,1 4
-1 0 H: (-1,0)-(2,1)] = -2
2 5 (2,5)- (2,1 9

Remark 1.3.2.

For an m x n matrix A, we write A = (a;;) when we emphasize the general
form of its entries. We also write (A);;, A(4, j) or simply A;; to denote the
entry at the (i, j)-position.

If A= (a;;)is an n X n square matrix, we call the entries a;;, i =1, 2,--- ,n
the main diagonal entries. If every main diagonal entry of A is one, and every
other entries are zero, that is,

1 ifi=j
Qg 5 =
! 0 ifi#j,

we call A an identity matrix and denote it by I. Note that

Iz = x for every z € R™. ]

Example 1.3.3. Let v = (1,0,0), v = (1,1,0) and w = (1,1,1). b =
(b1, ba, b). We solve system

Ax = b,
where
1 1 1 T
A=u v wj=1|0 1 1|,x=|y
0 0 1 z
That is, we solve
1 1 1f |z b1
0 1 1| |yl =10b2
0 0 1| |z bs

We notice that A is a triangular matrix in the sense that the nonzero entries
are above the main diagonal. Such type of matrix is convenient for solving the
system by back substitution. Namely, we first solve for z, then y and x. We
obtain

X b1—b2—b3
Yy = by — b3
z b3
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10 Concise Introduction to Linear Algebra

To have a solution resembling the solution z = a~'b of the single variable
linear equation ax = b, a # 0, we wish to write (z, y, z) in terms of b =
(b1, ba, b3). We rewrite the solution as follows:

x -bl — b2 — b3_
Y by — b3
z b3

bl —bs | —bs]

= —+ b2 + —b3

bg_

0
| 0

-1
0 + ba 1 +b3 |—1

1
1 -1 bl_
=0 1 —1| [be
0 o0 1] |bs3]
Let _
1 -1 -1
B=|0 1 -1
0 o0 1]

We have the solution x = Bb. We write B = A~! and x = A~'b. Note
that we did not specify the values of b. The system in question has a unique
solution for every given b € R3. |

Example 1.3.4. Let v = (1,0, 0), v =
(b1, ba, b3). We solve system

(1,1,0) and w* = (0, 1,0). b =

Ax = b,
where
1 10 x
A=u v w' 01 1|,x=|y
0 0O z
That is, we solve
1 1 0f |z b1
0 1 1f [y| = b2
0 0 0| |z bs

We notice that A is also a triangular matrix but we cannot solve the system
by back substitution. The third equation of the system is

0:b37

which may or may not be true depending on the value of bs.

If b3 # 0, system Ax = b has no solution.
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Vectors and linear systems 11

If b3 = 0, system Ax = b becomes

11 0] "] _ [
0 1 1] |77 |ba)’
z

which has a free variable z that can be parameterized by z = ¢, t € R. Then
we have

X b1 - b2 +t b1 - b2 1
y| = b —t| = ba| +t|—1|,teR, (1.7)
z t 0 1

which represents infinitely many solutions on a straight line in R3. O

Let us make some observations on the previous two examples. In Exam-
ple 1.3.4, for arbitrary b € R3, we have a unique solution x = A~'b. That is,
the vector equation

zu+yv+zw=D>b

always has a unique solution for the linear combination coeflicients (z, y, z).
This implies that the set of vectors {u, v, w} can span the whole space R3.

In Example 1.3.3, there exists b = (b1, by, b3) € R? with b3 # 0, which is
not a linear combination of {u, v, w*}. That is, the set of vectors {u, v, w*}
cannot span the whole space R3. But why can {u, v, w}, while both sets have
three different vectors? The answer is that {u, v, w*} has redundant vectors,
but {u, v, w} does not. Namely, the role of some vectors in {u, v, w*} can be
replaced by other vectors. To identify the redundancy, we set up the following
model:

T1U + 22U + x3w* = 0,

solving for (x1, z2, x3). By (1.7), we have at least one nonzero solution
(z1, z2, x3) = (1, —1, 1). That is,

lu+ (-)v+ 1w =0<=v=u+w".

That is, v can be replaced with u + w*. Therefore, the spanning role of
{u, v, w*} is the same as that of {u, w*}, which cannot span a three di-
mensional space.

Next we verify that there is no redundancy in {u, v, w} for spanning R3.
We also set up the following model:

T1U + 22V + x3w = 0,

solving for (x1, z2, x3). By the solution in Example 1.3.4, we have the only
solution (z1, 2, 3) = (0, 0, 0). This means that none of the vectors in
{u, v, w} can be replaced by a linear combination of the other ones. They
are linearly independent.
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12 Concise Introduction to Linear Algebra

Definition 1.3.5. Let {uj, ua, -+, umy} be a set of vectors in R™. If
the vector equation

TiUu1 + Tous + -+ -+ Tpuy =0

has only the trivial solution z1 = 22 = --- = 2, =0, {u1, ua, -+ , U}
is said to be linearly independent. Otherwise, {uy, ug, -, upm } is said
to be linearly dependent.

J

We finish this chapter with examples on matrix multiplication with ele-
mentary matrices.

Example 1.3.6. Elementary matrices
e Consider Ex = b, where b = [bl], X = {xl}, FE = [1 0} Then Fx =
b2 i) l 1
T
T2 + lxl
“adding I-multiple of row 1 to row 2.” The solution is

. Note that the effect of multiplication by E from the left of x is

Denote by B~ = {—1l (1)] We have the solution x = E~1'b. The effect of
multiplication by E~! from the left of b is “subtracting I-multiple of row 1
from row 27 Moreover, using x = E~'b and the original system Ex = b, we

have
E(E7'b)=b, E'(Ex)=x.

That is, the multiplication actions from the left of a vector by E and E~1
are canceling each other. If we treat the action A : x — Ax as a function
determined by the matrix A, then the effect from E~'o FE and Eo E~! is the
same as the identity matrix I.

X9 1 0
Note that the effect of multiplication by F from the left of x is “exchanging
positions of row 1 and row 2.” The solution is

e Consider Fx = b, where b = 21} , X = [xl} ,E = [0 1] . Then Ez = BQ] .
2 1
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Vectors and linear systems 13

Denote by E~! = [0 1] , which is identical to E itself. We have the solution

10
x = E~'b. The effect of multiplication by E~! from the left of b is “exchang-
ing positions of row 1 and row 2.” Moreover, using x = E~'b and the original
system Ex = b, we have

E(E7'b)=b, E'(Ex)=x.

That is, the multiplication actions from the left of a vector by E and E~! are
canceling each other. The multiplication effects from E~* o E and F o E~1
are the same as the identity matrix I.

e Consider Ex = b, where b = b , X = 1 , B = 1o with ¢ # 0. Then
b2 i) 0 ¢

Ex = [cxxl } . Note that the effect of multiplication by E from the left of x is
2

“multiplying row 2 by ¢”. The solution is

b 4]

Denote by E~! = We have the solution x = E~'b. The effect of

1
0
multiplication by E~! from the left of b is “dividing row 2 by ¢”. Moreover,
using x = E~'b and the original system Ex = b, we have

0
l .

E(E~'b)=b, E '(Ex)=x.

That is, the multiplication actions from the left of a vector by E and E—!
are canceling each other. If we treat the action A : x — Ax as a function
determined by the matrix A, then the effect from E~'o E and Eo E~! is the
same as the identity matrix I.

The aforementioned three type of matrices are called elementary ma-
trices which can be obtained by operating on the identity matrices with the
elementary row operation in question. m|

Exercise 1.3.7.

1 00 1 00
1.Let A= |1 1 0l and B=|-1 1 0|.Computei) A+ B, A+ 2B
11 1 0 -1 1

and A — 3B; ii) AB and BA.

2. Let A = B ﬂ and B = [(1) (1)] i) Compute AB and BA; ii) Is AB =
BA?
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14 Concise Introduction to Linear Algebra

3. Find matrices A and b such that the system

r+z=1
2z 4+ 5y + 8z =—1
r+y=1

can be rewritten into matrix form Ax = b, where z = (z, y, 2).

1 0 0
4. Let ey = |0|, ea = [1| and e3 = [0 . Determine that {e1, ea, e3} is a
0 0 1
linearly independent set of vectors in R3.
1 0 1
5.Let v1 = |1}, vo = [1| and v3 = |0 . Determine whether or not
0 1 1

{v1, vg, v3} is a linearly independent set of vectors in R3.

6. Let u = (1,0), v = (1, 1) and w = (1, 2). Show that {u, v, w} is not
linearly independent.

7. Let S = {uy, ug, --- ,un} be a set of vectors in R™. If one of them is the
zero vector, is S linearly independent?

8. Let {v1, v2, v3} C R™ be a set of linearly independent vectors. Determine
whether {v1 + v, v3 + v3, v3 + v1} is linearly independent or not.

9. Show that every set of four vectors in R? is linearly dependent.

10. Find the canceling matrices E~! of the following E’s.

100 100 1 0 0
E=1|0 1 ol, E=|0 0 1|, E=1{0 10 0
01 1 01 0 0 0 1
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With the preparation of Chapter 1, we start the discussion of how to solve
linear systems, using matrix representation of linear systems and matrix mul-
tiplications. In the process we certainly will develop related properties of ma-
trices.

2.1 Vectors and linear equations

Solving a linear system Ax = b means that we use certain operations on
the system to reduce it into the form x = c, or equivalently Ix = ¢, where [
is the identity matrix. Such operations should be reversible, in the sense that
the solution x = ¢ should be equivalent to the original system. By default,
we agree on the fact that if u = v, u, v € R", then Bu = Bv for every m X n
matrix B. Using the language of matrix, to reduce Ax = b into Ix = ¢, we
need to find a sequence of matrices Ey, Es, -- - E, such that

E1A{E = kb= EQElALL' =FkEEb= = Eq s EQElALL' = Eq --- By Eqb.

Namely, we keep multiplying both sides of the equation by the same ma-
trix. The question is at which step we should stop. If the solution is unique,
that is, the solution x must be a definite value, we should be able to ar-
rive at the situation that the coefficient matrix of x becomes the identity
matrix I. That is, E---E2E1A = I. In order to make sure the solution
x = c is equivalent to the original system, ideal candidates for the matrices
Ey, Ey, --- E4 are those elementary matrices, because we know their canceling

15
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16 Concise Introduction to Linear Algebra

matrices £y, Ey ', -+ E;! such that we have
Av=b«< E'E\Ax =E{'E\b< .- < E;'E;--- EyAz = E;'E, --- E1b.
Example 2.1.1.

We solve the following system Ax = b, which is in system form:

z—y=1
rT+y=2.
We follow our basic idea of eliminating variables, and at the same time use

matrices to represent the elimination processes. We use the notation R; to
denote the i-th row or the i-th equation.

Solution:
System Matrix representation Elementary matrix
r—y=1 1 =1 |z |1
T+y=2 1 1]yl (2
1 0
I R2 + Ry By = 11
r—y=1 [1 0]ft —1]f=] [1 0]][1
20=3 |1 1|1 1]ly] |1 1]][2
(1 —1] [=] (1 0 1
VB & 1 2 0]y~ _3} Ex= [1 o]
2¢=3 [0 1][1 —1][z] [0 1][1
r—y=1 |1 0|2 0]yl [1 0]|3

< 8
—_
Il
L———
— W
—_
=
w
Il
|
[ [—
— O
—_

LRy — 3Ry E _ﬂ

2$=31 1 02 o
—y=— -+ 11 -1

I Ry -

N=
—
O N
|
— o
—_
—
< 8
—_
I
|

NI o
[
IS
|
—
O N
— O
—
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Solving linear systems 17
1 0]t o]f[«] [t o][3
0 —-1{|0 —1||y| [0 -1 _%

1 0] [z] 3

0 1| |y| % '

Indeed, in the process we have E5 E4y E3Fo E4 A = I and the solution is obtained
when an identity matrix appears in the last step. Let us also observe that the
so far undefined matrix multiplication between 2 x 2 matrices actually can be
done column by column on the second matrix. (Please verify it in the
computation.) For general matrices, we will follow this convention which will
formally become our definition of matrix multiplication — we are actually
justifying how convenient it is for solving linear systems.

Let us observe that during the elimination process in Example 2.1.1, if the
first step was Ro — Ry, then interchanging of two rows in the second step could
have been avoided. The upper leftmost nonzero entry 1 in row 1 is called a
pivot or a leading 1. One could use this pivot to eliminate all entries below
it. If we have a pivot in each row during the elimination, we can reduce every
nonpivot entry of a square matrix into zeros. |

Tr =

y:

N =0 W

Notice that the variables (z, y) in the matrix representation are actually
unnecessarily carried in each step. We use the so-called augmented matrix,
which is the coupling of the coefficient matrix and the right hand side of
the system, to represent the system by a single matrix, completely dropping

(z, y).
Example 2.1.2. Solve system (1.1):
r+2y+3z2=3
204+ 5y +82=9
3z 4 6y + 18z = 18.

Solution: We re-write the system of linear equations in the matrix form
Ax = b, where

1 2 3 x 3
A=1|2 5 8|,x= |yl andb= ]9
3 6 18 z 18
Then the corresponding augmented matrix is
1 2 3 3
[A:b]=1{2 5 8 9
3 6 18 18
By the elementary row operations on [A : b] we have
1 2 3 3 1 2 3 3
2 5 8 o229 1 2 3
3 6 18 18 3 6 18 18
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18 Concise Introduction to Linear Algebra

R+(73)R1233
=" 1o 1 2 3
009 9
R/91233
== 10 1 2 3
00 1 1
. 1 2 3 3]
=310 1 0 1
0 0 1 1]
RR'1200‘
L3 g 1 01
0 0 1 1]
- 1 0 0 -2
=== 10 1 0 1
001 1

Then we have an equivalent system with augmented matrix

The solution is

O

We remark that in the solution of Example 2.1.2, the coefficient matrix
has been reduced into an upper triangular matrix (the entries below the main
diagonal are all zeros) after two eliminations. Once an upper triangular ma-
trix is obtained, we can use back substitution to solve for z, and y and =z.
The remaining steps are eliminating the entries above the pivots so that we
obtain an equivalent system with a diagonal/identity coefficient matrix whose
solution will be directly displayed.

The following example deals with the situation that the solution is not
unique, but we still carry out the elimination process until we arrive at the
situation that the maximal number of variables has coefficients 1.

Example 2.1.3. Solve the following system of linear equations.

1+ a9+ 23+ 204 = —1
21}1+1‘2+31‘3+1‘4:—2
2x1 — 229 + 4x3 + 224 = —3.
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Solving linear systems 19

Solution: We re-write the system of linear equations in the matrix form
Au = b, where

1 1 1 2 . -1
A=12 1 3 1|,u=|"?| andb= |-2
2 —2 4 2 3 -3
Ty
Then the corresponding augmented matrix is
1 11 2 —1
[A:b)=12 1 3 1 =2
2 -2 4 2 -3
By the elementary row operations on [A : b] we have
1112—1R+(_2)R111 2 -1
2 1 31 —2 = ~ 10 -1 1 =3 0
9 —2 4 2 —3| 2R lg 4 90 2
() 1 1 1 2 -1
=10 1 -1 3 0
0 -4 2 -2 —1
2 -1 -1
f R 1 3 0
Rot(4)R2 2 10 -1
Ra/(2) 1 0 2 -1 -1
=101 -1 3 0
oo 1 -5 %
1 0 0 9 —2
L2l g1 0 -2 3
o 001 -5 L

Then we have a system with augmented matrix

100 9 -2
010 -2 1
001 -5 1

Let x4 = t, where t is an arbitrary real number. The solution is

2 ~2-9t
o= ,t€R.
3 §+5t

T4 t
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20 Concise Introduction to Linear Algebra

Notice that the reduced system does not have an identity coeflicient matrix,
even if it is close to it. We say such a matrix is in reduced row echelon
form, which is a matrix satisfying the following:

i) If a row is not entirely zero, the first nonzero entry is 1, which we
call the pivot 1 or leading 1;

ii) The zero rows are exchanged to the bottom;

iii) For every two pivot 1’s (leading 1’s), the one in the higher row is
closer from the left of the matrix;

iv) Each column has a leading 1 and has zeros everywhere else in the
column.

J

A matrix satisfying conditions i), ii) and iii) is said to be in row echelon
form. The elimination process to obtain a row echelon form is called Gaussian
elimination. The elimination process to obtain a reduced row echelon form
is called Gauss—Jordan elimination.

Example 2.1.4. Consider matrices

100 9 -2 100 9 -2
A=|0 01 -5 L B=|0 00 1 4
000 1 4 001 -5 3

A is in row echlon form, but B is not because the pivot in row 2 is farther
from the left of the matrix than the pivots in row 3. The pivots should be
positioned in the matrix in a staircase shape.

O

The following example illustrates how we determine a system has a unique
solution, has no solution or has infinitely many solutions.

Example 2.1.5. Let k be a real number. Consider the following linear system
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Solving linear systems
of equations:

To+x3+ 14 =—1
201+ 20 + 33+ 14 = —2
2x1 — 220 + 4x3 + 224 = —3

31’2—1’3—1}4:/{?.

21

(2.1)

Find all possible values of k such that system (2.1) has a unique solution, has

no solutions and has infinitely many solutions.

Solution: We re-write the system of linear equations in the matrix form

Au = b, where
0 1 1 1 1 -1
12 1 3 1 K -2
A= 9 _9 4 NE o and b = _3
0 3 -1 -1 T4 k

Then the corresponding augmented matrix is

0 1 1 1 -1
2 1 3 1 -2
[A: b= 2 =2 4 2 =3
0 3 -1 -1 k

By the elementary row operations on [A : b] we have

0 1 1 1 -1]
2 1 3 1 =2
2 -2 4 2 -3
0 3 -1 -1 k]
2 1 3 1 -2]
R3¢ Ro 0 1 1 1 -1
- 2 -2 4 2 -3
0 3 -1 -1 k]
2 1 3 1 -2
R3+(—1)R; 0 1 1 1 -1
R4—3Rs 0 -3 1 1 -1
0 0 —4 —4 k+3
2 0 2 0 -1
Ri—Rs 0 1 1 1 -1
R3+3R> 0 0 4 4 —4
0 0 —4 —4 k+3
2 0 2 0 -1
Ri+Rs3 01 1 1 —1
’ 00 4 4 —4
000 0 k-1
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22 Concise Introduction to Linear Algebra

2 0 2 0 —1]
Rs/4 01 1 1 -1
’ 00 1 1 -1
0 0 0 0 k—1]
10 1 0 —3]
Ro—Rs 01 0 0 0
R1/2 0 0 1 1 -1
0 0 0 0 k—1]
1 0 0 -1 1
Ri1—Rs 0 1 0 0 0
oo 1 1 —1
000 0 k-1
Then we arrive at
100 -1 z
010 0 0
00 1 1 -1’
000 0 k—1

which can immediately lead to the reduced echelon form of the augmented
matrix [A : b] if we know the value of k.

i) If & # 1, then the system is not consistent and has no solution because the
last equation is 0 = 1 which is contradictory.

ii) If & = 1, then the system is consistent and has infinitely many solutions.
Let x4 = t, where ¢ is an arbitrary real number. The solution is

T % 4+t

T2 | 0

v = |—1—¢| t€R
Tq t

Exercise 2.1.6.
1. Redo Example 2.1.1 with the first elementary row operation Ry — Rj.

2. Determine whether the following matrices are in reduced row echelon form
and row echelon form, respectively:

100 9 -2 100 9 1101
010 -2 %, fo1o 1|, |01 0 3
001 -5 1 001 =5 001 3

3. Solve the following systems using Gauss—Jordan eliminations:

r+3z=1 r+2y+3z=1 r+2y+3z=1
a) 20 +3y=3 b) 2e+3y+42=3 ¢ 20+ 3y+42=3
dy+52=5 3x+4y+5z=5 S5+ 9y+132=17
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Solving linear systems 23

4. Consider a linear system Ax = b with A an m x n matrix and b an m x 1
matrix. Is it true if there is more than one solution for x in R™, there must be
infinitely many? You may use the fact that

Az +y) =Az + Ay
A(tx) =tAwx,

for every z, y € R™ and t € R,

which is called the linearity of matrix multiplication.
5. Let k be a real number. Consider the following linear system of equations:
To+ 23+ x4 =1

201+ a0 + 313 =2

Ty + 43 +2x4 = 3
kro +x4 = 1.

(2.2)

Find all possible values of k such that system (2.2) i) has a unique solution;
ii) has no solutions and iii) has infinitely many solutions.

2.2 Matrix operations

We have dealt with matrix multiplication when we represent systems of
linear equations into matrix form Ax = b, where Ax is a m X n matrix times
an n X 1 matrix. In this section, we discuss matrix operations for general
matrices.

Definition 2.2.1. Let A, B be m x n matrices, ¢ € R a scalar. Then A + B
and cA are m x n matrices defined by

(A+B)ij = (A)ij+ (B)ij, (cA)ij =c(A)ij,

where (A); ; denotes the entry at the (i j) position of A.

1 2 3 5 4 3
Example 2.2.2. Let A = {3 1 5]7 B= [3 9 1]. Then we have
6 6 6 2 4 6
A+B_{6 6 6}’ 2A_[6 8 10}
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24 Concise Introduction to Linear Algebra

Recall that in Example 2.1.1, we multiplied square matrices with the con-
vention that the first matrix multiplies column by column on the second matrix
of the product AB. One point to note is that a product Ax with a column
matrix x exists if the number of columns of A equals the number of rows of
X.

We have

Definition 2.2.3. Let A be an m X n matrix, B be an n x r matrix. Then
AB is an m X r matrix.

AB = [Aby : Aby : - -+ : Ab,],
where B =[by : bg : -+ : by].
1 2 5 4 3
Example 2.2.4. A = [3 4], B= {3 9 J. Then we have
11 8 5
AB = [27 20 13} ’

O

Let A be an m X n matrix, B be an n X r matrix. If we partition A into
rows and B into columns, we have

a
a
AB = | . [b1:b2:~-~:br]
_am
_albl a1b2 cee a1bn
o a2b1 a2b2 T agbn
_amb1 ambas - amb,
from which we have
alB
(IQB
AB = . ’
amB

and that
(AB); j = (Rowi of A) - (Column j of B).

We have the following associative property of matrix products.

Theorem 2.2.5. Let A, B and C be m xn, n X p and p X ¢ matrices,
respectively. Then we have

(AB)C = A(BO).
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Proof. First of all we know that both products are m x g. For every position
(¢, j) in the product matrix, we have

((AB)C);; = (Rowi of AB) - (Column j of C')

[
NE

(AB)isCs

@
Il
Ja

[
M=

[((Rowi of A) - (Column s of B)|Cj ;

@
Il
Ja

Z AitBt s
t=1

P

ZBtsCsj

t=1 s=1
= (Rowi of A) - (Column j of BC)
= (4

(BC))i

I
NE

Cs;

@
Il
a

Aiv

[
NE

O

By the approach of comparing corresponding positions in the related ma-
trices, we have the following distributive properties:

~

Lemma 2.2.6. Let A and B be m x n; C and D be n X p matrices;
t € R be a scalar. We have

A(C + D) = AC + AD;
(A+ B)C = AC + BC;
t(A+ B) =tA +tB.

Unfortunately there is no commutative property in general for matrix prod-
ucts.

In general,
AB + BA.

1 2 01
Example 2.2.7. Let A = {3 4}, B= [1 0}. We have

2 1 3 4
as= 1] =)

which illustrates that AB # BA. Observe that B is an elementary matrix
which exchanges rows of A if multiplied on the left of A, but exchanges columns
of A if multiplied on the right. We will understand this after we have learned
transposition in the later sections. O
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We finish this section with the definition of matrix powers:

A" = AAA...A
—
m copies of A

Exercise 2.2.8.

1. Let A= [?1) i], B= Ll) (1) (1) (1)] i) Compute AB. ii) Does BA exist?

1 2 1 -1 0 1| . .. .
2. Let A = {3 4}, B = [1 11 O]' i) Compute AB. ii) If B is block
partitioned into B = [By : Bl is it true AB = [AB; : ABs]?

3. Show Lemma 2.2.6.

4. Let A=Ja; :az---:ay], B=| .| be m xn and n X r matrices. Show
that AB = a1b1 + agbs + - - + a,by,-

1 2 1 -1 0 1 .
5. Let A= {3 4], B = L 11 0] . Use Question 4 to compute AB.

6. Let A and B be m x n and n x r matrices. Show that i) every column of
AB is a linear combination of the columns of A4; ii) every row of AB is a linear
combination of the rows of B.

1 2

7.Let A= {3 4

] . Find all matrices B such that AB = BA.

8. Let A and B be n x n matrices. Explain that in general we have (A —
B)(A—B) # A2 — B? and (A + B)? # A2 + 2AB + B~

9. Let A be an n x n matrix. Define V.= {B : AB = BA}. Show that i)
V # ;i) if By € V and By € V, then every linear combination of By and Bs
isin V.

10. Give an example that A2 =0 but 4 # 0.
11. Give an example that A2 =T but A # £1.

12. Let A be an n X n matrix. If we want to define a limit lim,,_,,, A™, how
would you define the closeness (distance) between matrices?
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2.3 Inverse matrices

To solve the linear system Az = b where A is an n X n matrix and b is an
arbitrary n x 1 vector, we use the elimination process to reduce it into Iz = xy,
where [ is the n x n identity matrix. We know each step of elimination can
be represented by a left multiplication of an elementary matrix on both sides
of the current linear system. That is,

EmEm—l R EQElALL' = EmEm—l s E2E1b.

If the eliminations reduce A into the identity matrix I, that is,
E,E,_1---FEsFE1A = I, we obtain the solution x = E,,E,,_1--- EsFE1Ab.
For notational convenience, we write B = E,, E,,_1 - -+ E2E1. We have

BA =1 and x = Bb.
If we bring x = Bb back into the original system, we have
ABb =b.

Since b is assumed to be arbitrary, we have ABb = b for every b. Then we

have
AB = 1.

In summary, in order to have a unique solution for Az = b with arbitrary b,
we need

BA=1=AB. (2.3)

‘We notice that

Lemma 2.3.1. If there exists an n X n matrix B satisfying BA =1 =
AB, then it is unique.

This is because if CA = I = AC we have

C =CI=C(AB) = (CA)B=1IB=B.

Definition 2.3.2. Let A be an n x n matrix. If there exists B such
that BA =1 = AB, A is said to be invertible. B is called the inverse
of A and is denoted by A~!. If there is no such matrix B satisfying
AB =1 = BA, A is said to be singular, or not invertible.

An immediate application of the definition of inverse is that if a matrix
has a zero row or zero column, it cannot be invertible. Say A has a row of
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zeros, then by matrix multiplication, for every matrix B such that AB exists,
AB will have a row of zeros, which cannot be equal to the identity matrix.

If A has a zero row or zero column, A is not invertible. ]

Example 2.3.3. 1. Since I? = II = I, the identity matrix is invertible
with 7= =T.

2. Let A = diag{ds, do, -+ ,dn}.If didy - - - d,, # 0, then A is invertible with
A7l = diag{dfl, d;l, .-+ ,d-1}. To be more specific, if dids - - - d,, # 0,
then we have

dy dyt

3. All elementary matrices are invertible. For instance,

100 1 00
Eyu ;=10 1 0l =E;'=]0 1 0f,
2 0 1 -2 0 1
01 0 01 0
Py=1{1 0 0 =P;;'=1{1 0 0f =Py,
00 1 00 1
10 0 1 0 0
Ey3=|0 1 0| =FE3' =101 0
0 0 10 00 15

Now we show two equivalent conditions for invertibility of a matrix.

Theorem 2.3.4. The following are equivalent:
i) A is invertible.

ii) Az = 0 has only the trivial solution z = 0.

iii) A is equal to a product of elementary matrices.

Proof. i) = ii) Since A is invertible, the inverse A~! exists. Then Az = 0
leads to A=Az = A710 and Iz =2 = 0.
ii) = iii) If Az = 0 has only the trivial solution x = 0, then by Gaussian
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elimination, the augmented matrix [A : 0] can be reduced to [I : 0]. That is,
there exist elementary matrices F1, Fa,- -+ , Ey, such that

EmEm,1 . EQEl[A : 0] = [I : O]

Hence E,,E,—1---FE2E1A = I and we have A = El_lE2_1~-~En_11. Since
Ei_l,i = 1,2, .- ,m are again elementary matrices, A is a product of ele-
mentary matrices.

iii) = 1i). Suppose A is a product of elementary matrices with A =

Ef'Eyt - E;l. Let B=E,Ep_1--- E2Fy. We have
BA=(EpEp 1 E2E)(ET'Ey - EY)

=]
=(E; "Byt ELN) (BBt - B2 By)
=AB.

O

Theorem 2.3.5. Let A and B be n X n matrices.
i) If BA=1, then B=A"1
ii) If AB =1, then B= A1

Proof. i) If A is invertible, we immediately have B = B(AA™!) = (BA)A™! =
A1, To show A is invertible by Theorem 2.3.4, we show that Az = 0 has only
the trivial solution. Indeed, if Ax = 0, we have BAx = B0 which implies that
Iz =2 =0. Az = 0 has only the trivial solution. Hence A is invertible.

ii) By 1), we have A = B~! and B is invertible. Notice that BB~! =
B~'B = I. B~ !isinvertible with inverse equal to B. Therefore, A is invertible
with A=! = (B7!)~! = B. That is, B = A~%. m|

Theorem 2.3.6. Let A and B be n x n matrices. Then A and B are
invertible if and only if AB is invertible.

Proof. “="1If A and B are invertible, A~! and B! exist. Then we have
(B'A~Y)(AB) = (AB)(B~'A™") = 1,

which imply that AB is invertible.
“«="1If AB is invertible, then there exists a matrix C' such that C(AB) =
(AB)C = I. By associative property of matrix product, we have

(CA)B=A(BC) =1,
in which by Theorem 2.3.5 A and B are both invertible. O
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Lemma 2.3.7. Let A = {a b}.
c d

A is invertible if and only if ad — be # 0.
If A is invertible, then

1 d b
A7l = .
ad — be [C a }

Proof. We show the first part. The second part can be directly verified by
computing AA™L.

“—" If A is invertible, it cannot have a zero row. Therefore, ¢ and d
cannot be simultaneously zero. Suppose ad — bc = 0, then the system Ax = 0
has a nontrivial solution

]
X = # 0.

—C

By Theorem 2.3.4, A is not invertible. This is a contradiction. Hence ad — bc #
0.
“«<=" If ad — bc # 0, the matrix

1 d -b
B =
ad — be [—C a ]
exists and satisfies BA = I. Therefore, A is invertible with A=! = B =
1 d -b
ad—bc | ¢ a |’ o
From Lemma 2.3.7, we know that the invertibility is determined by a scalar

quantity ad — be. We call it the determinant of A. In the later chapters we
will come back to this notion.

Example 2.3.8. (Dominant matrices are invertible) We call an n x n matrix
A = (a;;) a dominant matrix if for every i € {1, 2, --- ,n}, we have

laiil > > laij|.
j#i
We show that if A is dominant, then it is invertible.

Proof. We show that if x # 0 then Ax # 0 so that Theorem 2.3.4 applies. Let
|z, | be the largest coordinate of x in absolute value. Then we have
|(Al')101| = |(ROW io of A) . X|
=|aig1%1 + GigaTa + -+ F QigigTip + *** F QignTn|
>|igioTio| = [@ig121 + @ig22o + -+ -+ Qg (i0—1)Tig—1

+ Qg (io+1)Tig 41 * F QignTn|
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>|@igioTio| = laig1z1| = |aig2xa| — -+ = [@ig(ig—1)Tip-1]
- |ai0(i0+l)$io+l| T |az‘0n$n|

>|@igioTio| — |@ig1Tig | — |@ig2Tio| =+ = |@ig (19 —1) Tio |
- |aio(io+1)xio| o = |aigno]

= { |@ioiol =D laigs| | |2io| > 0.

J#io
O

We finish this section by a concrete example on how to find the inverse of
a square matrix, if it exists. The idea is the same as solving the linear system
by elimination. If we can find elementary matrices Fy, Es, - - - , Ey, such that
EnEp_1---E1A =1, then we obtain A~! = E,,E,,_1 - - - E1. The problem is
that it is not economical that we compute the matrix product after we have
found all of the elementary matrices. We must find a device to record the
product at the same time of elimination. Indeed the coupled matrix [A : [
serves this purpose very well. Namely, we have

ATNA: I =[ATA A =[T: A7)

The inverse A~! is recorded at the second part of the coupled matrix when
the first part becomes 1.

Example 2.3.9. For the given matrix A, we use elimination to find A~! and
record elementary row operation and the corresponding elementary matrix at
the same time.

Solution:

2 1 4 0 10 Row operation Elementary Matrix

0 0 1
U Ry < R3 Ei,=10 1 0
1 00
1 -1 2 0 0 1
2 1 4 0 10 Row operation Elementary Matrix
3 07100
1 00
[} Ry —2R; Ey=1-2 1 0
0 0 1
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1 -1 2 0 0 1
0 3 00 1 -2 Row operation Elementary Matrix
3 0710 0
100
I Rs — 3Ry Es=| 01 0
-3 0 1
1 -1 2 0 0 1
0 3 0 0 1 =2 Row operation Elementary Matrix
0 3 110 -3
1 0 0
(3 R3 — Ry E,= |0 10
0 -1 1
1 -1 2 0 O 1
0 3 0 0 1 -2 Row operation Elementary Matrix
0 011 -1 -1
1 00
y Ry /3 =0 1 0
0 0 1
-1 2 0 0 1
0 1 0 0 % —% Row operation Elementary Matrix
0 1 -1 -1
1 10
¢ Ri + Ry Eg=1{0 1 0
0 0 1
1 1
1020 3 3
01 00 % —% Row operation Elementary Matrix
0011 -1 -1
1 0 -2
I R1 — 2R3 E;=10 1 0
0 0 1
7 7
100 -2 4 3
1 2
010 0 3 -3
0 0 1 1 -1 -1
Then we have
—9 7 7
3 3
a0 ),
1 -1 -1
which can be written as the product of elementary matrices 7 Eg Fs E4EsEs Fy .
O
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Exercise 2.3.10.

1. Determine whether or not the following matrices are invertible. Find the
inverse of each matrix if it exists.

o b 5o b

2. Determine whether or not the following matrices are invertible. Find the
inverse of each matrix if it exists.

0 0 1 1 00 1 0 0

a) 0 1 0f, b 2 1 0f, o 0 6 0

1 00 0 3 1 0 0 1

3. Determine whether or not the following matrices are invertible. Find the
inverse of each matrix if it exists.

12 0 1 00 120
a) [3 4 0|, b [0 -1 2/, ¢ [36 0
00 1 0 3 6 00 1

4. For the given matrix A, use elimination to find A~! and record each ele-
mentary row operation and the corresponding elementary matrix at the same
time.

3 0
A= |2 4
1 -1

(G20 NI

5. For what values of A € R is the following matrix

3 0 1
A= 12 4 2
1 -1 X
invertible?
T1
T2
6. Let A be an n x n matrix. If A = | | | satisfies that ro = r3 + 71, is A4
Tn
invertible?
7. Let A be an nxn matrix. If A = [cl TCy e cn] satisfies that co = c3+cq,

is A invertible?

8. Let v, w € R™ be vectors. Is the matrix A = { o1l ! ] invertible?

- w| - [lw]
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9. Give an example of a 3 X 3 dominant matrix and find its inverse.
10. Find a sufficient condition on a, b, ¢ and d € R such that the matrix

A= a®>+b%  2ab
| 2cd P+ d?

is invertible.

01 1

11. Let A= [0 0 1].i) Compute A?;ii) Show that for every k > 3, k € N,
0 0 0

AF = 0.

12. Let A be an n x n matrix. Show that if A¥ = 0, then I — A is invertible
and
(I—A) ' =T+A+ A% 4. 4 AL

13. Let A be an n x n matrix and A =tI + N, t € R with N4 = 0 for some
k € N. Compute A% in terms of ¢ and N.

14. Let D = diag{)\1, A2, -+ , A\, } be a diagonal matrix with the main diago-
nal entries A1, Az, - -+, A,. Show that D is invertible if and only if A; # 0, for
everyt=1,2 - n.

15. Let A be an n x n matrix. i) If A3 = I, find A7'; ii) If A¥ = I for
some k € N, find A~1; iii) If A¥ = 0 for some k € N, is it possible that A is
invertible?

16. Show that A is invertible if and only if A is invertible for every k €
Nk >1.

17. Let A and B be n x n invertible matrices. i) Give an example to show
that A+ B may not be invertible; ii) Show that A+ B is invertible if and only
if A= + B~! is invertible.

2.4 LU decomposition

We have observed in solving Ax = b with A an n X n matrix that once we
have a triangular coeflicient matrix, say Ux = ¢, we can use back substitu-
tion to solve the system. Indeed, if elementary matrices F, Es, --- , B, are
lower triangular and reduce A into an upper triangular matrix without row
exchanges, then the product L = E 1E2_ Lo E;! is lower triangular. In such
a case, Ax = b is equivalent to

LUx = b,
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and we can solve the system by solving two systems with triangular matrices:
Lc=b, Ux=c,

which can be solved by forward and backward substitution, respectively.

Next we explain that L can be obtained without really carrying out the ma-
trix multiplications. Assume that each elementary matrix in Fq, Es, -+, Ep,
deals with a different position (i, j) of an n x n matrix with ¢ > j and
we assume that the elimination on A was carried out with the order Fj,
FEs,---, E,,, successively on A. Then the product L = EflEgl Bl =
E{'Eyt .- E; M is acting on I backward adding the —I; ; multiple of the
Jj-th row to the i-th row, where ; ; is the multiplier from F; ;. With p < g,
the row with the position to be altered by £, Lis not altered (relative to the
identity matrix) when £ L acts. To be specific, let us examine the following
example:

Example 2.4.1. Let

2 -1 0 1 00 1 0 0
A=|-1 2 =1|,Exn=|1 1 0|,E;=10 10
0 -1 2 00 1 0 21
We have
2 -1 0
EspEnA=U= |0 3 -1
4
0 0 3
Then the LU decomposition is A = LU with
1 0 0f |1 0 0 1 0 0
L=Ey'Ex'=|-2 1 0/ /0 1 of=|(-% 10
2 2
0 0 10 -5 1 0 —35 1
We see that the multipliers —I3 2 = —% and —l2 1 = —% of the elementary

matrices are placed directly into the identity matrix to form the product L.
Row 2 for the position (2, 1) which will be altered by E,* is not altered when
E3,' sends —I3 5 to the (3, 2)-position. When E,;' acts after Ej,', it sends
—l3,1 to the (2, 1)-position using unchanged Row 1 to produce a new Row 2,
but this new Row 2 has no effect on E3,' anymore.
If we compute
B Ey = |-

)

0
0
1

W N =
W = O

E5' produces a nontrivial entry at (2, 1) in Row 2. When Eg,'" acts, it uses an
already altered Row 2 and produces an unwanted entry at (3, 1). In summary,
we have
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If B, Es, --- , E,, are lower triangular elementary matrices which op-
erate on distinct positions (4, j), ¢ > j of the n X n matrix A and are
such that E,,E,,_1--- EoE1 A = U is an upper triangular matrix, then
A= LU, where L = E;'E;"--- B! is lower triangular with

m
(L)ij = —lij,
and l;; is the multiplier of the corresponding elementary matrix in
Ey, Es, -+, E,, which operates on position (7, j).

Exercise 2.4.2.

1. Let —I;; be the entry of the 4 x 4 Eigl matrix below the main diago-
nal. Which one of the following products can be obtained by directly writ-
ing —1;; into the (i, j) position of the products? i) E;,'E3y By  Ep Epg's i)
B By 'Ex ER ER

2. Find the LU decomposition of

3 0 1
A= |2 4 2
1 -1 5
3 01
3.Letb=(1,2,3)and A= |2 4 2|.Usethe LU decomposition of A to
1 -1 5

solve system Ax = b.

4. Is it true that a matrix A does not have an LU decomposition? Justify your
answer.

2.5 Transpose and permutation

Definition 2.5.1. Let A be an m x n matrix. The transpose of A is an n xm
matrix denoted AT and is defined by

(A1) = (A)ji-
Example 2.5.2. We have the following examples.

1
L. IfA=[1 2 3], then AT = |2
3
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1 3 1 47
2. IfA= |4 6|, then AT = 2 5 8
7 9 3 6 9

co U N

3. If 2, y € R™ are treated as n x 1 matrices, then = -y = 27y.

Theorem 2.5.3. Suppose that A and B are matrices such that A+ B,
AB and A~ exist. We have
(A+B)T =AT + BT, (2.4)
(AB)T =BT AT,
(A—l)T — (AT)—l

J

We show (2.5) while the others can be proved similarly. For every (i, j)

position of (AB)T we have

(AB)"))is

’;1>

B)ji
Row j of A) - (Column i of B)

(
(
(Column 4 of B) - (Row j of A)
(
(

Row i of BT) - (Column j of AT)
BTAT),;.

Next we show (2.6). We need only to show A7(A~1)T = I, which is by
(2.5) immediately true since AT (A1) = (A71A)T =17 =1I.

Definition 2.5.4. Let A be an n x n matrix. If A = AT, A is called a
symmetric matrix.

Example 2.5.5. 1. Diagonal matrices are symmetric.
1 2 3
2. If A= 1|2 5 4|, then we have AT = A and A is symmetric.
3 46

3. If Ais an m x n matrix, then both AAT and AT A are square matrices
and are symmetric.

4. If z, y € R™ are treated as n x 1 matrices, then xy” is an n x n matrix,
but NOT symmetric in general.
O

Theorem 2.5.6. Let A be an m x n matrix. Then AT A is invertible
if and only if the columns of A are linearly independent.
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Proof. “="1f the columns of A are not linearly independent, then the system
Ax = 0, which is equivalent to

A
€2
Az =[cr:co: - :cy] | . | =0 wic1 +x2c0 + - - pe, =0,

Tn

has nontrivial solutions. Then AT Az = 0 also has nontrivial solutions since
Az = 0 implies AT Az = AT0 = 0. By Theorem 2.3.4, AT A is not invertible.
This is a contradiction.

“e=" Consider AT Az = 0. We note that

Az 1 every column of A (or every row of AT);

Ax itself is a linear combination of columns of A (or every row of AT).

Ax must be orthogonal to itself. Hence Az = 0. Since the columns of A are lin-
early independent, 2 = 0 is the only solution of AT Az = 0. By Theorem 2.3.4,
AT A is invertible. ]

LU decomposition of symmetric matrices

Recall that if an n x n matrix A has n pivots (nonzero), its LU decom-
position can be written as A = LDU where D is the diagonal matrix whose
main diagonal entries are the pivots. Then L='A = DU, where L~! is actually
the product of all elementary matrices (without row exchange matrix) which
reduce A into the upper triangular matrix DU.

Assume that A is symmetric. Then the lower triangular part (below the
main diagonal) of A is the same as that of (DU)T — noting that DU is the
remaining upper triangular part of A after elimination! Therefore, by the same
set of eliminations, we can reduce (DU)?T into D. That is

L~ YD) = D,

which is equivalent to (L~1UT — I)D = 0. Since the diagonal matrix D has
all pivots at the main diagonal which are all nonzero, we have

LUt —-1=0.

That is, L = U”. To summarize, we have

If A is an n X n symmetric matrix with n pivots and no row exchange
needed to have the decomposition A = LDU, then we have U = LT
and

A = oI
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1 2 3
Example 2.5.7. Let A= |2 5 6. Then A is a symmetric matrix. We
3 6 7

have
1 2 3 1 2 3
2 5 6| 22281 g 1 0
3.6 7 3 6 7
1 2 3 10 0 1 2 3
L3 1g01 ol=10o1 ofllo 1 ol=ny,
0 0 -2 00 —2/]o 0 1

where D and U denote the diagonal and upper triangular matrices in the last
equality, respectively. We have E3; Eo1 A = DU, where

1 0 0 1 00
Exn=1[-2 1 0|,E;;=10 1 0},
0 0 1 -3 0 1]
with
1 00 1 0 0]
Ex'=12 1 0|,E;'=10 1 0
0 0 1 3 0 1]
1 00
We have L = E2_11E3_11 =12 1 0|. Then the LDL" decomposition of A is
3 01
1 0 0|1 0 O 1 2 3
A=12 1 0|0 1 O 010
3 0 110 0 —2(1]0 0 1

O

Remark 2.5.8. So far we have avoided an exchange of rows for LU de-
composition. However, there are indeed cases where an exchange of rows is
necessary to reduce a matrix into upper triangular form. For instance, the fol-
lowing elimination has to have a row exchange to obtain an upper triangular
form:

1 2 3 1 2 3
A=14 8 10| = (0 0 -2
01 0 0 1 0

In this example if we do know in advance row 2 and row 3 should be exchanged
to have a LU decomposition, we could decompose P32 A such that P32 A =
LDU.
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If A is invertible, then there exists a permutation matrix P such that
PA = LDU where L and U are lower and upper triangular matrices,
respectively.

Permutations

Definition 2.5.9. An n x n matrix P is called a permutation matrix if
the identity matrix can be obtained by rearranging the rows of P.

By definition, there are n! permutation matrices of order n.

Example 2.5.10. Consider 3 x 3 permutation matrices.

100 010 00 1 100
I=|0 1 0/,Py=1{1 0 0|,Py=1[0 1 0[,Pp=[0 0 1/,
00 1 001 100 0 1 0
010 001 [0 1 0]

PyPyp =10 0 1|,PuPp=1{1 0 0| ,PuPy=[0 0 1.
100 010 1 0 0

Notice that a permutation matrix P which represents a single permutation
is symmetric and the inverse is itself. That is, P~' = P = P7T. Let us call
it a simple permutation matrix. For a general permutation matrix £ which
represents multiple permutations, it is a product of simple permutation ma-
trices. Assume that £ = PP, Ps--- P,, where P;, i =1, 2, --- ,n are simple
permutation matrices. Then we have

ET =(PP,Ps---P,)T

PP P

=P,P,_1--- Py, (2.7)
which is not equal to F anymore. Therefore F may NOT be symmetric. How-
ever, by (2.7) we have

E~'=(PiPP;---P,)7!

=P, 'P - Pt

:PnPn—l"'Pl

=E".
That is, if F is a permutation matrix, then EET = I = ETE which imply
that
1 ifi=j,

(RowiofE)-(RowjofE)z{O it
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and
. , 1 ifi=j,
(Column ¢ of E) - (Column j of E) = Y
0 ifi#j.
The rows (columns) of E are orthogonal to each other. o

Definition 2.5.11. If A satisfies that A~' = A" we call it an orthogonal
matrix.

If P is a permutation matrix, it is an orthogonal matrix. That is,
p-1=pT,

1 2 3 010
Example 2.5.12. et A = |2 5 6|,and P= |0 0 1|. Then A is
3 6 7 1 0 0

symmetric and P is a nonsymmetric permutation matrix. So PA is a permu-
tation of the rows of A, row 1 to row 3, row 3 to row 2 and row 2 to row 1.
That is

2 5 6
PA=13 6 7
1 2 3
Since 1, 5, 7 have to be on the main diagonal, in order to restore symmetry
from PA, column 1 has to be placed in column 3, column 3 goes to column 2
and column 2 to column 1. We know that a permutation matrix that multiplies
from the right of a matrix will manipulate the columns. The aforementioned
operations can be achieved by a right multiplication of

0 0 1
Q=11 0 0
010
5 6 2
That is, PAQ = {6 7 3|. Note that Q7 = P and PAPT is always sym-
2 3 1

metric if A is symmetric. Therefore, if the symmetry of a matrix is destroyed
by multiplication of a permutation matrix, we can restore symmetry from the

product with a multiplication of its transpose from the other side. O
0 010
10 0 0 . . .
Example 2.5.13. Let P = 00 0 1l° Then P is a permutation matrix
01 0 0
and hence the inverse can be obtained by taking the transpose of P:
01 00
_ 0 0 0 1
1_ pT _
p=p= 10 0 0
0 010
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Exercise 2.5.14.

01 00
|0 01 0 . 1 T
1. Let A= 00 0 1.FlndA and A".
100 0
0 10
2. Let A = 8 8 (1) . i) Find AAT and AT A. ii) Determine which one of
1 0 0

AAT and AT A is invertible. iii) If one of AAT and AT A is invertible, does it
contradict Theorem 2.3.67

3. Let

W N =
=N
T W

A:

W N = O
N WO
W = = N
= Ot N W
Ut O W

4 5 6

i) Find a permutation matrix P; such that B = P; 4; ii) Find a permutation
matrix P, such that A = P, B. iii) Compute P; P, and Py P;.

4. Let
71 2 3
1 2 3 4
A=19 3 4 5
3 45 7

Find a permutation matrix P, a lower triangular matrix L and a diagonal
matrix D such that A= LDL".

cosf) —sinf

5. Let Ry = {sin@ cos 6

] . Show that Ry is an orthogonal matrix.

6. Let 2 € R™ with 272 = 1. Define the Householder matrix by
H=1-2xz".

i) Show that H is an orthogonal matrix; ii) Show that H is symmetric.

I A
AT O]
Find a block diagonal matrix D and block lower triangular matrix L such that

7.Let S = [ where I is m x m and A is m x n, O the zero matrix.

S =LDL".

8. Show that AAT is invertible if and only if the rows of A are linearly inde-
pendent.
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9. We say A is skew-symmetric if A7 = —A. i) Show that if A is a skew-
symmetric n X n matrix then a;; = 0 for every i = 1, 2, --- ,n. ii) If A is both
symmetric and skew-symmetric, then A = 0.

10. Let A be an n x n matrix. Show that i) A + AT is symmetric; ii) A —
AT is skew-symmetric; iii) For every square matrix B, there exist a unique
symmetric matrix B; and a unique skew-symmetric matrix Bs such that B =
By + Bs.

11. A matrix is called lower triangular if every entry above the main di-
agonal is zero and is called upper triangular if every entry below the main
diagonal is zero. Let A be an n x n invertible matrix. i) Show that if A is lower
triangular, A~1 is also lower triangular; ii) Show that if A is upper triangular,
then A~ is also upper triangular.
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Chapter 3
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Rank of products ... 61
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3.1 Spaces of vectors

We know that the operations addition and scalar multiplication in Eu-
clidean space R™ produce vectors within R™. Namely R" is closed under ad-
dition and scalar multiplication. In addition, the derived operations, such as
exchange of order of addition, do not produce a vector different from the one
before the operation. To be specific, for u, v, w € R™, s, t € R, R" satisfies
the following properties:

i) (Commutative property) v+ v = v + u;

ii) (Associative property) (u +v) +w = u + (v + u);

iii) (Identity element of addition) u + 0 =u =0+ v;

iv) (Existence of addition inverse) u + (—u) = 0;

v) (Associative property on scalars) (st)u = s(tu);

vi) (Distributive properties on vectors) s(u + v) = su + sv;
vii) (Distributive properties on scalars) (s + t)u = su + tu;
viii) (Identity element of scalar multiplication) lu = u.

Notice that for different sets we have different definitions of addition and scalar
multiplication. The properties we described for R™ are not anymore for free
for every sets of objects.

Example 3.1.1. If we consider the set S of all 2 x 2 invertible matrices, we
cannot expect that addition of two invertible matrices is again invertible; for

instance,
1 0 0 1
A=l de=f)

45
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both are invertible, but A + B is not. That is, invertibility is not preserved
under addition and the set S does not satisfy the closedness property. O

However, we do have many occasions that a common property is automati-
cally preserved under innocent operations without the need to have additional
verifications, and we expect the same easiness as in R™ when working on differ-
ent sets of objects equipped with their own operations of addition and scalar
multiplication. We can check the following sets with the questions we asked
for R™:

Example 3.1.2.
i) The set of all m x n matrices;
ii) The set of all m x m symmetric matrices;
iii) The set of all m x m skew-symmetric matrices A with AT = —A;
iv) The set of all solutions of Az =0 in R";
v) The set of all linear combinations of vectors in {(1, 1, 0), (1, 0, 0)} C R3
vi) The set with addition identity only: {0};
vii) The set of all polynomials;
viii) The set of all convergent sequences in R;
ix) The set of all continuous real functions;
x) The set of all differentiable real functions;

xi) The set of all Riemann integrable real functions on [a, b]. ]

Definition 3.1.3. Let V be a set equipped with addition + and scalar
multiplication over a scalar field K (we assume it is either R or C). If
V is closed under addition and scalar multiplication, and the following
conditions (A1)-(A8) are satisfied, we call V' a vector space (or linear
space) over the field K. If the scalar field K is R, we call V a real
vector space. If K = C, we call V' a complex vector space. We discuss
real vector space by default.

Al) Foreveryz,yeV,x+y=y+x.

A2) For every z, y, z € V, we have (x +y) +z =2+ (y + 2).

A3) There exists a 0 € V such that z +0 =z =0+ «x for every z € V.

A4) For every x € V, there exists w € V such that x +w = 0.

)
)
)
5) For every z, y € V and k € K, k(x +y) = kx + ky.
)
)
)

>

AG6) For every x € V and k, t € K, (k + t)x = kx + tx.
A7) For every x € V and k, t € K, k(tz) = (kt)z.

AR) For every x € V, 1o = x.
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We know that R™ has many subspaces. We also have the notion of sub-
space of general vector space.

Definition 3.1.4. Let V be a vector space. A subset E C V is called a
subspace if it is closed under addition and scalar multiplication. That
is, for every x, y € E, k a scalar,

z+yeFE, kxek.

We can verify that

Lemma 3.1.5. If E is a subspace of a vector space V, then (A1)—(AS8)
are also satisfied by E and F itself is a vector space.

Example 3.1.6.

Let M, «. denote the vector space of all n x n matrices. Then the set of all
n X n symmetric matrices is a subspace of M, .

Let V be a vector space and vg € V. Then {kvg : k € R} is a subspace of V.
For every vector space V, the set {0} is a (trivial) subspace of V. i
Example 3.1.7. Let V be a vector space and {u, v} C V. Let E be the set

of all linear combinations of u, v. Then E is a subspace of V. Indeed, we need
only to check the closure property for S.

Closed under addition: For every x, y € S, there exist scalars ¢1, ¢o, ¢}, ¢} such
that = ciu + cov, y = cju + chv. Then we have

r+y=(c1+c)u (ca+cy)v,

which is again a linear combination of u, v. We have x +y € S.

Closed under scalar multiplication: For every x € S, there exist scalars ¢y, co
such that x = c;u + cov. Then for every scalar ¢ we have

tx = t(cru + cov) = teru + teav,

which is also a linear combination of u, v. We have tx € S. By definition of
subspaces, S is a subspace of V. O

We call the set of all linear combinations of vectors from a given subset
S C V the span of S, denoted by span(S). Note that a linear combination of
vectors is a linear combination of finitely many vectors. By the same token
of Example 3.1.7, we can show that

Lemma 3.1.8. If S is a subset of the vector space V, then span(S) is
a subspace of V.
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We notice that if we add a linear combination of the vectors from a span-
ning set, say S = {u, v}, it will not change the span of S. For instance,

span{u, v} = spanf{u, v, u + v}.

If a spanning set S is linearly independent, it has the minimal number of
vectors to span the vector space span(S). At the same time, S also has the
maximal number of linearly independent vectors in span(S) because any ad-
ditional one from span(S) will create redundancy in S. As such, we have the
following definition,

Definition 3.1.9. If S is linearly independent, we call the number of
vectors in S the dimension of the vector space V' = span(.S), denoted
dim V| and call S a basis of the vector space V' = span(5).

Notice in the definition, a set of vectors S qualifies for a basis of a vector
space V, if and only if,

1) S is linearly independent in V;
2) S spans V.

Moreover, we notice that the dimension of a vector space is independent
of a specific basis. Indeed we have the following dimension theorem,

Theorem 3.1.10. All bases for a vector space have the same number
of vectors.

Proof. We consider bases with finitely many vectors. Suppose the vector space
V has two bases {v1, va, - -+ , v} and {wy, wa, -+ ,w,} with m > n. Then
there exists an m x n matrix A = (a;;) such that

[v17 v, - ,’Um] = [’U)l, wa, - - 7wm]A

Then Az = 0 has at least one nontrivial solution x = xzg since the reduced
row echelon form of A will always have zero row. Then

[V1, V2, -+, Um] o = w1, w2, -+, W] Azg = 0.
That is, there exists a nontrivial linear combination of {v1, va, -+ , v, } that
equals zero vector. {vy, va, -+, U} is linearly dependent. This is a contra-
diCtiOn. ]

Example 3.1.11. Let S = {u, v} be linearly independent vectors. Justify
that {u + v, u — v} is a basis of span(S) and find the dimension of span(.S).
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Proof. We show that the set of vectors {u + v, u — v} is linearly independent
and spans the vector space span(S). Consider the vector equation:

c1(u+v) + ca(u—v) =0,

and we have (¢; + c2)u + (¢1 — ¢2)v = 0. Since u, v are linearly independent,

we have
c1+co2 = 0 C1 = 0
=
C1 — Cy = 0 Cy = 0,
{u+ v, u — v} is linearly independent and is a basis of span{u + v, u — v}.
Since {u + v, u — v} C span{u, v}, we have
span {u + v, u — v} C span{u, v}.

Notice that u = %32 4 252 ¢y = 282 — 228 We have

span {u, v} C span{u+ v, u — v},
and hence
span {u, v} = span{u + v, u — v}.

Therefore, {u+v, u—v} is also a basis of span(S). The dimension of span {u+
v, u—v}is 2.
O

We close this section with an example on how to find the span of vectors
in R3.

Example 3.1.12. Find the equation of the plane in R? spanned by v; =
(1, 1, 0) and vy = (0, 1, 1).

Solution: Let S denote the plane. For every (z, y, z) € S, it is a linear
combination of v; and vy. That is, the vector equation

c1v1 + e = (2, y, 2)

is always consistent for ¢; and co. Applying Gaussian elimination to the aug-
mented matrix, we have

8

1 0 T
LI N y—x
0 0 z—(y—ux)

xr

Ry—Ry
y >
z

O = =
=)
o O =
O = O

NS

|

8

I\

Then we have z — y + z = 0, which is the equation of the plane.

Exercise 3.1.13.
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1. Which of the following subsets of R? are subspaces of R3? If yes, find a
basis and the dimension of each of the subspaces.

) {(@y, 2):a+y+z2=0}

i) {(z,y, 2): xyz = 0};

i) {(z,y, 2):x4+y+2z=1};

iv) {(z,y,2):x=y=2zk

v) {(z,y,2)y==z}

2. Let V be a vector space. Show that the zero vector 0 is unique.

3. Let V be a vector space. For every x € V|, the negative w such that z4+w =0
is unique.

4. Let V be a vector space. For every z € V, 0z = 0.

5. Find a basis and the dimension of the {A € My : AT = — A}, where My
denotes the vector space of all 2 x 2 matrices.

6. Find a basis and the dimension of the {A € M3z : AT = — A}, where M3
denotes the vector space of all 3 x 3 matrices.

7. Show that S = {(1, 1), (1, 0)} is a basis of R%.

8. Let A be an n x n matrix. Show that V = {B : AB = BA} is a subspace
of M.

9. Let V be a vector space. U and W are subspaces of V. Show that U N W
is a subspace of V.

10. Give an example to show that the union of two subspaces may not be a
subspace.

11. Let V be a vector space. U and W are subspaces of V. Define U + W by
U4+W={ax+y:xecU, yeW}
Show that U 4+ W is a subspace of V.

12. Let u and v be linearly independent vectors in R%. Show that R? =
span{u, v}.
13. Show that if the subset S has m vectors in the n-dimensional space V'

with m > n, then S must be linearly dependent. (One may use the proof
method for Theorem 3.1.10.)

14. Find the equation of the plane in R? spanned by v; = (=1, 1, 0) and
v = (0,1, —1).

15. We call an (n — 1)-dimensional subspace of an n-dimensional vector space
V a hyperplane in V. Find the equation of the hyperplane in R* spanned by
vy =(-1,1,0,0), v2 = (0, —1, 1, 0) and vz = (0, 0, —1, 1).
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3.2 Nullspace, row space and column space

Let A be an m x n matrix. The set of all solutions N(A) = {z € R" : Az =
0} is a subspace of R™. Indeed, by linearity of matrix multiplication, for every
u, v € N(A) and for every scalar ¢, we have

Alu+v)=Au+Av=04+0=0,
Atu) = tAu =10 =0,

which imply that v +v € N(A) and tu € N(A).

Definition 3.2.1. Let A be an m x n matrix. The set of all vectors
N(A) ={z eR": Az =0}

is called the nullspace of A.

We can obtain a nullspace by means of elimination. Indeed, if E is a
product of elementary matrices, then

FAx =0« Ax =0.

Therefore, the nullspace of A is not changed after elimination. We can find
the nullspace using the reduced row echelon form.

Example 3.2.2. Let F = Ll) 8 (1) (1)] . Then in the solution of Exz = 0 with
x = (x1, 2, T3, T4), T1, 23 are leading variables and x5, x4 are free variables.
1 —x4 0 —xy 0 -1
T2 T2 | | X2 0 _ 1 0
zs| L ol T o] o] T o T o
T4 T4 0 X4 0 1

Therefore, we have

0 -1
1 0
N(E) = Span 0 ) 0 )
0 1
0 -1
and dim N (E) = 2. We call (1) and 8 special solutions of Exz = 0, which
0 1

constitute a basis of N(E). The number of free variables is the dimension of
the nullspace. O

www.Engineeringbookspdf.com



52 Concise Introduction to Linear Algebra

We know an m x n matrix A is a rectangular array of numbers. Every row
of A can be regarded as a vector in R and we call it a row vector. Every
column of A can be regarded as a vector in R™ and we call it a column vector.

Definition 3.2.3. Let A be an m X n matrix. The span of all rows of
A is a subspace of R™, and is called the row space of A denoted by
R(A). The span of all columns of A is a subspace of R™, and is called
the column space of A denoted by C(A).

Example 3.2.4. Let A = Ll) (1) 8] . Then we have the row space

R(A) =span{(1, 0, 0), (0, 1, 0)}
={ueR®: u=2(1,0,0)+y(0,1,0), 2,y € R}
={ueR:u=(z,v,0),z ycR}
=the zy-plane in R?,

and the column space
C(A4) =span{(1, 0), (0, 1)}
={veR*:v=21(1,0)+y(0, 1), z, y € R}
={veR?:v=(z,9), z,y €R}
=R%
O

We have seen in Example 3.2.4 that the row space can be obtained when
the matrix is in reduced row echelon form (See Example 2.1.3 for the definition
of reduced row echelon form.) To be specific,

If a matrix R is in reduced row echelon form, the row space of R is
spanned by the row vectors with pivots.

If a matrix is not in reduced row echelon form, we can reduce it into
reduced row echelon form whose basis for row space is the pivot rows. The
question is: will the row space be the same after elementary row operations?
To find out an answer, let us assume we have an m x n matrix A, which has
been reduced into B by a left multiplication of the elementary matrix E. Then

we have
A=EB and B=E'A.

By matrix multiplication, we have

Row i of A =(Row i of E)B
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1
T2

=(Row i of E)

m

=(a linear combination of the rows of B).

Therefore, every row of A is a linear combination of the rows of B. That is,
R(A) C R(B). By the same token on B = E~'A, we have R(B) C R(A).
Therefore, R(A) = R(B).

Lemma 3.2.5. The row space of A is not changed after elementary
row operations.

Unfortunately elementary row operations may change the column space of
a matrix. For example,

1 2 1 0 1 2
S R S R )
The column space of A is span{(1, 2)}. But after the row operation, the row
space of EA becomes span{(1, 0)}, which is not equal to span{(1, 2)}. How-
ever, this inequality does not mean row operations are useless for finding col-

umn space. Indeed, a row operation E on A does not change linear dependency
among the columns of A, noticing that Ax =0« FAx =0, i.e.,

Z1
€2
Ar=[cr1:co: - :¢y)| . | =0 EAz =0.
LTn
If the only solution of Az = 0 is the trivial solution x = (1, x2, -+ ,z,) =0,
then all columns of A are linearly independent; so are the columns of FA.
If Az = 0 has the nontrivial solution x = (z1, z2, -+ ,z,) # 0, say,
x = (1, %, 1,0,---,0), then we have the following linear dependency among

columns of A:
1-(Column 1 of A) + % - (Column 2 of A) 4+ 1 - (Column 3 of A) = 0.

Since x is also a solution of FAxz = 0, we have

1-(Column 1 of EA) 4+ = - (Column 2 of EA)+ 1 - (Column 3 of EA) =0,

N —

which is the same set of linear combinations for the corresponding columns
of A.

www.Engineeringbookspdf.com



54 Concise Introduction to Linear Algebra

Lemma 3.2.6. The linear dependency of columns of A is not changed
after elementary row operations.

Example 3.2.7. Consider the 4 x5 matrix A = [a1 | a2 | a3 | a4 | as], where
the columns are

1 -2 1 1 2

-1 3 0 2 -2

Oél - O 9 OCQ - 1 ) a3 - 1 9 Oé4 - 3 9 a5 = 4
1 2 5 13 )

a) Find a set of vectors in {a1, as, a3, a4, a5} which is a basis of the column
space of A.

b) Find the dimension of the column space of A.

¢) Given the basis of the column space of A which has been obtained in part
a), write the nonbasis vectors in {1, ag, as, a4, as} as linear combinations
of the basis vectors.
Solution: a) By the elementary row operations on A we have

1 -2 1 1 2 1 -2 1 1 2
-1 3 0 2 —=2| Rys+R; |0 11 3 0
0 1 1 3 41 Rrs—R, |0 1 1 3 4
1 2 5 13 5 0 4 4 12 3
1 0 3 7 2
Ri+2R:;Rs—Rs [0 1 1 3 0
R4—4R; 0 00 0 4
0 00 0 3
1 0 3 7 2
Rs/4) |0 1 1 3 O
00 0 0 1
00 0 0 3
1 0 3 70
Ri—2Rs |0 1 1 3 0
Rys—3Rs [0 0 0 0 1
0 00 0O

We note that the leading 1’s are in columns 1, 2 and 5 of the reduced row
echelon form of A. Then, correspondingly, {1, as, a5} is a basis of the column
space of A.

b) Since {1, ag, a5} is a basis of the column space of A, the dimension
of the column space of A is 3.
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c¢) Let ¢1, ca, cs, ¢4, ¢5 be the columns of the reduced row echelon form of
A which is derived in part a). Then we have

c3 =3¢ + ¢a, ¢4 = Tcy + 3ca.

Since elementary row operations do not change linear dependence of the
columns of A, we have

as = 3a1 + as, ag = Tag + 3as.

Exercise 3.2.8.

1. Let
1 4 9 1
A=12 5 1 -1
3 70 3

i) Find the columns of A which constitute a basis of its column space; ii) Write
the nonbasis columns of A into linear combinations of the basis columns; iii)
Find the nullspace of A and determine a basis.

2. Find the rows of A (not its reduced row echelon form) which constitute a
basis of its row space, where

— O =
— Ot N
WO W

-1

3. Show that N(A) = N(FA) if E is invertible.
4. Construct an example of a matrix A and an elementary matrix F such that

C(A) # C(EA).

5. Let f: R™ — R™ be a function defined by f(z) = Az where A is an m xn
real matrix. i) Show that the range of f is the column space of A. ii) Show
that f is a linear function. (See Exercise 2.1.6 for the definition of linearity.)

6. Let A be an m x n real matrix. Find a linear function g : R™ — R”™ such
that the range of g is the row space of A.

7.Let f : R®™ — R™ be a linear function. Show that there exists a unique
m x n real matrix A such that f(z) = Ax.

8 Let f: R" — R™ and g : R™ — R" be a linear function. i) Show that
gof :R" — R" is also a linear function; ii) Find a matrix C' such that
(go f)(xz) = Cz for every x € R".
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9. Let V be a real vector space and u, v € V. Show that
span{u, v} = span{3u + 2v, 4u — 5v}.

10. Let V and W be real vector spaces and A a subset of V. Let f(A) be the
image of A under the function f : V — W. That is, f(A) = {f(z) : x € A}.
Show that if f is linear then f(span(A)) = span(f(4)).

3.3 Solutions of Az =b

Now we turn to discuss the solution structure of Az = b. We examine the
following example:

1 0 0 1
0 010
We have the augmented matrix

Example 3.3.1. Let E = [ b
2

] and consider Ex = b with b = [bl] .

o[t oo 1y
[E'b]_[o 010 bJ‘

Then in the solution © = (z1, 2, x3, T4), 1, x3 are still pivot (leading) vari-
ables and z3, x4 are free variables.

I b1—$4 bl 0 —x4 b1 0 -1
i) o o o O o O _ 0 1 0
ws| | b | T b Lo T 0| T e T2 ol TP 0
T4 Ty 0 0 Ty 0 0 1

We notice that , = (b1, 0, bz, 0) is a particular solution when we set the free
variables zero, and x,, = x2(0,1,0,04 z4(—1,0,0, 1). Namely the solution can
be written z = x, + . |

It is not by chance we have the phenomenon in Example 3.3.1 that a
solution of Az = b is the sum of its particular solution x, and a general
solution z,, of the homogeneous system Az = 0.

Theorem 3.3.2. z is a solution of Az = b if and only if x = z, + z,,
where z, is a particular solution of Az = b and z,, a solution of the
homogeneous system Az = 0.

Proof. “<"1f ¢ = xp+x,, we have Az = A(zp+z,) = Azp+ Az, =b+0=0.
That is = x, + @, is a solution.

“=7 1If x is a solution of Az = b, then for every particular solution x,, we
have A(x — z,) = Az — Az, = b—b=0. That is, 2, =  — x,, is a solution of
the homogeneous system Az = 0. O
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By Theorem 3.3.2, we know that every two solutions of Az = b differ by
a solution of the homogeneous system Az = 0. Hence the general solution of
Az = b is a particular solution of Az = b plus the general solution of Az = 0.

There is one more question remaining: when is Ax = b solvable? Recall
that Ax is just a linear combination of the columns of A, we have

Theorem 3.3.3. Ax = b is solvable if and only if b € C'(A). ]

In terms of augmented matrix, Ax = b is solvable if and only if the last
column of the reduced row echelon form of [A : b] is not a pivot column. We
rephrase Theorem 3.3.3 as

Theorem 3.3.4. Az = b is solvable if and only if rank(A) = rank([A :
b)), where rank(A) is the dimension of the column space of A, which
equals the number of pivots.

Example 3.3.5. (Example 2.1.5 revisited.) Let k be a real number. Consider
the following linear system of equations:

To+ a3+ 14 =—1

21 + 220 + 3x3 + 14 = —2

2x1 — 220 + 4da3 + 204 = —3

31’2—1’3—1}4:/{?.

(3.1)

Find all possible values of k such that system (3.1) has a unique solution, has
no solutions and has infinitely many solutions.

Solution: We re-write the system of linear equations in the matrix form
Au = b, where

01 1 1 ) -1
213 | -2
A=la o 4 2|07 |ay| MdP= )3

0 3 -1 -1 4 k

o1 1 1 -1
2 1 3 1 -2
A:bl=1y 4 2 3
0 3 -1 -1 &

By the elementary row operations on [A : b] we have

0 1 1 1 —1] 100 -1 :
2 1 3 1 —2| eliminations |0 1 0 0 0
29 2 4 2 3= "loo1 1 -1
0 3 -1 -1 k] 000 0 k-1
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from which we can tell that rank(A4) = 3, but rank([A4 : b]) depends on the
value of k.

i) If k # 1, rank([A : b]) = 4 # rank(A). By Theorem 3.3.4, system Az = b has
no solution. From the point of view of Theorem 3.3.3, system Ax = b has no
solution since b ¢ C(A). Recall that elementary row operations do not change
linear dependency among the columns of a matrix.

ii) If k = 1, rank([A : b]) = 3 = rank(A). By Theorem 3.3.4, system Az = b
has at least one solution. Note that the homogeneous system Az = 0 has a
nontrivial nullspace because rank(A) = 3 is less than the column number 4
of A and there is a free variable for the solution. Hence system Az = b has
infinitely many solutions. Let x4 = ¢, where t is an arbitrary real number. The
solution is

a1 T+t 3 1
T2 | 0 i 0 0
S I 1 +t 1 ,t €R,
x4 t 0 1
where z, = (%, 0, —1, O) is a particular solution of Az = b and z, =

t(l, 0, -1, 1) ,t € R is the general solution of the homogeneous system
Az =0.
O

Exercise 3.3.6.

1. Let the following matrices be the augmented matrices [A : b] of the system
Az = b. i) Determine whether the system is consistent or not. ii) Find all
possible solutions if Az = b is consistent. iii) If Az = b is consistent, write b
into a linear combination of the columns of A.

a) [1357

] 13 5 7 1 3 6 7
, b3 0 26|, 3006
3026 0125 0125

2. Let A be an n x n matrix. Show that Az = b has a unique solution if and

only if A is invertible.

3. Let

A: b:

2 k

)

S W =

3
0
1

DD DO Ot

7
6
5

W N =

w

0

w
—

Find conditions on k € R such that Az = b, x € R™ has 1) a unique solution;
2) no solution; 3) infinitely many solutions, respectively.

4. Let A be an m x n matrix. Show that if Ax = b has two distinct solutions,
then it has infinitely many solutions.

www.Engineeringbookspdf.com



Vector spaces 59

5. Show that if x1, z2 are both solutions of Az = b, then i) 21 — 2 is a solution
of Az = 0; ii) for every t € R, x1 + t(z1 — x2) is a solution of Ax = b.

6. Let A and B be n x n real matrices and 2o € R™ a solution of Az = b.
Show that i) z is also a solution of BAxz = Bb; ii) a solution of BAx = Bb
may not be a solution of Az =b.

3.4 Rank of matrices

By Lemma 3.2.5 and Lemma 3.2.6, for a given m x n matrix, the dimension
of the row space is the number of leading 1’s (or pivot 1’s) in the reduced row
echelon form. The dimension of the column space is the number of leading 1’s,
too. Therefore, we have

Lemma 3.4.1. Let A be an m x n matrix. The dimensions of the row
space and column space of A are equal.

We call the dimension of the row space of a matrix A the rank of A, which
is also equal to the dimension of the column space. We call the dimension of
the nullspace of A the nullity of A.

Example 3.4.2. Let

To find the rank of A, we use elementary row operations to reduce A into row
echelon form:

1 35 7 1 3 5 7
302 6| 22210 —9 -13 —15
01 2 5 10 1 2 )
ROk [1 3 5 7
=225 10 0 5 30
012 5
o 1 3 5 7
=22 00 102 5
0 0 5 30
Ra/5 1 3 5 7
== 101 2 5
0 01 6
Since the row echelon form of A has three pivot 1’s, rank(A) = 3. ]
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Our next question is how to relate dim R(A), dim C'(A) and dim N(A).
Recall that if the leading 1’s in the reduced row echelon form E of A corre-
sponds to leading variables in the solution, the zero rows corresponds to free
variables in the solution. Since the number of the leading variables plus the
number of free variables is exactly the number of the columns of A, we have
the following counting theorem,

Theorem 3.4.3. Let A be an m x n matrix. Then we have

dim R(A) + dim N(A) = n.

Remark 3.4.4. Notice that dim R(A4) < m. If m < n, that is, number of
columns of A is larger than its number of rows, then dim N(A) =n —m > 1.
That is, N(A) is nontrivial.

Let A be an m x n matrix. We call
NAT)={z eR™: ATz =0} = {z e R : 2" A = 0}

the left nullspace of A. Notice that dim R(A) = dim C(A) = dim R(AT)
because they all are equal to the number of pivots in the reduced row echelon
form. Then by Lemma 3.4.3, we have

dim R(AT) + dim N(AT) = m.

That is,

Lemma 3.4.5. Let A be an m x n matrix. Then we have

dim C(A) + dim N(AT) = m.

Rank one matrix

For matrices with rank one, we can simplify its representation into a prod-
uct of vectors. Indeed, if rank(A) = 1 where A is m x n, then every row of A
is a scalar multiple of a pivot row, say u”, where by default the vector u is

regarded as a column matrix. That is, there exist scalars ¢y, co, - - , ¢y, such
that

c1u C1

cm'uT Cm,
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Let v = . |. Then v # 0 and A = vu”, where u € R™, v € R™. More

Cm
importantly, we have

If rank(A) = 1, then Az = 0 is equivalent to uTx = 0, where u” is a

nonzero row of A.

Rank of products

Let A be m x n and B be n x r. We are interested how rank(A), rank(B)
and rank(AB) are related. Indeed, by matrix multiplication:

AB = A[by :ba: -+ : b, = [Aby : Aby: -+ Ab,],

which implies that each column of AB is a linear combination of the columns
of A. Therefore we have rank(AB) < rank(A). Moreover,

aq alB

a9 CLQB
AB = . B = . )

Am, amB

which implies that each row of AB is a linear combination of the rows of B.
Therefore we have rank(AB) < rank(B). In summary, we have

Theorem 3.4.6.

rank(AB) < min{rank(A), rank(B)}.

Exercise 3.4.7.

1. Find the ranks and dimensions of the nullspaces of the following matrices .

03 0 1307 1
a) [1 3 0 7, b |3 95, ¢ |39 5 1|, d |3
2 5 5 2 5 5 3 2

2. Let A be an m x n matrix with m > n. Show that AAT is not invertible.

3. Let A be an m x n matrix. Find all possible vectors = such that x €
R(A)NN(A).

4. Let A be an m x n matrix. If ¢ # 0 is a solution of Ax = 0, then Ax =0
has infinitely many nontrivial solutions.
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5. Let A be an m x n matrix. Show that system Az = b has a unique solution
if and only if
rank(A) = rank([A : b)) = n.

6. Let A be an m x n matrix. Show that system Az = b has infinitely many
solutions if and only if

rank(A) = rank([A : b)) < n.

7. Let
1 3 5 7
A=13 9 15 21
9 27 45 63

Show that rank(A4) = 1 and find u € R3, v € R* such that A = vu®. Is this
decomposition of A unique?

8. Show that if rank(A) = 1, then every column of A is a scalar multiple of
one specific column of A.

9. Use block multiplication of matrices to show that

rank(A 4+ B) < rank(A) 4 rank(B).

10. Let rank(A) = s. Find the ranks of the following matrices

24, [A 4], [ﬁ], [ﬁ jﬂ.

3.5 Bases and dimensions of general vector spaces

Using the notion of span we defined basis and dimension of vector spaces
which is spanned by a priori known linearly independent set of vectors. We
say a vector space is finite dimensional if it can be spanned by a finite
set of vectors. Otherwise, we say a vector space is infinite dimensional.
However, so far there is no guarantee that every vector space has a basis. In
this section, we explain this issue and show through examples how to find a
basis for a given vector space.

Example 3.5.1. Let Msy be the set of all 2 x 2 matrices, which is a vector
space with matrix addition and scalar multiplication. For every A € Mo, we
can represent A as

A=l
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a O 0 b 0 0 0 0
-[o o <[5 o+ 2 o+ [o 4
*10+b01+00—|—d00
1o o 0 0l 1 o 0 1|
Therefore we have
Mo — 1 0 0 1 0 0 0 0
278 o o] o o] [1 o] [0 1]}

1 0] [o 1 0 0 0 0] . .. .
Next we show that {[O ol {O 0} , [1 0} , [0 1]} is linearly indepen-

dent and consider the vector equation:

1 0 0 1 0 0 0 0
c1 [O 0} + c2 0 0] +c3 [1 0] + ¢4 [0 1] =0,
which has only the trivial solution: (ci, ¢z, c3, c4) = (0, 0, 0, 0). Then by
definition of basis, we have verified that

o o b ol [ 3] o o)

is a basis of Mys. |

Example 3.5.2. Let A be an n x n invertible matrix. Then the set of the
columns of A is a basis of R”, and C(A) = R(A) = R™. Indeed, the reduced
row echelon form U of A is I and hence the set of n-columns of A is linearly
independent. If the set of n-columns of A is not a basis, then a basis would
have more than n vectors, which is impossible by Theorem 3.1.10 as we know

that R™ has a standard basis {e1, ea, - -+ , e, } where
1 0 0
0 1 0
e = , €2 . ) ,€n =
0 0 1
and the only nonzero entry of e; is 1 at the i-th coordinate. O

Example 3.5.3. Find a basis of E = {z = (71, 22, 3) € R® : 11 —215+313 =
0}. E is a plane in R? passing through (0, 0, 0). For every z = (z1, z2, 3) € E
we have r1 = 225 — 323 and

X1 21’2 — 3{,133 2{,132 3{,133 2 3
To| = X9 = |22 | + 0 =xo |1]| +23 |0
T3 T3 0 | 23 0 1
2] [3 2 3
That is, £ = span 11, {0f |.Sincecy {1] 4+c2 |0] =0 implies c; = co =
0 1 0 1
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2 3
0, 1], {0 is linearly independent and is a basis for E. We remark that
0 1

FE can be rewritten as
E:{x:(xl,xg, x3)6R3:x1—2x2+3x3:O}
:{x = (x1, 20, x3) ER® 1 2 - (1, =2, 3) = O}
:{:13 = (z1, T2, x3) €R3 1z L (1, =2, 3)},

which means F is the set of all vectors which is orthogonal to the given vector
(1, —2, 3) which is called the normal of the plane. Indeed, every vector of F
is orthogonal to every vector from the subspace F = {k(1, =2, 3) : k € R}. O

Example 3.5.4. Consider the set P, of all polynomials with degree less than
or equal to n € R. For every f € P,, we have

f(x) =aop + a1z + agz® + - + apz”,

which is a linear combination of the set of polynomials S = {1, x,--- ,a"}.
That is, P, = span(S). We claim that S is a basis for P,. To check linear
independency in S, we consider the vector equation

ap 4+ a1z + asx® + -+ ana™ =0, for all x € R.

If (ao, a1, -+ ,a,) # 0, then the vector equation has at most n solutions
(instead of all x € R). Therefore, we have (ag, a1, ---,a,) = 0 and the
set of polynomials S = {1, x,---,2"} is linearly independent. That is,
S={1,z,---,2"} is a basis of P,, and dim P, =n + 1. |
Remark 3.5.5. From Example 3.5.4, we notice that if the basis § =
{1, x,--- ,a2"} is fixed, every f € P, is uniquely determined by the vector con-
sisting of the coefficients (ag, a1, -+ ,a,) € R*Tt. We call (ag, a1, -+ ,a,) €

R"*! the coordinate vector of f with respect to the basis S.

Lemma 3.5.6. Let V be a finite dimensional vector space with a basis
S = {wv1, va, - -+ ,vp}. Then the coordinate vector [x]s € R™ of every
vector x € V is unique.

Proof. Suppose not. Then there exists [z]y € R™ such that

x = [v1, v2, -, Vp)[x]s = U1, V2, - - 7“71“33](97
which lead to
[v1, va, -+ va] ([2]s — [2]) = 0.
Since S = {v1, va, -+ ,v,} is a basis and is linearly independent, we have
[z]s — [z]'s = 0 and hence [z]s = [z]’s. This is a contradiction. i
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Change of basis

Let V be a vector space with two bases B = {v1, va, --+ ,v,} and B’ =
{wy, wa, -+ ,wyp}. Then every v;, i = 1, 2, --- n, is a linear combination of
the vectors in B’. That is, there exists an n x n matrix P such that

[v17 V2, - 7Un] = [U)l, wa, - 7wn]P

Then P is invertible because system Pz = 0 has only the trivial solution.
Indeed,

Px=0= [wy, wa, -+ ,w,]Pz=0
= [v1, va, -+ U] =0
=z =0.

We call P the transition matrix from the basis B to the basis B’ and write
P =Pp_,p.

We are interested how the coordinate vectors are related when a basis is
changed into another. Let z € V' be a vector with coordinate vector [z]p € R"
under the basis B, and [z]p € R” under the basis B’. Then, on the one hand,
we have

x =[v1, va, -+ ,v][x]B
:([w17 Wz, - - 7wn]P) [x]B
:[wh W2, « -+ 7wn](P[x]B)‘

On the other hand, we have

T = [wla wz, - - 7wn][x]B/'
Since B’ = {wi, wa, - ,w,} is a basis, (w1, we, - - ,w,]|(Plx]g) =
[wl, wao, - - ,wn] [l']B/ implies that

P[x]B = [x]B/.

In summary we have

Lemma 3.5.7. Let V be a vector space with two bases B =
{v1, v2, - -+ ,vp} and B’ = {wy, wa, - ,wy}. Then there is an n X n
invertible transition matrix Pg_, g’ such that

[v1, Vo, -+, Uy = [w1, wo, -+ ,wp|Pppr

and for every x € V its coordinate vectors with respect to the bases B
and B’ satisfy

P p/(z]p = [z]p.
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For many vector spaces, we have certain bases such as the standard bases
with which the coordinate vectors are easy to compute. For example, R has
the standard basis {ej, es, - -+ ,e,} with which every vector of R™ coincides
with its coordinate vector, and P, has a standard basis {1, x, 22, --- , 2"} with
which the coordinate vector of a polynomial is the vector in R**! consisting
of its coefficients. Moreover, for a general n-dimensional vector space V', each
column of the transition matrix Pg_,g from the basis B = {v1, va, -+ ,v,}
to the (standard) basis S is its coordinate vector with respect to S:

Pp_,s = [[v1]s : [va]s -+t [un]s].
Similarly, for a basis B’ = {w, wa, - -+ ,w,}, we have
Ppi,s = [[wi]s : [wa]s : -+ [wn]s].

Then for every x € V, we have
Pp_,s(z]p = [z]s = Ppr—slz]p.

Therefore we have
[2]p = P 'p5Pps[7]5.

Since x is arbitrary, we have
-1
P 'p _sPp_.s=Pp_p.

In summary we have

Lemma 3.5.8. Let V be an n-dimensional vector space with bases .S,
B and B’. Then we have

1
Pp_.pr =P "p_sPps.

When the dimension n is large, P~'5/_,5Pp_,5 can be obtained by Gauss-
Jordan elimination:

Elementary row operations

[[:P 'p_sPps).

[Ppr—s : Ppos]
Example 3.5.9. Let B = {(1, 1), (1, 0)}, B’ = {(0, 1), (1, —1)} be two bases
of R? (why are they bases?).

1) Find the transition matrix Pg_, p/;

2) If a vector z has coordinate [z]g = (—1, 1), find [z]p/.
Solution: 1) To find Pg_, p/, we make use of the standard basis S of R2. Note
that

11 0 1
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Then we have

_ 0 1 0 1 1 -1
Pgp =P 'p_sPp s = 1 } [1 } = { 9 ] .

ot [}, ][22

O

Remark 3.5.10. (optional) For every vector space V', {0} C V is a subspace.
By convention, we accept that the empty set is a basis for {0} and is linearly
independent. Hence we say dim{0} = 0.

Now we consider a nontrivial vector space V', which has at least one nonzero
vector, say v # 0; then S; = {v1} is linearly independent. If V' = span(S;),
then we find a basis for V. Otherwise, there exists vy ¢ span(S;). We add
vy into S7 to obtain a linearly independent set of vectors So = Sy U {va}.
If V = span(S2), then we find a basis for V. Otherwise, we continue to add
vectors from V'\ span(Sz) to obtain a new linearly independent set of vectors
Ss. If the process stops at a finite step n with V' \ span(S,,) = (), we obtain a
basis with finitely many vectors for the vector space V. Otherwise, the space
is infinite dimensional. Certainly this is not an efficient way of finding bases
for infinite dimensional spaces and it is often not trivial to find a basis for a
specific infinite dimensional space.

Define

Y = The collection of all linearly independent subsets of V,

then Y is partially ordered by set containment C, where a partial order is a
relation on Y which is

1) reflective: for every x € Y with « C x;
2) transitive: for every x, y, z € Y with ¢ C y, y C 2z we have z C z;

3) anti-symmetric: for every z, y € Y with  C y, y C « we have z = y.
If V is an infinite dimensional vector space, then the process of constructing
a basis gives a sequence of linearly independent sets:

SicS,c---CcS,C---.

Then X = {S,, : n € N} is a totally ordered subcollection of Y. (Every pair in
X can be ordered by set containment C.)
Zorn’s lemma in set theory claims that if every totally ordered subset X of
a partially ordered set Y has a upper bound, then Y has a maximal element.
If we take union to obtain the upper bound for every totally ordered sub-
collection such as X, Zorn’s lemma applies to our current situation and asserts
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the existence of a maximal element in Y, which is the maximal linearly inde-
pendent set of vectors, namely, a basis of V. We arrive at

Theorem 3.5.11. Every vector space has a basis. ]

The notion of basis we discussed so far is called algebraic basis or Hamel
basis. Other types of basis of a vector space may be defined when the vector
space has extra structures.

Exercise 3.5.12.

1. For the following matrices, determine whether or not i) the rows are linearly
dependent; ii) the columns are linearly dependent.

1 2 3
a) Bgﬂ n |2 3 4|, o
3 4 5

W N =
[ENVLR ]

2. Let V be a vector space. Show that if {v1, va, v3, v4} C V is linearly
independent, then {v; — va, v2 — v3, U3 — Vg, V4 — v1} is linearly independent.

3. Let P, be vector space of all polynomials with degree less than or equal to
2. Let W = {p € P, :p(1) = 0}. Show that W is a subspace of P, and find a
basis of W.

4. Let Ps be vector space of all polynomials with degree less than or equal to
3. Let W = {p € Ps:p(l) =p(2) = 0}. Show that W is a subspace of P; and
find a basis of W.

5. Let S = {v1, va, --- ,u,} be a set of nonzero vectors in a vector space V
with the orthogonal property that

’Ul"’Uj:O, if ¢ # 7.
Show that .S is linearly independent in V.

6. Let S be the plane x — 2y + 3z = 0 in R3. i) Find the normal of S; ii) Show
that S is a subspace of R3; iii) Show that R® = S+ span(n) and SNspan(n) =
{0}, where n is the normal of S. See Exercise 3.1.13 for the definition of set
addition.

7. Let S be the plane x — 2y = 0 in R3. i) Find the normal of S; ii) Show that
S is a subspace of R3; iii) Show that R? = S +span(n) and SNspan(n) = {0},
where n is the normal of S.

8. Let

B ={(1,1,1), (1, 1,0), (1,0, 0)}
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and
B’ ={(0,1, —1),(1, =1, 0), (=1, 0, 0)}

be two bases of R? (why are they bases?) i) Find the transition matrix Pg_, p/;
ii) If a vector x has coordinate [z]g = (-1, 1, 0), find [z]p/.

9. Let
B ={(1,0,1), (0,1, 1), (1,1,0)}
and
B’ ={(1,0, —1),(1, =1, 0), (=1, 0, 2)}

be two bases of R3. i) Find the transition matrix Pg_,p/; ii) If a vector x has
coordinate [z]p = (=1, 1, 1), find [z]p'.

10. Let

1 23 1
P=12 0 4|,Q= 12
0

== O

0
4
0

Suppose P is the transition matrix from the basis B to the standard basis
S = {e1, ea, e3} of R3, and Q is the transition matrices from the basis B’ to
the standard basis S. i) Find the transition matrix from B to B’; ii) Find the
bases B and B’.

11. Let f(x) = 223 + 223 + 223 + 42122 + 42923 + 4w371. Find a change of
variables x = Py, with x = (21, 2, 3) and y = (y1, Y2, y3) where P is an
invertible 3 x 3 matrix such that

F(Py) = My? + Aoy + Aay3,
for some A1, Ao, A3 € R.

12. Let A be an m x n matrix with m < n. Show that the columns of A are
linearly dependent.

13. Let S be a linearly independent set in a vector space V. If z € V but
x ¢ span(S), then S U {z} is linearly independent.

14. Let S be a set of vectors in a vector space V. If x € S and x € span(S'\
{z}), then span(S) = span(S\ {z}).

15. Show that the vector space F' of all continuous functions f : R — R is
infinite dimensional.

16. Show that every subspace of R” is the nullspace of a matrix.
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17. Let {v1, v2, - -+ ,vn} be a basis of R". Show that for every r < n, r € N,
if s # t with s, t € R, then

span{vy, va, -+ Up_1,Up + SU, } # span{vy, va, - Vp_1, Uy + tp }.

18. Show that for every r < n, r € N, R™ has infinitely many r-dimensional
subspaces.
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4.1 Orthogonality of the four subspaces

Example 4.1.1. (Example 3.5.3 revisited.) Let E = {z = (21, 22, v3) € R3:
21 —2w2+3x3 = 0} be a subset of R3. Then E is a plane in R? passing through
(0, 0, 0). For every © = (1, 2, x3) € E we have x1 = 225 — 3z3 and

T 2I2 - 31‘3 21‘2 31‘3 2 3

To| = X9 = | X2 | + 0 =xo |1]| +23 |0

r3 3 0 T3 0 1
2 3

That is, E = span 1], |0| |. Moreover, FE can be rewritten as
0 1

E={z= (21, 22, 23) €R*: 2w L (1, -2, 3)},
which means F is the set of all vectors which is orthogonal to the given
vector (1, —2, 3) and hence orthogonal to every vector from the subspace F' =

{k(1, =2, 3) : k € R}. Namely the subspaces E and F of R? are orthogonal.
We write £ L F. |

71
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Definition 4.1.2. Let V and W be subspaces of R". If for every
(z, y) € V x W we have
z-y=0,

V and W are said to be orthogonal, denoted V' 1 W.

Remark 4.1.3. For a general real vector space V, orthogonality can be es-
tablished if we can define a product (-, -) between elements which satisfies the
following properties,

N\

for every u, v, w € V and for every scalar k € R,

1. (u, v) = (v, u);

2. (u+v, w) = (u, v) + (v, w);

3. (ku, v) = k(v, u);

4. (v, v) >0 and (v, v) = 0 if and only of v = 0.

We call (-, -) an inner product and call V an inner product space.
x,y € V are said to be orthogonal if (z, y) = 0.

For example, for p, q € P, with p(z) = ag + a1z + a22* + - - + a,2™ and
q(x) = by + biz + box? + -+ + b,a™, we can define inner product between p
and ¢ by

(P, @) = aobo + arby + - + anby.
Then P, becomes an inner product space. p, ¢ € P, is said to be orthogonal
if
(p, q¢) = apbp + a1b1 + - - - + apb, = 0.
In what follows in this chapter, we assume that a vector space is equipped
with an inner product. O

Let A be an m x n matrix. Consider N(A) = {x € R" : Az = 0}. For every

x € N(A) we have
(Row 1 of A) - x
(Row 2 of A) - x 0

(Row m'ofA) T
That is, x is orthogonal to every row of A. Therefore, we have
N(A) L R(A).
Recall that the counting theorem says

dim R(A) + dim N(A) = n.
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Notice that both R(A) and N(A) are subspaces of R". A natural question is
that for every € R™ can we split  into two pieces z, € R(A) and x, € N(A),
such that = z, 4 x,? That is, for every x € R", if & L N(A), then z € R(A).

Let us take a basis S, = {v1,ve, ---,v.} for R(A), and S, =
{wy, wa, -+ ,vp_p} for N(A), where r = rank(A). If S,.U S, is a basis for R",
then the answer is affirmative. Consider the vector equation

101 + oy + -+ + vy + diwy + dowo + - - dyy—pwp—r = 0. (4.1)

We show that S, U S, is linearly independent. Otherwise, there exist
(c1, c2, -+ ,¢p) # 0 and (dy, dao, -+ ,dp—r) # 0 such that (4.1) holds. There-
fore, there exist © € R(A) and y € N(A) such that

z+y=0.

That is, z, y € R(A) N N(A). Note that we have R(A) N N(A) = {0}, since
the only vector orthogonal to itself is the zero vector. Therefore, x = y = 0
and

vy + v+ -+ v =0

with (¢1, ¢2, -+ ,¢-) # 0. This is a contradiction since S, = {v1, va, -+ , v}
is a basis for R(A). S, U Sy, is linearly independent and hence a basis for R™.

Returning to our original question, for every z € R™, it can be represented
by the basis S, U S, as

T = c1v1 + covg + -+ -+ Uy + diwy + dows - - - dp—r Wh— - (4.2)

Put z, = cyvy +covo+- -+ vy, Ty = dywy +dows + - - - dyy_rwy .. We obtain
the split:
T =Tp+ T,

where z, € R(A) and z,, € N(A). The next question is, is the split unique?
Suppose not. We have x = z,+x,, = 2, +z,, where 2, € R(A) and z}, € N(A).
Then we have

z, — . =, —x, € R(A)N N(A),

and z, — z,. = a}, — x,, = 0. The split is unique. In summary we have

Theorem 4.1.4. Let A be an m X n matrix. Then for every x € R",
there exists a unique orthogonal decomposition

T =Ty + Tp,
where z,, € R(A) and z,, € N(A). That is,
R"=R(A)®N(A), and N(A) L R(A),

where R(A) ® N(A) is the direct sum of the subspaces R(A) and
N(A) of R™ whose only common element is the zero vector.
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Definition 4.1.5. Let W be a subspace of the vector space V. Then
W defined by

Wt ={zecV:xz Ly, foreveryyec W}

is also a subspace of W and is called the orthogonal complement
of W.

From Theorem 4.1.4, we know that

Example 4.1.6. Let A = 3 6

x =z, + x, where z, € R(A) and z,, € N(A).

! 2] . We split = (4, 3) into two parts with

Solving Az = 0 we obtain N(A) = span _2} ) Let x, = t(—2, 1) with

1
t # 0. Note that
r—x, Lax,.

We have
(x —t(—=2,1))-t(-2,1) =0,

which leads to t = —1. We have

xn = (2, -1), z, =z —xz, = (2, 4).

Corollary 4.1.7. Let A be an m X n matrix. Then for every z € R™,
there exists a unique orthogonal decomposition

T =T + Tnp,
where 2, € C(A) and z,, € N(AT). That is,

R™ = C(A) & N(AT), and N(AT) L C(A).

An important interpretation of Corollary 4.1.7 is the so-called Fredholm
alternative:
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Corollary 4.1.8. If b € R™ is not in the column space of the m x n
matrix A, then it is not orthogonal to N(AT). Using matrix language,
we have

either system
Ax =10

or system
ATy =0, with yTb=1

has a solution.

Example 4.1.9. Consider

r+2y+32=0
4r +5y+ 6z =1 (4.3)
Tr+8y+9z=1.

1 2 3 0
Let A= 1|4 5 6| and b= |1|. We have the augmented matrix,

78 9 1

1230 1 2 3 0

[A:b)= 14 5 6 1| =2=2f |g _3 —6 1

78 9 1] ™ o -6 —12 1

1 2 3 0

L2l g 3 6 1],
0o 0o 0 -1

which show that rank(A) # rank([A : b]) and hence Az = b has no solution.
By Corollary 4.1.8, system

ATy =0, with yTb=1

has a solution. Indeed, we have

1 4 7 1 4 7
AT = |2 5 8| 2222 19 3 —6
3 6 9] ™M o 6 —12

1 4 7

2P 1o -3 —6

0 0 0

1 0 -1

S LEN P
0 0 0
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1
which has a one-dimensional nullspace N(AT) = span —2| |. Let y =
1
1
t |—2]|,t€R and solve
1
0
y'b=1et[l -2 1] 1] =1
1
1
We have t = 1. That is, ATy = 0 with y7b = 1 has a solution y = | —2
1

Exercise 4.1.10.

1 2 3]

1.Let A= (4 5 6/|.1) Find N(A) and split z = (1, 1, 1) into = z, + zp,
7 8 9

with z,, € N(A) and z, € R(A); ii) Find the orthogonal complement of N (A).

2. Let A= . 1) Find N(A) and split = (1, 1, 1) into = , + z,

W N =
[ BTSN JL]

2
3
4
with 2, € N(A) and z,, € R(A); ii) Find the orthogonal complement of N (A).

3. Let S be the plane z — z = 0 in R3. Find the orthogonal complement of S.

4. Let S be the plane z + 3 + z = 0 in R3. Find the orthogonal complement
of S.

5. Show that every triangle inscribed in a semicircle is a right triangle.
6. Show that the function (, ) : R? x R? — R defined by
(T, y) = 22191 — T2y1 — T1Y2 + 272Y2
is an inner product on R?, where x = (1, 72) € R? and y = (y1, 22) € R?.

7. Define inner product on the vector space of polynomials P,, by

(f,9)= /0 f()g(t)dt.

i) Show that W = {p € P, : p(1) = 0} is a subspace of P;.
ii) Find the orthogonal complement of W in P;.

8. Let A and B be subspaces of a real inner product space. Show that
AtNBt=(AUB)*, (AnB)t = AtuBt
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9. Let 8 € R™ be a nonzero vector. Show that i) V = {z : z-§ =0} is a
subspace of R"; ii) dimV =n — 1.

10. Let C([a, b];R) denote the set of all real-valued continuous functions de-
fined on [a, b]. 1) Show that

b
to9)= [ rwgtar

defines an inner product on C([a, b];R).

ii) Show that cosmaz and sin nz are orthogonal in C([0, 27];R) if m # n.

iii) Show that cosma and cosnz are orthogonal in C([0, 27];R) if m # n.

iv) Show that sinmz and sinnx are orthogonal in C([0, 27];R) if m # n.

v) Let W = {1, cosnz, sinnz}Y_;. Suppose f € C([0, 27];R) is a linear

combination of the vectors in W. Find the linear combination coefficients.

11. Let W C My, be the set of all skew-symmetric matrices, V. C M,, be
the set of all symmetric matrices. Show that M, =V @& W.

12. Let F denote the vector space of all functions f: R — R. Let W C F be
the set of even functions, V' C F be the set of all even functions. Show that
F=VaoW.

13. Let A € M, be such that A2 = A and AT = A. Show that R" =
C(A)® C(I - A) and C(A) L C(I — A), where C(A) denotes the column
space of A.

14. Let A € M, be such that 4> = —A4 and AT = A. Show that R* =
C(A)® C(I+ A) and C(A) L C(I+ A), where C(A) denotes the column
space of A.

15. Let A be an n X n matrix with rank n. Suppose A is partitioned into two

iﬂ.Leth—{IER":Alx—O}andWQ—{xeR":Agx—O}.
2

Show that R™ = W, & Whs.

parts A = [

16. Let A be an orthogonal matrix. Define a map T4 : R" — R™ by Tx(z) =
Az. i) Show that for every z, y € R, we have (Az)- (Ay) = x-y; ii) Show that
if V. C R™ is an invariant subspace with respect to T4, that is, T4 (V) C V,
then V1 is also invariant with respect to T4.

17. Let P, be the set of all polynomials with real coefficients. Define the
inner product on P, by
(f, 9) = aobo + a1by +--- + a,by,

where f(x) = ap + a1z + -+ + amaz™, g(x) = by + biz + -+ + bpz™ and
r = max{m, n}. Let V = {f € Py : f(0) = 0}. i) Show that V is a subspace
of P.; ii) Find the orthogonal complement of V+ in P.; iii) Define a map
T : Py — P by T(f)(x) = xf(x). Show that T(V) C V but T(V+) ¢ V+.
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18. Verify the Fredholm alternative, for system Ax = b with

1 3 5 0
A=|7 9 11| andb= |—-2].
13 15 17 1
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4.2 Projections

In the last example of the previous section, we projected an arbitrary
vector x € R™ onto a line in order to obtain a split * = z, + x, such that
x, L x,. With such a split we have ||z||* = ||z,||? + ||z, ||* and z,, is the best
approximation for z from vectors in the line where x,, lies in. In this section
we deepen the understanding of the mechanisms of projections onto general
subspaces of R™ and their matrix representations. In the next section, we
discuss how to find the best approximation for a given vector using projections.
In what follows, by projection of a vector z in a (inner product) vector space
V onto a subspace W we mean a map P: V — W C V such that

x— Px L W.

FIGURE 4.1: A projection P from V to the subspace W satisfies b—Pb | W.

Example 4.2.1. For b = (b1, ba, b3) € R3, the projections of x onto subspaces
such as the z-axis, y-axis, z-axis, the xy-plane, xz-plane and yz-plane can be
obtained by picking out the nonzero coordinates in the subspaces leaving the
others zero. Note that to show a vector is orthogonal to a subspace, we need
only to show it is orthogonal to every vector of a basis of the subspace.

1) The projection P from R? to the z-axis is given by

Pb = (b1, 0, 0),
with matrix representation
100
0 0 0
0 0 0
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Indeed we have b— Pb = (0, ba, b3) and the z-axis is spanned by (1, 0, 0).
Moreover, b — Pb 1 (1, 0, 0) and b — Pb is orthogonal to the z-axis.

2) The projection P from R? to the zy-plane is given by
Pb = (0, bs, bs),

with matrix representation

1
0
0

S = O
o O O

Indeed we have b — Pb = (0, 0, b3) and the zy-plane is spanned by
(1, 0, 0) and (0, 1, 0). Moreover b—Pb L (1, 0, 0) and b—Pb L (0, 1, 0).
Hence b — Pb is orthogonal to the zy-plane.

In both cases the projection matrix P satisfies P? = P.

Projection onto a line

Let b € R™ and [ be the line spanned by the nonzero vector a € R"”.
Then the projection Pb in [ is a scalar multiple of a. Suppose Pb = &a. With
b— Pb L a we have a- (b — Za) = 0 and

. a-b aTh
T=—=—.
a-a ala

That is, Pb = Ta = ZTTZa. To obtain the representation matrix, we have

a®h aTv  adTh  aa”
ala ala ala ala

Lemma 4.2.2. The projection of b onto the line through a in R™ is

Pb=——
b aTab’

and the representation matrix of the projection is

P= ﬁ
ala )
1 4
Example 4.2.3. Project b= | 0 | onto the line [ through a = |5]| to find
~1 6

Pb such that b — Pb L .

www.Engineeringbookspdf.com



Orthogonality 81

Solution: The projection matrix is

W1 1620 24
P=— == |5 [4 5 6]:ﬁ 20 25 30
aa 6 24 30 36
16 20 24 1 -8
Then Pb = = 20 25 30| | 0 | = # [—10|. By Lemma 4.2.2, we have
24 30 36| |—1 —12
b—Pb L1 m|
Note the projection matrix P = % satisfies
p2_ aa” aa™ —ﬁ—P
~aTaaTa aTa
Projection onto a subspace
Let b € R™ and W be a subspace with a basis S = {a1, a2, -, amm}. Then
the projection Pb in W satisfies that
1) Pb is a linear combination of the basis S = {a1, ag, -+ ,a,, }. That is,
there exists & = (21, &2, -+, &m) € R™ such that
Pb=2z1a1 + ZT2as + -+ Ty, = [al tag -~-1am]£f’}.

2) b — Pb is orthogonal to W if and only if b — Pb is orthogonal to every

vector in the basis S = {a1, az, - ,a}. That is,
ay - (b— Pb) at
az - (b— Pb) ad
. = 2| ®w-Py=o.

am, - (b — Pb) al

m

Let A=[a; :as: - : an]. We have Pb = A% and AT (b — A%) = ATb —
AT A% = 0. Notice that by Theorem 2.5.6, AT A is invertible since its columns
are a basis and hence linearly independent. Therefore, we have

&= (ATA)"1ATy,

and
Pb=Ai = A(ATA)~1 AT,

In summary, we have
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Lemma 4.2.4. Let W be a subspace of R® with a basis S =
{a1, a2, -+ ;am} and A =[ay : az : -+ : ay]. Then for every b € R,
the projection of b onto the subspace W is

Pb= A(ATA)"1ATb,
and the representation matrix of the projection is

P = A(ATA)1AT.

Example 4.2.5. Let

O O ==
O = O =
>
Il
— ==

Find the orthogonal projection Pb of b onto the column space of A.
Solution: We notice that the columns of A are linearly independent because
rank(A) = 3 and A has exactly three columns. Then Lemma 4.2.4 applies. We
solve the system AT Az = ATb where

11001(1)(1) 2 1 1 2
ATA:1010010:121,ATb:2
L N 11 2 2

We use Gauss-Jordan elimination to determine the inverse of AT A.

211100

[ATA:7)={1 2 1 0 1 0
112001
RRR444111
a1 410 1 0

114001

1 1 1 1 1 1

4 4 4

LA 210 10

112 0 0 1
1 1 1 L L 17
:,RQ*RI()loigi
Ra—H —41—41§
001 = T 7]
(1 00 2 F F]
N PR
Ri=Rs —41—41§
001 = T 7]
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Then the inverse of AT A is
—1

(ATA)" =

| ||
>J>|)_\>J>)_‘>J>Iw

=1
4
3
4

=1
4

lw us| | us|
=

Therefore, the orthogonal projection Pb of b onto the column spaces of A is

3

111 3 =1 =1 2

1ool |4 T T2 |k
Pb=Ar=AATAT AT = | ol 1T 1 T (2] = |3
=1 =1 3 2 2

0 0 1 4 4 1 1

2

Remark 4.2.6. We remark that the projection matrix P = A(ATA)71AT
satisfies

P2 = A(ATA)TATA(ATA)LAT = A(ATA)1AT = P,
PT = (A(ATA)LAT)T = A(ATA)1AT = P.

That is,

P? = P and P is symmetric. ]

Then we have
P(b— Pb) = Pb— P?h = Pb— Pb=0,

which imply that b — Pb € N(P). The symmetry of P implies that the row
space of P is the same as the column space of P. Then for every b € R™, b has
an orthogonal decomposition

b= b, +b,,
with b, = b— Pb € N(P) and b, = Pb € C(P) = R(P).

Exercise 4.2.7.

1

1. Let W = span —1(,|1]| |. Find the projection matrix P for the pro-
2 0

jection onto W.

2. Find the orthogonal projection of the vector b = (1, 2, 4) € R3 onto the
line
LT _Y_ 2
2 3 4
and find the distance from the point (1, 2, 4) to the line I.
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3. Find the orthogonal projection of the vector b = (1, 2, 4) € R? onto the
plane S : z — y 4+ 2z = 0 and find the distance from the point (1, 2, 4) to the
plane S.

4. Find the orthogonal projection of the vector b = (1, 0, 4) € R3 onto the
plane S : 2 +y = 0 and find the distance from the point (1, 0, 4) to the plane
S.

5. Find the distance from o = (

-1, 1,1, 0) to W = Span(ﬁl? ﬂ27 53) in R47
where /81 = (17 07 Oa 1)’ /82 = (17 1a Oa 2

) and ﬂ3 = (1a 17 47 1)

6. Find the distance from a = (-1, 1,1, 0) to W = span(f1, f2, B3) in R%,
where /81 = (17 07 Oa 1)’ /82 = (17 1a Oa 2) and ﬂ3 = (Oa 17 07 1)

7. Let u and v be vectors in R3. Show that

(u+wv) - (u—v) = ful® — o]
8. Show that the diagonals of a parallelogram in R?® with equal sides are
perpendicular to each other.

9. Let A0, 1, 1), B(1, 1, 1) and C(—1, —1, 0) be the vertices of the triangle
AABC. Find the area of AABC.

10. Let u and v be nonzero vectors in R3. Show that the area of the triangle
determined by u and v is

1
3 VIO = (o2,
11. (Parallelogram law) Let u and v be vectors in R™. Show that
2([ull® + 0l1?) = llu+vlI* + [lu — o]

12. Let A be an m X n matrix with linearly independent rows. Find the
representation matrix P of the orthogonal projection onto the row space of A.

13. Let s and ! be lines in R? given by

Find the distance d between s and [:

d= min [p—ql.
pEs, g€l

14. Let W be a subspace of R™. Show that the orthogonal projection P : V —
W is a linear map.
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15. What is the representation matrix P for the projection from R™ onto
itself?

16. Let P be the representation matrix for the projection onto a (true) sub-
space W of R™. i) For every « ¢ W, is it possible Px = z? ii) Is P invertible?
Explain your answer.

17. Let P be the representation matrix for the projection onto a (true) sub-
space W of R™. Is P dependent on your choice of the basis for W? Explain
your answer.

18. Let P be an n x n matrix and satisfy P = P and P? = P. Is it true that
P is the representation matrix for the projection onto a (true) subspace W of
R™? Namely, for every b € R", is b — Pb orthogonal to Pb?

19. Let P be the representation matrix for the projection onto a subspace W
of R™. Is it true that W equals the column space of P?

20. Let C([0, 27]; R) denote the set of all real-valued continuous functions de-
fined on [0, 27]. Let W = span{1, cosnx, sinnz})_,. Define an inner product
on C([0, 27];R) by

2T

()= | FBg®)dt, f g€ (0, 2 R).

i) For every f € C([0, 27];R), find the orthogonal projection f, of f onto W;
ii) For every f € C([0, 27];R), find the distance d of f to W defined by

d=(f— fo. [~ fo)%,

where f, is the orthogonal projection of f onto W.

iii) Let fo(z) = 1 + 22 be a function in C([0, 27];R). Find the orthogonal
projection f,, of fo onto W and (fo — fp,, fo — fro)

o=
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FIGURE 4.2: ||b — Pb|| < ||b — w|| for every w € W.

4.3 Least squares approximations

We have learned that a linear system Az = b does not have a solution if
bg C(A). Let W = C(A). A natural question is how to find a b, € W which
best approximates b? Geometrically, the answer is the projection b, = Pb of
b onto W, where P is the representation matrix of the projection onto W.
Indeed, for every w € W,

b—w=>b—Pb+ Pb—w,

where (b — Pb) L (Pb— w) since Pb—w € W and (b — Pb) L W. By the
Pythagorean theorem, we have

I —w||* = [Ib — Pb]|* + || Pb — w]?,
which implies that
|b— Pb|| < ||b—w]|, for every w € W,

and the equality happens only if w = Pb.

Theorem 4.3.1. Let W be a subspace of R™ and P the representation
matrix of the projection onto W. Then for every b € R,

[Ib— Pb|| < ||b—w]||, for every w € W,

and the equality happens only if w = Pb.
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Definition 4.3.2. Let A be an n x m matrix and b € R". We call
Z € R™ a least squares solution to system Ax = b if AZ = Pb,
where Pb is the projection of b onto the column space of A.

Certainly Az = Pb is always consistent with at least one solution since
Pb is by definition in the column space of A. The question is how to find &
without having to find the representation matrix P?

Let us first find a necessary condition that & must satisfy. Notice that by
definition of projection we have b — Pb | C(A) = R(AT). That is, b — Pb is
orthogonal to each row of A”. Therefore we have

AT(b— Pb) = AT (b — Az) =0,
which is equivalent to
AT Az = ATb. (4.4)

That is, if Z is a least squares solution, it must satisfy (4.4) which we call the
normal system corresponding to Ax = b. This also shows that the normal
system AT Az = ATb is always consistent.

A question remaining is that if & satisfies the normal system (4.4), is it a
solution to AZ = Pb and hence a least squares solution? Indeed, if & satisfies
the normal system (4.4), b — A% is orthogonal to C(A) = R(AT). Then we
have an orthogonal decomposition of b:

b=0b— Az + Az.
Another orthogonal decomposition of b is
b=0b— Pb+ Pb.

By uniqueness of orthogonal decomposition with respect to the subspace W =
C(A), we have
Az = Pb,

which means that every solution of the normal system is a least squares solu-
tion.

Theorem 4.3.3. Let A be an n X m matrix and b € R”. £ € R™ is a
least squares solution to system Az = b if and only if AT A2 = ATb.
Moreover, A" A3 = ATb is always consistent.

Corollary 4.3.4. Let A be an n xm matrix and b € R™. If the columns
of A are linearly independent, then the least squares solution to system
Ax =bis

&= (ATA)"1ATb.
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Example 4.3.5. (Example 4.2.5 revisited.) Let

11 1
0 0 1
1 0 b= 1
0 1 1

OO = =

Find a least squares solution to Az = b.
Solution: We solve the system A7 A2 = ATb where

11001(1)(1) 2 1 1 2
ATA:1010010:121,ATb:2
L Y 11 2 2

We use Gauss—Jordan elimination to determine the inverse of AT A and obtain

3 -1 -1 1
i 4 4 2 2
g=ATA AT = |2 32 FHl (2] =3
-1 =1 3 2 1
I 7 1 2
Example 4.3.6. Let (z1, y1), (22, y2), -+, (Tm, ym) be a set of data for the

pair (z, y) € R%. Suppose that z and y are related by a polynomial
y=p(x) = ap + a1z + azx® - - + a,x".

We wish to use the observed data to solve for the unknown coefficients

ag, a1, -+ , ap and set up the following equations
y1 = p(z1) Y1 = ao + a1 + azx3 - + axy
Y2 = p(22) Y2 = ag + 172 + a2T5 - - + apTy
@ )
Yn :p(xn)7 Ym :a0+a1xm—|—a2xfn~~—|—anx;‘1

which can be written as Au = b, where

2
1 x x% R A ag Y1
1 20 3 -+ 2y ai Y2
A= . . . , U= . ) b=
2
1 zp g, T, an Yn
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Such an inhomogeneous system may not have a solution for w, especially
when the system is over-determined with m > n. However, we can find a
least squares solution @ of Au = b which minimizes ||b — Au||. Namely, a least
squares solution @ of Au = b is a solution to the minimization problem

min ||b — Aul|,
u€ER”™
and
|b — Adl| = min ||b — Aul|.
u€R™

By Theorem 4.3.3, every solution of AT A4, = ATb is a least squares solution
to Au = b. We remark that the process of using a set of data to fit in a
polynomial is called polynomial interpolation.

Exercise 4.3.7.
1. Is it true a least squares solution may not be unique? Explain your answer.

2. Let A be an m x n matrix and b is n x 1. Is it true a least squares solution
to Az = b always exists? Explain your answer.

3. Let 29 be a least squares solution of Az = b. Show that b” Azy > 0.

4. Let
1 o 22 - ap
1 @y a3 - af
A =
Suppose that there are at least n+ 1 distinct values among {z1, x2, -+, Tm }.

Show that the columns of A are linearly independent. (Hint: check the maximal
number of distinct roots of a nontrivial polynomial p(z) = ag + a1z + azz? +
<-4 anpa™. Ais called a Vandermonde matrix.)

5. Use the polynomial i = bt +c to fit in the data in the sense of least squares:

h|3 2 1
t]0 1 2

2 0

3 4°

6. Use the polynomial h = at? + bt + ¢ to fit in the data in the sense of least
squares:

h|
t]
7. Let Az = b be consistent. i) Is it true that every least squares solution of
Az = b is also a solution of Az = b? Justify your answer. ii) Is it true that

every solution of Az = b is also a least squares solution of Ax = b7 Justify
your answer.

321 20
01 2 3 4°
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8. Let n = (1, —1, 1, 0) be the normal of the hyperplane (see Exercise 3.1.13
for the definition) S in R* passing through the point (1, 2, 3, 4). i) Find the
equation for S; ii) Find the distance from b = (1, 2, 4, 5) to S.

9. Show that if ug is a solution of
min ||b — Aul|,
u€R™
then AT Aug = ATb. That is, ug is a least squares solution of Az = b.

10. Show that if ug is a least squares solution of Az = b, then ug is a solution
of

min ||b — Aul|.

u€eR”
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4.4 Orthonormal bases and Gram—Schmidt
Orthonormal bases

We know that if W is a subspace of R with basis S = {a1, ag, -+, am},
then the projection onto W has a representation matrix

P=A(ATA)71 AT,

where A = [a1 : ag : -+ : a]. The real application of the matrix P will
involve the computation of the inverse of the m x m matrix AT A, which is
usually not convenient. It would be a big relief if AT A = I, namely, if A is
an orthogonal matrix (see Definition 2.5.11). Indeed, if A is an orthogonal
matrix, we have the following observations:

1) AT A = I implies that the columns of A are unit vectors and are orthogonal
to each other:

1 e
a;j aj = 1 Z ] (4.5)
0 if¢#7.
We call S = {aq, az, -+, am} an orthonormal basis if (4.5) is satis-

fied.

2) The representation matrix of the projection onto W is simplified to P =
AAT.
3) For every b € R™, its orthogonal projection onto W is

a

a
Pb=AATb=[ay:as: - :an]| | | b=aial b+asalb+---+analb.

T
Am

Note that a;alb = Z‘Taa‘Tb is exactly the projection of b onto the one-
dimensional subspace of W spanned by a;, ¢ =1, 2, - - - , m. This implies
that if W has an orthonormal basis, namely, if a basis consists of unit and
orthogonal vectors, the projection onto W is the sum of the projections
along the individual vectors in the orthonormal basis.

Orthogonal basis

Suppose that the subspace W has an orthogonal basis S =
{a1, ag, -+, an}, which are not necessarily unit vectors. Namely, AT A is
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a diagonal matrix with

0 ifi— i
aj aj = * 1 Z ] (4.6)
0 ifv# 7.
We call S = {a1, az, -+, a;} an orthogonal basis if (4.6) is satisfied. In

this case, the orthogonal projection onto W has an easy representation. In
fact,

atay 0 e 0
0 a2Ta2 cee 0
ATA =
0 0 : a%am

For every b € R", its orthogonal projection onto W is

1
n (1) 0 o7
0 T 0 ol
Pb=AATA) AT =lay: ag: - : am) . : . . |0
T
0 0 T G
T T
ara asa amal
= b+ o Ehf e
aj a1 a3 ag al am
T T T
ay b as b at b
= 2} a1 + 1? az + -+ Tm am.
ai ay as as al am,
T
Similar to the case of orthonormal basis, Pb = alal b + a2a2 b + - Z’#Zm b
1
implies that the projection onto W is the sum of the prOJGCthnS along the

_|_

individual vectors in the orthogonal basis. Pb =

T

T b a,, indicates that the coefficient of the decompos1t10n for Pb along the

we have

a;
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Lemma 4.4.1. Let W be a subspace of R™ with an orthogonal basis
S = {a1, az, -+, am}. For every b € R", its orthogonal projection
onto W is

T T T
- ai1ay a20as5 AmQ,,
Pb—< o SRR o= )b

ayar  asa al am
al'b al'b al'b

=—F—a1+—F—02+ -+ = Q-
aj aq a3 ag al am

If S is orthonormal, then

Pb = (ala{ +agal 4+ + ama%) b

:(aipb)al + (agb)ag 4.4 (aﬁb)am.

Note that if W = R", the projection is just the identity map with P = I.
For every b € R", its orthogonal projection onto W is

T T T
aib azb a;,b
b= a1+ ——az + -+ ——apm,
aj ai as as al am

which is a orthogonal decomposition of b along each of the vectors in the
orthogonal basis S = {a1, az, -+, am}.

A natural question next is how to find orthogonal and orthonormal basis
from a given basis? The Gram-Schmidt process is a procedure for this purpose.
Before we detail the process of creating orthogonal basis, let us first observe
that a set of nonzero orthogonal vectors S = {a1, az, -+, am} in R™ are
linearly independent. Indeed, consider the vector equation

crai + caa0 + -+ - CpGp = 0.
Multiply both sides by a, i =1, 2, --- ,m. We have
al (crar + cag + -+ cmam) = 0 = cal a; = 0,

which leads to ¢; = 0 since a; is nonzero. That is

Lemma 4.4.2. If S = {ay, ag, - - - , an} is a set of orthogonal nonzero
vectors in R, then S is linearly independent.

Gram—Schmidt orthogonalization process

Let W be a subspace of R™ with an orthogonal basis S = {a1, az, -+, am}-
We want to convert it into a new basis S’ = {by, ba, -+, by }. The idea is
that for every ¢+ = 1, 2, --- ,m and beginning with b; = a1, use orthogonal

projection to find b;41 such that

bit1 L span{as, az, - -, a;},
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and that

Span{ah az, -, ai+1} = Spa‘n{bh b2a ) bi+1}'

When the process terminates, we obtain a set of orthogonal basis S’ =
{b1, ba, -+, by} for W. To be specific, we carry out the following steps.

1)
2)

Let bl = a1;

Find an orthogonal decomposition of ay with respect to span{b;} =
span{a; } and let by be the component of as orthogonal to span{b;} =
span{a; }:

bibT b7 a

———ay = ay — —=—01.

e T

Then by # 0 since ay ¢ span{a;} = span{b;}. Then {by, ba} is linearly
independent since bs L span{b;}. Moreover the orthogonal set {b1, ba}
is contained in the two-dimensional space span{aj, as}. Therefore, we
have

by = ay —

span{ay, az} = span{by, ba}.

Find an orthogonal decomposition of ag with respect to span{by, ba} =
span{ay, az} and let bs be the component of a3 orthogonal to

span{by, bo} = span{ai, az}:

blb{ bgbg bfa;; bgag
Tp 33 7 -3 =43 — o =01 o
T, " b1, 070, * T bTh

b3 = as — b2.

Then bs # 0 since ag ¢ span{ai, as} = span{by, bo}. Then {by, ba, b3}
is linearly independent since bs L span{b;, bo}. Moreover the or-
thogonal set {b1, ba, bs} is contained in the three-dimensional space
span{ay, as, az}. Therefore, we have

span{ai, ag, ag} = span{by, b, b3}.
Successively find an orthogonal decomposition of a,,+1 with respect to

Spa‘n{bla b2a ) bm} = Span{ah ag, -, am}a

and let b,,41 be the component of a,,+1 which is orthogonal to
span{by, ba, - , by }:

bibT bobT binbi,

bm —0m — 77, Am — 77, Um — T T Um 4.7
+1 =Am+1 bfbla +1 bZTbZCL +1 bflbma +1 (4.7)
b,{am-&-l bgam—i-l bT Am+41
=t — by — bg— o — b, 4.8
Gt T T T Ty 2 bT by (48)
Then we have b,,41 # 0 since
Am+1 ¢ Span{ah g, * - 7am} = Span{bh b27 e 7bm}
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We obtain that {b1, ba, - -+ , by, } is linearly independent since

bm+1 1 Spa‘n{b17 b27 T 7bm}

Moreover the orthogonal set {b1, ba, - -, byt1} is contained in the m+1-
dimensional space span{bs, ba, - -+, by41}. Therefore, we have
Span{G’l, ag, + -+, am—i—l} = Span{b17 b27 e 7bm+1}‘

Example 4.4.3. Let W = span{w;, wa, w3} be a subspace of R?, where
wy = (1, =1, 0),we = (-2, 3, 1), ws = (1, 2, 4).

i) Show that {w;, wa, w3} is linearly independent. Then use the Gram-
Schmidt process to convert {wq, we, w3} into an orthogonal basis V' =
{v1, vo, vz} of W;

ii) Let uw = (1, 1, 2). Find the coordinate vector [u]y relative to the orthog-
onal basis V' obtained in i).

Solution: i) To show that W is linearly independent, we consider the vector
equation
crwi + cows + cgwsg = 0,

which is equivalent to

1 -2 1| | 0
-1 3 2| [c2| =10
0 1 4] |ecs 0

Next we reduce the coefficient matrix to row echelon form to determine the
solution for (e, ¢, ¢3).

121 L2112 1 e 0
103 2| = o 1 o3| ===l 1 3| = |ef| = |0
0 1 4 0 1 4 0 o0 1 c3 0

That is, the vector equation has only the trivial solution for the coefficients.
Therefore W is linearly independent.
Now we use the Gram—Schmidt process to obtain an orthogonal basis:

v =w; = (1, =1, 0);

vlTw2 V1 * Wa
V2 =W2 — —— U1 w2 5 U1
v v o]
-5)(1, =1, 0 11
:(_27 37 1) - ( )( 72 , ) = (57 57 1) ;
’U?’w?, v;fwg V1 - W3 V2 - W3
V3 =w3 — T Ul—T—’UQZ’w?,— 2’[)1— 21}2
vi vy vg V2 [[o]] [[vz]|
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(1, 2,4 DL =1,0) (%) (35 3 1):( 11 1)'

2 3/2

3733

Then {vy, va, v3} is an orthogonal basis of W.
ii) Since {v1, va, v3} is an orthogonal basis, we have

v;fu vgu ’Ug’u
u = T V1 T (%) T V3.
v V3 V2 V3 U3

Therefore, we have

(vlTu vfu vgu)_(<u, vi) (4, v) (u, v)

v vivy” vlvg oal? 7 [loafl 7 Jlos2

[uly =

> =(0,2,0).

O

Remark 4.4.4. (QR decomposition) Let A = [u; : ug : -+ : U] be an
n X m matrix with m linearly independent vectors. Then using the Gram-
Schmidt process the columns of A can be converted into an orthonormal set

of vectors which are columns of Q = [q1 : g2 : -+ : ¢n]. Then the transition
matrix from basis {u1,uz2, -, um} to {q1,q2, - ,qm} is

wlqr uyq - uwhq

ulge  ulqe - ulg

W gm U3 gm o U Gm

By the Gram—Schmidt process we know that uiqu = 0 for every 7 < j because

g; L span{ui, ug, --- ,uj_1}. Therefore R is a upper triangular matrix with
o ujqg - uhg
po | f udqy - ubgo
0 0 v ul gm

That is, A = QR and A is decomposed into the product of an orthogonal
matrix and an upper triangular matrix. O

Example 4.4.5. Find the QR decomposition of the matrix

= [c1 ¢2 c3],

N

I
SO = EF=O
O O R~
= O O Ut

where ¢1, ¢ and c3 are the columns of A.
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Solution: The matrix contains a block of the identity matrix I3. Therefore
we have rank(A) = 3. Then the dimension of the column space of A is 3 and
the columns of A form a basis. Applying the Gram-Schmidt process to the
basis ¢1, ¢ and c3 of the column space we have

Bl = C1,
CTﬁl 1
52202_ L ~ﬂ1:——2,1,—172,07
c3 o cd B 1
By =cy— 2 By — 2L B = (7, -6, 6,13, 5).
e T Ere s )
Normalization on {81, B2, B3} gives
- L 1,100
q1 = \/§ s Ly Ly YUy 9
1
= = _2717_172707
a2 m( )
1
= ——(7,-6,6,13, 5).
a3 \/m( )
Then the matrix @ is
0 == 7
) Vo P
Q=" o 315
0 —= 13
V10 315
0 0 315
and the matrix R is
V2 542
Cleh CgT(h ng1 \/§ \/27 2
R= 0 clgo ngQ = 0 4o —%
0 0 c3q3 0 /63
V5
Therefore we have
0 == 7
S I IRV L Y B V- S R XY
L1 -5 V2 V1o V315 2 2
A=1[1 0 ol =4 = 6 0 Mo _ 13
0 1 0 \/(i) \/ZE 13315 2 \/\/E
2 0 N
0 0 1 o Vo b s
V315

Exercise 4.4.6.
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Hzx

x

FIGURE 4.3: Hz is the mirror reflection of = with respect to the hyperplane
S with unit normal u.

1. Let W = span{wy, wo, w3} be a subspace of R*, where
wy = (1, —=1,0, 1),wy = (2, =2, 3, 1), w3 = (1, 2, 4, 0).

i) Show that {wj, we, ws} is linearly independent. Then use the Gram-
Schmidt process to convert {ws, we, w3} into an orthogonal basis V =
{v1, v2, vz} of W. ii) Find the coordinate vector [u]y of u = (1, 0, 2, 0) rela-
tive to the orthogonal basis V.

2. Show that there exists an m x n, n < m matrix A such that ATA = I,
but AAT # I,,, where I, and I,, are n x n and m x m identity matrices,
respectively.

3. Show that every finite dimensional inner product space has an orthonormal
basis.

4. Let A=

[—1
1 -1 . . e .
1 . Find a QR decomposition of A, if it exists.
1

5. Let A=

[—1
1 . Find a QR decomposition of A, if it exists.
1
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6. Let A=1Jc1:ca: - :¢p] be an n X m matrix with m linearly independent
vectors. Suppose that the Gram-Schmidt process converted the columns of A
into an orthogonal set of vectors which are columns of B = [by : by : -+ - : by,].
Find the matrix R such that

A = BR.

7. Let S = {1, x, 2%} be a basis for P». Define inner product on P, by

1
(f,9)= /_1f(x)g(x)dx.

If we replace the dot product in the Gram-Schmidt process with inner product,
can you convert S into an orthogonal basis for P»?

8. Let u € R™ be a unit vector. What is the representation matrix H of the
mirror reflection about the plane orthogonal to u? Is H an orthogonal matrix?
See Figure 4.3.

9. Let v be a unit vector in R”. Show that the matrix P = I — 2vv? is an
orthogonal and symmetric matrix. We call P = I — 2vv” with v"v = 1 a
Householder matrix and call the map * — Px, x € R" a Householder
transformation.

10. Let z, y € R™ be such that z # y and ||z]| = ||y|. Let u = ﬁ and
P=1-2uuT.

i) Show that Px = y and Py = .

ii) Show that for every x € R", y = £||z|le1, where e; is the first vector of the

standard basis of R™, there exists a Householder matrix P such that Pz = y.

11. Let z = (3,4, 0,0) € R* and y = (5, 0, 0, 0) € R*. Find a Householder
matrix such that Pz = y.

1 -1 0
12. Let A = |1 1 0] . Use the Householder transformation to find an
0 1 1

orthogonal matrix @ such that Q7 A is upper triangular.

13. Let A be an m X n matrix with linearly independent columns. Show that
there exists a sequence of orthogonal matrices Py, Ps, - -+, Py, such that

PoPn_1---P,PPA=R
is upper triangular.

14. Explain that a product of symmetric orthogonal matrices is orthogonal
but may not be symmetric.
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Chapter 5

Determinants

5.1 Introduction to determinants .............. ... . .. 101
Determinant of permutation matrices ............................ 103
Determinants of n X n matrices ...........cooiiiiiiiiiiiiii... 105

5.2 Properties of determinants ............. ... .. il 108

5.1 Introduction to determinants

We know that the 2 x 2 matrix A = i Z] is invertible if and only if the

scalar ad — bc # 0. And we also learned that elementary row operations do not
change invertibility of a matrix. If we regard the scalar ad — bc as the value of
a function, called determinant det acting on the matrix A, we wish to know
how elementary row operations will change the function value.

1) Multiply a row of A by a constant ¢. Then

detqt“ th — tad — the
c d

=t(ad — be)
=tdet(A).

Namely, det is a homogeneous function of its rows. Moreover, let E; =

t 0
{0 1] . We have

det(F1A) = det(E) det(A).

2) Add a multiple of one row to another. Then

a b
det <La e the d}) = a(tb+d)—b(ta+c) = tab+ad—tab—bc = det(A).

That is, adding a multiple of one row to another does not change the

1 O} . We have

determinant. Moreover, let Ey = L 1

det(FEyA) = det(E3) det(A).

101
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3) Interchange two rows. Then

det qg ‘;D = be — ad = — det(A).

That is, interchanging two rows changes the sign of the determinant.

Let E3 = [(1) (1)] We have

det(E3A) = det(Es5) det(A).

Items 1) and 2) hinted that det may be a linear function of the rows of a
matrix. Indeed,

detqaie bif)—d<a+e>—c<b+f>—ad—bc+ed—fc

o[ ) oo 1)

det ( [tg Z)_ ) —tdet(A).

Let M, be the vector space of n x n matrices. We want to define a function
det : M,,, — R called a determinant which satisfies the following properties.

ay
az
P1) det is linear in each of the rows of A € M,,,. For every A = | . | in
an
Myn, f €R™ t €R,
[ a1 ] [a1] [a1] [a; ] [a1]
a2 a2 az az az
det ) = det : det : , det = tdet
a; + f a; t f ta; a;
| an | L On L an | Gn | | Gn |

P2) det changes sign if two rows of A € M, are interchanged:

a a
a2 a2
aj a;
det | | | = —det
a; aj
_an_ _a”ﬂ_
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P3) Let I be the identity matrix.
det(I) = 1.

Determinant of permutation matrices

A permutation matrix P is a matrix obtained by interchanging rows of the
identity matrix I, and we know that PT = P~1. By property P2) and P3),
we know that

det(P) = £1.

The sign of det(P) is determined by the number of interchangings (or called
transpositions) of the rows of I in order to obtain P. If the number is
odd, det(P) = —1; if it is even, det(P) = 1. To determine the number of
transpositions, we assume that the rows of P are a permutation of the row
of I, which is an ordering of the numbers {1, 2, --- ,n}. Let S denote the
set of all permutations of the set of numbers {1, 2, --- ,n}. Every member
o=(0(1),0(2), -+ ,0(n)) € S can be represented as

(1 2 ... n
T \e) 0@ o om)”
where the first row of o denotes the row number of I and the value of o (i)

indicates that the current i-th row of P was the o(¢)-th row of I. For example,
the following representation of the permutation o,

o (1 2 3 4 5>
5 3 2 1 4)°
implies that the current first row of P was the fifth row of I, the current
second row of P was the third row of I, the current third row of P was the
second row of I, and so on.
Now we count how many transpositions to achieve o from the (12---n).

We use the so-called total inversions 7(¢) in o which is the cardinality of all
the occurrences that o(j) < o(i) with j > i. That is,

(o) = Znumber of (i, j)’s with o (i) > o(j) and ¢ < j.
i=1
For example 7(53214) = 44+2+14+040=7, 7(13542) = 0+ 1+24+14+0 = 4.
It turns out that 7(c) is the minimal number of transpositions to achieve o
from the (12---n). Then by Property P3), we have

Lemma 5.1.1.
det(P) = (—1)7(‘7),

where o is the permutation of the rows of I to obtain the permutation
matrix P and 7(o) is the total inversions of o.
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Example 5.1.2.
1) Let

01 0
P=11 0 0
0 0 1

Then P is a permutation matrix obtained from I by the permutation o = (213)

with representation o = ; ? g) and with 7(0) =7(213) =140+ 0= 1.
Then det(P) = (—1)! = —1.
2) Let
01 0 0 O
00 0 1 0
P=11 0 0 0 0
0 0 0 0 1
0 0 1 0 0
Then P is a permutation matrix obtained from I by the permutation
. (12345 . B
o = (24153) with representation o = 9 4 1 5 3 and with 7(o) =
7(24153) =1+2+ 0+ 1+ 0 = 4. Then det(P) = (—1)* = 1. O

Before we discuss determinants of general n x n matrices, let us count the
inversions of the inverse 0! of a permutation o € S, which is the permutation
which restores the permutation o into identity id. That is, 0~! o o = id. For
example,

(1 2 3 45 o1 1 2 3 4 5
77\ 3 2 1 4)°7 T o) o 42) o 1B) o l4) o L(5)
(1 2 3 45

T \4 3 2 5 1)
By examining the matrix representation of permutations, we have
7(0) = number of {(i, j) : o(i) > o(j) with ¢ < j}
= number of {(¢7(s), o7 (t)) : s >t with o7 (s) < o1 (2)}
= number of {(s, t) : s >t with o~ *(s) < o~ (1)}
=71(c™ ).

In summary we have

Lemma 5.1.3. Let o be a permutation of the set {1, 2, --- ,n}. Then
we have
(o) =7(07"),

where (o) is the total of the inversions of o.
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Determinants of n x n matrices

Let A = (ai;) be an n x n matrix with rows a1, ag, - ,an. Let
{e1, ez, -+ ,en} be the standard basis of R™. Then we have

T T T
a1 =a11€] + ajee; + -+ aipe,,

T T T
az =ag1€] + aggey + -+ agpeéy,

T T T
Ap =Ap1€] + ap2ey + -+ apne;, .

By linearity property of determinants, we have

aiiey a12€5 ain€
ag ag ag
det(A) =det . + det . + -+ det .
an | an
T T T
€1 €3 n
a2 a2 a2
=aq det . + a2 det . + -+ ay, det
an | an an
rT
€x,
= E a1k, det .
k1=1 :
_an
T
e
k
" " o
k2
= E G1ky E a2k, det .
k?l_]. k2:1 °
an,
T
e
k
n n 74
€k,
= E a1k, E A2k, * E Qnk,, det .
k1=1 ko=1 kn=1 M
T
€k,
er,
2
E g E Q1k, G2k, * * * Ank, det |
1=1ko=1 n=1 T
€k,

= A15(1)325(2) ** " Ano(n) (_1)7—(0)7
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where the last step is based on the observation that, by P2),

)
det . = 0, if k‘z = k‘j,

e

er
since switching the identical two rows will not change the matrix but will
reverse the sign of the determinant. Therefore only the permutation matrices
survive to have nonzero determinants in the summation. That is, the determi-
nant of an n X n matrix is the sum of every such signed product of n entries
of A that contains a unique entry from each row and each column. Therefore,
we have

N

Theorem 5.1.4. If det : M,,, — R satisfies properties P1), P2) and
P3), then its value is uniquely determined by

det(A) = Z(_l)r(d)ald(l)GZU(Z) *Qpo(n),
oceS

where S is the set of all permutations of the set {1, 2, --- ,n} and 7(0)
is the inversion of o.

An immediate consequence is that

Corollary 5.1.5.

i) If A € My, has a zero row or zero column, then det(A) = 0.

ii) If A = (a;;) is a triangular matrix, then det(A) = a11a22 - - - anp.-

We leave it as an exercise to show that the function f : M,, — R defined
by

f(A) = Z(_I)T(U)alo(l)a2o(2) *Ono(n)
oc€eS

must satisfy properties P1), P2) and P3).
Exercise 5.1.6.
1. Let A be an n x n matrix. If A has two proportional rows, then det(A4) = 0.

2. Let S be the set of all permutations of the numbers (1, 2, 3,---, n). We call
a permutation an even (odd) permutation if its total inversion is even (odd,
respectively). Show that there are the same number of odd permutations and
even permutations.

3. Let S be the set of all permutations of the numbers (1, 2, 3,---, n) and
o € S. Show that every transposition on o changes its parity.
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4. Find the total inversion, parity and matrix representation of each of the
following permutations

i) (123564);
i) (456213);
i) (123456).

5. Let A be a 5 x 5 matrix. Find the coefficient of each the following products
in the permutation expansion of det(A).

1)  a15a24a33042051;

il) @a13a25031Q42054;

)
ili)  a14023a32045051;
)

V) a1202303404505] -

6. Find the coefficients of the terms of 23 and z* for the polynomial f defined

by
T 2 x 1
1 3z 1 -1
f(z) =det 9 1  —9
3 1 2 T

7. Find the determinants of the following matrices.

o O
O =
N O
o O
o O
o O
O =
N O
o O

o
o O
o O

S
I

—_

S
B B

—
3 o -
o O
o O
o o

8. Let A be an n x n matrix such that

1 ifi+j=n+1
;i =
/ 0 otherwise.

Find det(A).

9. Let A be an n x n matrix. Show that if A has more than n? —n zero entries,
then det(A) = 0.

10. Show that the function f : M,, — R defined by

f(A) = Z(—l)T(U)alau)a%(z) ©r Gpg(n)
oceS

must satisfy properties P1), P2) and P3).
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5.2 Properties of determinants

We know that for 2 x 2 matrix A, det(A4) = det(AT). Indeed it is valid for
A€ My,

Theorem 5.2.1. det(A) = det(AT). ]

Proof. We have

det(A) = Z(_l)T(U)alU(l)a2U(2) ©Qpo(n)-
o€S

Consider a14(1)a25(2) * * * Gno(n), Where o € S is the column permutation with
the row permutation fixed with (12---n). If the column permutation is fixed
with (12---n), the row permutation is exactly o ~!. By Lemma 5.1.3, we have
7(0) = 7(c71). Namely, the total of the inversions created by o is restored by
o071 t0 0. Hence 7(0) = 7(01). Therefore, one can fix the column permutation
to (12---n) and obtain that

det(A) = Z(_l)T(U)aU*I(l) 105-1(2)2 """ Ag—1(n)n
oceS

(™!
:Z(—l) ( )alT,g—l(l)azT,afl(z)"'ag,rl(n)
oesS

-h T T T
= Z (-1 )a1,071(1)a2,rl(2) Ty o1(p)
oc-teS
=det(AT).
|
A significant consequence of Theorem 5.2.1 is that the properties of de-
terminants described at P1) and P2) with respect to rows are also valid in
terms of columns. Now we use Theorem 5.2.1 to establish the co-factor formula
which can be used to compute determinants.

Let A = (a;;) be an n x n matrix with rows a1, as, - - - , an. Let M;; denote
the submatrix of A with the i-th row and the j-th column deleted. We have

T T T
a; = a;1e] + age; + -0+ aipe,

and
ai ai ai

det(A) =det al-lelT + det aiQQg + .-+ det ainez

an an an
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a

—_

a1 ai

=a;1 det e

c g

+agdet | [ed | | +---+apdet | [l

QAn QAn (2%

By means of interchanging rows and columns, we can manage to put the entry
1 of el from row i into the (n, n)-position, using (n—i)+(n—j) interchangings.
Then by property 2), and noticing (—1)"~"=J = (—1)"*J we have

; M;1 * it M;; =
(1)1 71 (1)t t+d %]
det(A) =a;1(—1)""" det { 0 1] + - 4 a;; (1) det { 0 J
; M, *
(—1)tm 4
+ 4 apm(—1) det[ 0 1]

:ail(—l)“‘l det M1 + -+ + aij(—l)”j det Mij
+ -+ am(—l)“'" det M, .

Theorem 5.2.2. (co-factor expansion) Let A = (a;;) be an n x n
matrix and M;; be the submatrix of A after the i-th row and the j-th
column of A are deleted. Then
det(A) = ;1 (—l)i_‘_l det Mil qFeoe P Clij(—l)i_‘—j det Mij
+ ot @i (1) det Myy,.

J

Define C;; = (—1)"7 det M;;. We call C;; the co-factor associated with
the entry a;;. We leave it as an exercise to show that co-factor expansion is
also valid in terms of columns.

1 2 3
Example 5.2.3. Let A= |4 5 6| . By the co-factor expansion formula,
7 8 9

we have

det(A) =4+ (—1)**1 det E 3} 5. (1) det E g}

1 2
C(_1)2+3
+6-(—=1)*""det {7 8}

(=4) - (=6) +5- (=12) + (=6) - (-6)
0.

In principle, one can use the co-factor formula to compute the determinant
of every n x m matrix, by recursively reducing the sizes of the submatrices
involved in the co-factor formula. However, the amount of computation is
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huge when n is large. In fact, elementary row operations also play important
roles in the computation of determinants.

Theorem 5.2.4. Let A = (a;;) be an n x n matrix. If £ is an elemen-
tary matrix, then

det(EA) = det(E) det(A).

Proof. We distinguish three cases:

i) If E denotes the row operation of interchanging two rows, say, row ¢ inter-
changed with row j (¢ > j), then F is a permutation matrix which is obtained
by interchanging row ¢ with row j of I, involving 2(j — i) — 1 transpositions.
Therefore

det(E) = (—1)20-9=1 = 1,

On the other hand, by Property 2), we have det(EA) = —det(A) =
(—1)det(A). That is, det(EA) = det(E) det(A).

ii) If E denotes the row operation of adding r-multiple of one row to another,
then F is a triangular matrix with 1 in every main diagonal position. By
Corollary 5.1.5, we have det(F) = 1. On the other hand, by Property 1), we
have

det(EA) =det |a; +ra; | =det |a;| +rdet |a;|,

where the displayed a; is in the ¢-th row. Then det |a;| = 0 since interchang-

ing its ¢-th row and the j-th row does not change the matrix, but by Property
3), the determinant has to change sign. Then we have det(EA) = det(A).
That is, det(EFA) = det(F) det(A).

iii) If £ denotes the row operation of multiplying a row by a constant ¢ # 0,
say, row ¢ multiplied by ¢, then FE is a diagonal matrix with 1 in every main di-
agonal position except for the ¢ at the (4, 7)-position. Then by Corollary 5.1.5,
det(E) = ¢. On the other hand, by Property 2), we have det(EA) = cdet(A).
That is, det(FA) = det(F) det(A). i

Corollary 5.2.5. Let A = (a;;) be an n x n matrix. If two rows of A
are proportional, then

det(A) = 0.

www.Engineeringbookspdf.com



Determinants 111

Theorem 5.2.6. A is invertible if and only if det(A) # 0.

Proof. “=="1f A is invertible, then by Theorem 2.3.4, A is a product of ele-
mentary matrices. That is, there exist elementary matrices Fq, Es, -+, Ey
such that A = FEyEi_1---FE;. By Theorem 5.2.7, we have det(A) =
det(Ey))det(Eg_1) - - -det(Ey) which is nonzero because the determinant of
every elementary matrix is nonzero.

“«<="” Suppose not. That is, A is not invertible, then by Theorem 2.3.4
Az = 0 has nontrivial solutions. Hence the reduced row echelon form U
of A has at least one zero row. That is, there exist elementary matrices
FEi, Es, --- , E} such that ExFEy_1--- E1A = U. We have

det(EkEk,1 s ElA) = det(Ek) det(Ekfl) s det(El) det(A) = det(U) = O,

which lead to det(A) = 0 since det(E;) # 0, ¢ =1, 2, --- , k. This is a contra-
diction. O

Theorem 5.2.7. Let A and B be n x n matrices. Then

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

Proof. If A is not invertible, then by Theorem 2.3.6, AB is not invertible.
By Theorem 5.2.7, det(AB) = 0 and det(4) = 0. That is, det(AB) =

det(A) det(B).
If A is invertible, then by Theorem 2.3.4, A is a product of elementary
matrices. That is, there exist elementary matrices Fy, Fs, --- , Ej such that

A = FEyFy_1---FE1. By Theorem 5.2.7, we have

det(AB) = det(EyEy_; - - E1 B)
=det(Ey) det(Eg_1) - - - det(E7) det(B)
=det(A) det(B).

Example 5.2.8. Compute the determinants of the following matrices

3

@) A= 46159 46059
~ {70281 70181

2

N NN
NN~
DN NN
=N N
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Solution: a) Subtracting the second column from the first column we have

100 46059

det(A) = det [100 70181

] = 100(70181 — 46059) = 2412200.

b) Adding the second, the third and the fourth row to the first row, we
get a row of 10’s without changing the determinant.

10 10 10 10
det(B) =det ; ;1 i g (Add row 2, 3, 4 to row 1)
2 2 2 4
[2 2 2 2]
=5-det 3 ;l Z ; (Factor 5 from row 1)
2 2 2 4
[2 2 2 2]
=5-det 8 3 g 8 (Subtract row 1 from row 2, 3, 4)
00 0 2
=5-2-2.2-2 (Determinant of a triangular matrix)
=80.

Since AA™! = I, by Theorem 5.2.7 we have

Corollary 5.2.9. If A is an invertible matrix, then

1
~ det(A)

det(A™1)

Another application of Theorem 5.2.7 is the Cramer’s rule. Consider Az =
b, where A is an n x n invertible matrix and x, b € R™. Let {e1, €2, -+ , ey}
be the standard basis of R™. Since Az = b is consistent, the following matrix
product holds:

Aler i iejm1:xieqr - iep=[ar: - iai—1: b a1 an]. (5.1)

Since the i-th coordinate of x is the only nontrivial entry in the i-th row of
lep - :e—1:a:eip1: - ey], we have by co-factor expansion

detleg : - e :i@ieipr ey =y

Let B; denote the matrix obtained by replacing the i-th column of A with b.
Equality (5.1) can be rewritten as

Aler i -tej_1:x:epqpr - en] = By,
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which by Theorem 5.2.7 leads to

In summary, we have

Corollary 5.2.10. (Cramer’s rule) If A is an invertible matrix, then

the solution of Az = b for x = (21, @a, -+ ,x,) is
det(By) det(Bs) det(By,)
€Tl = , Lo = y s Tn = T
det(A) det(A) A

where B;, i = 1,2,--- ,n, is the matrix obtained by replacing the i-th
column of A with b.

J

Example 5.2.11. Solve the following system of equations using Cramer’s
rule.

22 —y+3z2=0
r+4y+2z=1
3x+2y+2=2.

Solution: The system of linear equations can be written as

2 -1 3| |=x 0
1 4 2| |yl =11
3 2 1| |z 2
We note that
2 -1 3
det |1 4 2| =-35#0.
3 2 1

Therefore, Cramer’s rule applies. By Cramer’s rule we have

0 -1 3 2 0 3
1 4 det 1 1 2

o2 o201 a0 321 9
T2 o1 3] -3 YT T35

2 —35 2
det |1 4
3

[\)

det

— N W

-1 3
det |1 4 2
3 2 1

and

det

W = N
N i~
N = O

11
-35

det

W = N
IS
=N W
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That is, the solution is

gy )= (2 9 U
Y2 = 3535 " 35 )

We close this section with an application of the co-factor formula and
Theorem 5.2.7. Consider A € M,,,, with rows a1, az, -+ ,ay, -+ ,n. We have
foreveryi=1,2,--- ,n,

det(A) = ainCi1 + ai2Ciz + - -+ + ainCin

It is interesting to examine a;1Ci1 +a;2Ci2 + - - - + a;jn Cip as well. It turns out
that a;1Cs1 +aj2Ci2 + - - -+ a;,Ciy, is a cofactor expansion of the determinant
of such a matrix that is NOT A, but is the matrix obtained by replacing the
i-th row of A with its j-th row. Such a matrix has determinant zero because
it has two identical rows. Therefore we have

det(A) ifi = j,
ajlcil+aj20i2+"‘+ajncm_{e() ifi=j

0 ifi#j
or equivalently
Cnu Ca -+ Cma
Ciz Ca -+ Cha
Al . . .| =det(A)I.
Cln CZn e Cnn

Definition 5.2.12. We call the transpose of the matrix of cofactors of A the
adjoint of A, denoted by adj(A).

Theorem 5.2.13. Let A be an n X n matrix. Then
Aadj(A) = det(A)I.

In particular, if A is invertible, then

A—lzadj(A)
det(A)
Exercise 5.2.14.
1. Let
6 7 2
A=11 5 9
8 3 4

Find det(A) by the following three methods: 1) Co-factor expansion; 2) Ele-
mentary row operations; 3) The permutation formula for determinants.

www.Engineeringbookspdf.com



Determinants 115

2. Find the determinants of the following matrices.

1 3 5 6 7 2
1) A=|3 5 7|; 2) B=|1 5 9]|;
5 79 18 3 4]
(3 0 0 [0 0 2]
3) C=|1 5 0|; 4 D=0 5 9
-2 -1 7 18 3 4]
3. Find the determinants of the following matrices.
(1 3 5 7 [0 7 2 0
35 7 9 1 5 9 5
1) A= 5 7 9 11|’ 2 B= 8 3 4 0|’
7 9 11 13 -1 2 5 0
[0 0 2 0 (0 0 0 2
1 505 0 0 2 5
3) C= 8 0 4 0|° 4 D= 0 2 40
02 5 0 4 2 5 0
4. Find the determinants of the following matrices.
1 3 5 7 5 1 1 1
3 5 71 1 5 1 1
1) A= 5 7 3 1|’ 2) B= 1 1 5 1|7
7 1 5 3 1115
[a b ¢ d (z vy y y
b a d ¢ |y z y vy
3) C= c d a bl|’ 4 D= y oy Ty
d ¢ b a v v y x

5.If A is an n x n matrix with det(4) = 2: i) Find det(adj(4)); ii) If
(adj(A));; = 1, which entry of A~! do you know the explicit value of?

6. Show that if A is symmetric, then adj(A) is also symmetric.
7. Show that if det(A) = 0, then det(adj(A4)) = 0. (Hint: Note that

adj(A)A = Aadj(A) = det(A)],

and show that adj(A) has a nontrivial null space if det(A) = 0.)

8. Let A = {(CI Z} . Show that the area of the parallelogram determined by

the vectors 0, (a b), (¢, d) and (a + ¢, b+ d) is | det(A)].
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9. Let

Find det(A).

2
Ty

3

St e

n—1
{L‘l )
n—

D)

10. Let n > 2, n € N and A,, be an n x n tridiagonal matrix given by

32 0 0
1 3 2 0
01 3 0
A, = )
0 0 3 2
0 0 1 3]
Compute D,, where D,, = det(A4,).
11. Let ¢ = (z1, 22, -+ ,@p) € R and y = (1, 1, ---

I +yz?. Find det(A).

1) € R™. Let A =

12. Let z = (1,1, ---,1) € R™. Let A= zz” — I. Find det(A4) and A~

13. Let det(A) = a, det(B) = b. Compute

det [

A C
0 B

14. Use Cramer’s rule to solve the following systems, if applicable.

1)

20+32=1
r+3y=-1
r+y+z=1;

r+2y+32=1
r+3y=1

y+z=1;

r+2y+3z=1
20+ 3y +4z=1

S5+ 3y + 4z = —1;
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T—2y+3z=1
r+3y+4z=-1
y+z=1

15. Let A = (a;5) be an n x n matrix and M;; be the submatrix of A after
the i-th row and the j-th column of A are deleted. Then

det(A)
= a,-j(—l)l"’j det Mlj + -+ aji(—l)j'” det Mji + -+ am-(—l)”'” det an
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Chapter 6

Eigenvalues and eigenvectors
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6.1 Introduction to eigenvectors and eigenvalues

There are many occasions that we model the input z; at the discrete
instance k£ € N and the output y, at instance k with a linear relation

Yk = A{L‘k,

where A is an n X n matrix. Then the output at any instant can be predicted
by yr = AFx;, and sometimes we are even interested in the existence of the
limit limg_, 4 o0 Y. It is usually time consuming to compute A* when k and
the dimension n of A are large. However, if A is diagonal, then A* can be
easily computed. Indeed, we have

A1 0 d¥ 0

A2 db

A= ) and AF = ?
0 An 0 dr

Certainly not every matrix is diagonal. The question is how to reduce a non-
diagonal matrix into a diagonal one. Since we will compute successive multi-
plication of A, we assume there exists an invertible matrix P such that

A=P'DP,

119
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where D is diagonal. Then we have
A%? = (P'DP)(P~'DP) =P 'D?*P, A¥ = P~1DFP.

This means that if we are able to find an invertible matrix P such that
A =P7'DP, we can easily compute A* with A¥ = P~'D*P. Now the ques-
tion is transformed into finding a decomposition of A with A = P~'DP,
where D is diagonal. To be more specific, let P = [p1 : p2 : -+ : pyl,
D = diag{\1, M2, --- , An}. Then A = P~1DP is equivalent to
Alpr i p2 -t pa] = [Mp1, A2p2, o0 Anpnl-
Namely, to achieve A = P~!DP, we need to find the scalar-vector pairs
(Miy pi), i =1,2, .-+ ,n such that
Api = \ipi,

and p;, ¢ =1, 2, --- ,n are linearly independent.

Definition 6.1.1. Let A be an n x n matrix. If there exists a nonzero
x € C" such that
Ax = \x

for some A € C, we call x # 0 an eigenvector of A and A the
eigenvalue of A corresponding to x. If there are n linearly indepen-

dent eigenvectors pi, p2, -+ ,pn of A with corresponding eigenvalues
A1, A2, <o+, A, then the matrix P = [p; : pa : - -+ : p,] is such that
A1 0
A2
PlAP = _ ,
0 An

and we say that A is diagonalizable.

J

Now we develop methods for computing eigenvalues of A. Notice from the
definition of eigenvectors that every eigenvector z is nonzero and satisfies

Ar =X o (A—A)z =0,

which implies that A — Al is not invertible. Then it is necessary that every
eigenvalue A of A satisfies

det(A — AI) =0,

which is a n-th degree polynomial of A and which has n roots in the complex
domain C. Conversely, if A € C satisfies det(A — A\I) = 0, then A — AT is not
invertible and there exists nonzero x which satisfies

(A=X)z=0%& Az = Az.
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Theorem 6.1.2. Let A be an n X n matrix. A € C is an eigenvalue of
A if and only if

det(A — \I) =0.

For every n x n matrix A, we call det(A — AI) the characteristic poly-

nomial of A, and call N(A — AI) the eigenspace of A corresponding to the
eigenvalue A.

Example 6.1.3. Let A be the following matrix:

-1 0 1
A=1|-6 2 3
0 0 1

i) Find the eigenvalues A1, Aa, A3 of A with A\; < Xy < Ag;

ii) Find an eigenvector associated to each eigenvalue obtained in i) with 1
as its first non-zero component;

iii) Determine whether A is diagonalizable or not. If yes, find a matrix P
such that P~*AP is diagonal.

Solution: i) We solve the characteristic equation det(A] — A) = 0 for the
eigenvalues. That is

A1 0 1
det 6 A—2 =3/ =0=A+1)A-1)(A=2)=0
0 0 A—1

=\ :—1,)\2:1, A3 = 2.

ii) We solve the homogeneous system (A —A)x = 0 with = (x4, 22, x3) €
R3 for an eigenvector corresponding to every A € {\1, A2, A3}
e For A = A\ = —1, we have

0 -1 X1

0 0 1 —3 0] [= 0
6 —3 —3| |z2| =10] =10 0 1| [z2| = |0
0 0 —2| |z3 0 0 0 Of |z3 0
1
=z + (—§> ro=0,23=0
X1 %t
sz=|zz| =|t|,tER
X3 0
Putting t = 2 in z, we obtain an eigenvector associated with the eigenvalue
)\1:

p1=

[en il N
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e For A = Ay = 1, we have

2 0 —1] [= 0 10 —3] [= 0
6 -1 —-3| [z2| =(0f[=1]0 =1 0] [z2| = |0
0 0 Of |23 0 0 0 Of |23 0
:>I1—|—<——)I3—0,I2—

X1 %t
=szr= |z =|0]|,t€ER

T3 t

Putting ¢ = 2 in x, we obtain an eigenvector associated with the eigenvalue
)\22

1
p2 = |0
2
e For A = A3 = 2, we have
3 0 —1] [ 0 1 0 0] [zy] 0
6 0 —3| |z2| =10 =10 0 1| |a2| = |0
0 0 1| |z3 0 0 0 0] [=s3] 0
=z, =0,23=0
I |
=z=|zo| = [t]|,tER.
x3

Putting t = 1 in z, we obtain an eigenvector associated with the eigenvalue
)\3:
0
p3= |1
0
iii) Let P = [p1 : p2 : p3]. Then det(P) = —2 # 0. Then A has three
linearly independent eigenvectors p1, ps2, ps and is diagonalizable. We have

1 1 0
P=12 0 1
0 2 0
which satisfies that
-1 0 0

b
o
o)
I

o
jan}
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Notice that det(A — A)]x=o = (—1)" det(A). Then by Theorem 6.1.2, we
have

Theorem 6.1.4. Let A be an n x n matrix. A is invertible if and only
if A =0 is not an eigenvalue of A.

Example 6.1.5.

A projection matrix P with P2 = P, PT = P is not invertible and A = 0 is
always an eigenvalue.

An orthogonal matrix Q with QTQ = T is invertible and A = 0 is not an
eigenvalue.

Exercise 6.1.6.

1. For the following matrices, find the eigenvalues and a basis of the associated
eigenspaces.

2. Find a 3 x 3 matrix A whose eigenvalues are —1, 2, 3 and the corresponding
eigenvectors are columns of

110
P:[01262263]: 0 1 1 5

0 0 1
respectively.

3. Find a 3 x 3 matrix A whose eigenvalues are —1, 2, 2 and the corresponding
eigenvectors are columns of

P:[01262263]:

OO =
[
= o

respectively.

4. Let A be an n X n matrix. Show that if X\ is an eigenvalue of A and x a
corresponding eigenvector, then for every k € N, A is an eigenvalue of AK
with x a corresponding eigenvector.

5. Let A be an n x n invertible matrix. Show that if A is an eigenvalue of A
and x a corresponding eigenvector, then for every k € Z, A\* is an eigenvalue
of A¥ with x a corresponding eigenvector.
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6. Let f be a polynomial and A an nxn matrix. Show that if A is an eigenvalue
of A and x a corresponding eigenvector, then f()) is an eigenvalue of f(A)
with x a corresponding eigenvector.

7. Let f and g be polynomials and A an n X n matrix. Show that

(f +9)(A) =f(A) +g(A),
(f9)(A) =f(A)g(A).

8. Let A be an n X n matrix. Show that there exists a nonzero polynomial f
such that f(A) = 0.

9. Let A and P be n x n matrices and P is invertible. Show that for every
polynomial f,
f(PT*AP) =P 1 f(A)P.

10. Let A and P be n x n real matrices and P is invertible. Show that there
exists a A € C such that A + AP is not invertible.

11. Let A and P be n x n real matrices and P is invertible. Show that if n € N
is odd, then there exists a A € R such that A + AP is not invertible.

12. Let A be an n x n diagonalizable matrix. Show that if every eigenvalue of
A satisfies || < 1, then

lim det(A*) = 0.

k— o0

6.2 Diagonalizability

We have seen in Section 6.1 that if an n x n matrix A is diagonalizable,
namely, A has n linearly independent eigenvectors, then the powers of A can
be easily obtained. However, not every matrix A has n linearly independent
1
0 1
with algebraic multiplicity 2 as a root of the characteristic polynomial p(\) =
(A — 1)2. However the null space of A —1-1 is

NM—D_wm(H),

which is one dimensional. That is, we cannot find two linearly independent
eigenvectors necessary to diagonalize A. Therefore, A is non-diagonalizable.

eigenvectors. For example the matrix J = has an eigenvalue A = 1
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Definition 6.2.1. Let A be an n x n matrix. Ay € C is an eigenvalue. We
call the order of the factor A — )¢ in the characteristic polynomial det(A4 — Ao)
the algebraic multiplicity of Ag. We call the dimension of the nullspace
N(A — \oI) the geometrical multiplicity of Ag.

Example 6.2.2. For the matrix J = the algebraic multiplicity of the

11
b 1
eigenvalue A\g = 1 is 2 because the order of the factor A—1 in the characteristic
polynomial det(4 — \g) = (A — 1)? is 2. The geometrical multiplicity of the
eigenvalue Ay = 1 is 1 because

dim N(A — I) = dim span (H) _

O
Theorem 6.2.3. Let A be an n X n matrix. Let Ay, Ao, --- , A be a
set of distinct eigenvalues of A. Let S1 = {v11, v12, -+ ,V1n, },S2 =
{U217 V22, 71}2112}7' Ty Sk = {Uklv V2, " 7Uknk} be bases Of the

nullspaces N(A — \;I), j =1, 2,--- , k. Then the union of the bases
S1USyU--- Sk is linearly independent.

Proof. We first show that S; U Sy is linearly independent. Regard S; as a
matrix of basis vectors contained in S;. Let ¢; = (c11, ci12, -+ clnj) ] =
1, 2, ,k and consider

Sic1 + Sace = 0. (61)

Suppose, for the sake of contradiction, that S; US> is linearly dependent, then
c1 # 0 and ¢y # 0; otherwise, one of S7 and Sy is linearly dependent which is
impossible. Multiplying both sides of (6.1) by A, we obtain that

A1S1¢e1 + AaSacs = 0.

Multiplying both sides of Sic; + Sace = 0 by A1 and subtracting it from the
above equality we have
(>\2 - )\1)5282 =0,

which leads to co = 0. This is a contradiction. Therefore, S; U Ss is linearly
independent.
Suppose that S; USaU---S;, j <k is linearly independent. Consider

Sic1 + Sacy + -+ SjCj + Sj+1Cj+1 =0. (62)
Multiplying both sides of (6.2) by A, we obtain that

A1Sicr + AeSaco + - -+ iS¢ + Ajr15i41¢41 = 0. (6.3)
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Multiplying both sides of (6.2) by A;41 and subtracting it from (6.3) we have
(M1 = Ajr1)S1en + (A2 = Ajr1)Saca + -+ (Aj — Aj41)Sje; = 0. (6.4)

Thenc; = c3 = --- = ¢; = 0since SUSU- -+ S;, j < kis linearly independent.
Then by (6.2) we have ¢;4+1 = 0 and hence S U S2 U---S; US4 is linearly
independent.

By mathematical induction, S; US; U---U Sk is linearly independent. O

An immediate consequence of Theorem 6.2.3 is that

Corollary 6.2.4. Let A be an n X n matrix.
i) If A has n distinct eigenvalues, then A is diagonalizable.

ii) Eigenvectors associated with distinct eigenvalues are linearly inde-
pendent.

A necessary and sufficient condition for diagonalizability is the following

Theorem 6.2.5. Let A be an n x n matrix. Then

i) for every eigenvalue \g of A,
algebraic multiplicity of A\g > geometrical multiplicity of Ag.
ii) A is diagonalizable if and only if for every eigenvalue A,

algebraic multiplicity of A\¢g = geometrical multiplicity of \g.

Proof. i) Let m be the geometrical multiplicity of Xg. Let Sy, =

{v1, v2, - -+ , v} be a basis of N(A — \gI). Then we can extend S), into
a basis {v1 1 vg - U i Uyt Up} of R™. Then we have
Afvr 19 1ot Ut U1 200 U
MoLlmxm B
:[vl:vg:~-~:vm:vm+1:-~-:vn][00X C’}’

where I,,, is the m x m identity matrix, B is an m X (n —m) matrix and C is
an (n —m) X (n —m) matrix.

Let P=1[vy :vg::Up:VUpy1: - Uy). Then we have
i [oln B
P AP_[ ol
and ( )
s [Co =N B
Pl(A )\I)P—[ . Ay
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Then we have

det(A — AXI) =det((Ag — A\)I,,) det(C — )\I(n,m))
:()\ — o)™ det(C — )\I(n,m)).

Therefore, we obtain that
algebraic multiplicity of A\g > m = geometrical multiplicity of Ag.

ii) “=7 If A is diagonalizable, then A has n linearly independent eigen-
vectors. Note that the sum of algebraic multiplicities of all eigenvalues is n. If
there exists an eigenvalue Ao with algebraic multiplicity of g strictly larger
than the geometrical multiplicity of Ag, then the sum of the dimensions of all
the eigenspaces is less than n. By Theorem 6.2.3; A has less than n linearly
independent eigenvectors. This is a contradiction.

“«<=" 1If for every eigenvalue )y,

algebraic multiplicity of Ay = geometrical multiplicity of Ao

then the sum of the dimensions of all the eigenspaces is n. By Theorem 6.2.3,
A has n linearly independent eigenvectors. A is diagonalizable. ]

Similar matrices

The idea of diagonalizing a square matrix extends to the situation that a
matrix is not diagonalizable. For a given matrix A, we say that B is similar
to A if there exists an invertible matrix P such that B = P~'AP. It is evident
that B is similar to A is equivalent to that A is similar to B. If A is similar
to B, we write A ~ B. It turns out similar matrices share many important
properties which are listed below:

N

Theorem 6.2.6. Let A, B be n x n matrices with A = P~'BP. Then
we have

i) det(A) = det(B) and det(A — AI) = det(B — AI);
ii) rank(A) = rank(B);
iii) trace(A) = trace(B), where trace(4) = Y I | ai;.

Proof. i) We have

det(A) =det(P~'BP)
=det(P~1) det(B) det(P)
1

det(P) det(B) det(P)
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=det(B).
Moreover, we have

det(A — XI) =det(P"'BP — \I)
=det(P~1(B - A\I)P)
=det(B — ).

ii) By Theorem 3.4.6, we have

rank(A) < min{rank(P~!), rank(B), rank(P)} < rank(B).

Since B = PAP~!, we also have

rank(B) < min{rank(P~'), rank(A), rank(P)} < rank(A).

Therefore, we have rank(A) = rank(B).

iii) We first show that for every m x n matrix C' and n x m matrix D, we

have

trace(CD) = » (CD)y

I

ﬁ
Il
-

(row iof C)- (column ¢ of D)

K2

= Z CijDji
= Z Z D;iCij

= > (DC)jj
j=1

= trace(DC).

I
3 H'Ms

3

3

Therefore, we have trace(A4) = trace(P~!BP) = trace(PP~!'B) = trace(B).

1 2 0 1
Example 6.2.7. Let A = {3 4] , P = [1 0

,B_PlAP_[

O

Then we have i) det(4) = —2 = det(B), det(A — \[) = X2 =5\ — 2 =

det(B — AI); ii) rank(A) = rank(B) = 2; iii) trace(A) = 5 = trace(B).
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Estimates of eigenvalues

Usually elementary row operations do not preserve eigenvalues. For exam-

(1) (1) has eigenvalues A = £1. But EE =1
has eigenvalues A12 = 1 only. However, we still have certain estimates for the
information of the eigenvalues without practically computing them. Consider

the characteristic polynomial

ple the permutation matrix £ =

det(A — \I),
and assume it can be factored into
det(A=XI) =M = AN =) (A = A),

where \;, i =1, 2, --- ,n are eigenvalues of A. Putting A = 0, then we have

det(A) = Ada- - An. ]

The next estimate on eigenvalues makes use of the fact that every square
matrix A can be triangularized by an invertible matrix P such that

P7'AP =D,

where D is either a diagonal matrix with eigenvalues of A in the main diagonal,
or D is the Jordan form (see Theorem 6.3.8) of A which is a triangular
matrix with eigenvalues of A in the main diagonal. Note repeated eigenvalues
all appear in the main diagonal of D. Then we have

trace(D) = trace(P~'AP) = trace(PP~'A) = trace(A).

In summary, we arrived at

trace(A) = A\ + Ao+ - + Ay,

where \;, 1 =1, 2, --- ,n are eigenvalues of A.

Another estimate of eigenvalues makes use of the dominant matrix. Recall
that every dominant matrix is invertible (See Example 2.3.8). However, we
know that if Ay is an eigenvalue of A, A — A\¢I is not invertible and hence not
dominant. That is, there exists a row number k € {1, 2, --- ,n} such that Ao
is in the following so-called Gershgorin disc:

n

lakk — Ao| < Z |aki]-

i=1, ik

That is,
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Theorem 6.2.8 (Gershgorin’s disc theorem). Let A be an n x n
matrix. Then every eigenvalue \g of A lies in at least one of the circles
around the main diagonal entry:

Ao € U?lei,

where

n

D, ={z€C:|z—ap| < Z laki|, i € {1, 2, --- ,n}.

i=1,i%k

J

Note that since A and AT share the same set of eigenvalues, Gershgorin’s
disc theorem also applies with Gershgorin’s discs obtained according to the
columns of A.

1 -1 0
Example 6.2.9. Consider A= |—-1 2 0|. Then we have D1 = {2z €C:
2 -1 4

|z =1 <1},Dy={z€C:|z—2| <1} and D3 = {z € C: |z — 4] < 3}. Then
every eigenvalue of A is in the union Dy U Dy U Ds.

Theorem 6.2.10 (Gershgorin’s second disc theorem). (op-
tional) Let A be an n X n matrix. A subset S of the Gershgorin discs
is called a disjoint group of discs if no disc in the group S intersects a
disc which is not in S. If a disjoint group S contains r nonconcentric
discs, then there are r eigenvalues in S.

J

Proof. Let A(t) be the matrix obtained from A with the off diagonal elements
multiplied by the variable ¢, where ¢ € [0, 1]. Note A(0) is the diagonal matrix
with the same diagonal of A, and A(1) = A.

Then A(0) has the n main diagonal entries of the eigenvalues and the n
Gershgorin discs are themselves. As t ranges from 0 to 1, the Gershgorin discs
will also change its radius with centers fixed at the main diagonals. Moreover,
the eigenvalues will also change inside the Gershgorin discs.

Since the roots of the characteristic polynomial det(A(t) — AI) of A()
change continuously with respect to t € [0, 1], the traces of the eigenvalues
are continuous curves inside the Gershgorin discs. If a disjoint group S contains
r nonconcentric discs, then there are r eigenvalues which never escape from
the group S during the change of ¢ from 0 to 1. O

Cayley—Hamilton theorem (optional)

Let p(z) = ap + a1 + azx® + --- + @, @™ be a polynomial and A an
n X n matrix. If A has an eigenvalue A\ and eigenvector u € C™, how to obtain
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eigenvalue and eigenvector of p(A) = aol + a1 A + as A% + -+ - + a,, A™? Note
that we have

Au = du
A%y = N

Ay = \N"u.

Then we have

Namely, every eigenvector of A is an eigenvector of the polynomial p(A) of
A, and if X\ is an eigenvalue of A then p(\) is an eigenvalue of p(A). It is
then interesting to ask whether it is possible that for some polynomial p, p(A)
has eigenvectors which are not that of A. It turns out the Cayley-Hamilton
theorem claims that there exists a polynomial p such that p(4) = 0, which
means every nonzero vector x is an eigenvector of p(A). Therefore, there exists
eigenvectors of p(A) which are not that of A.

Suppose that p is the characteristic polynomial of A, and A is diagonal-
izable. Then we have n linearly independent eigenvectors and p(\) = 0. It
follows that p(A) = 0 because the eigenvectors form a basis for R”™. Moreover,
it seems that p(A) = 0 holds true even if A is not diagonalizable. For example,
p(\) = (A — 1)% is the characteristic polynomial of

11
=)
and J is not diagonalizable. But p(J) = (J — I)? = 0.

Consider the adjoint of A\l — A. Let B = adj(A — A). By definition of
adjoint, B can be represented as

n—1
B=) MB;.
i=0
‘We have
(M — A)adj(M — A) = det(M — A)T =p(M)I,

where p(\) = ag + a1 A+ asA? 4 - -+ a, A" is the characteristic polynomial of
A. Then we have

p(MT =(ao + a1\ + ax)® 4 - + a, \")I
=\ — A)adj(\] — A)
=(\ - A)B

n—1
=(A\I - A)) X'B;
=0
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n—1
=\"Bn_1+ Y _ X(Bi_1 — AB;) — AB,.
=1

By comparing coefficient matrices of A*, i =0, 1, 2,--- ,n, we have
Bn,1 :anl,
Bi—l —ABl :ail, 1 < ) <n-— 1,
—AB() :CL()I.

Then multiplying both sides of the above equalities by A™, A"~ !,... A, respec-
tively, we have a telescoping sum on the left hand side that

Aan—l + An_l(Bn—2 - ABn—l) + An_2(Bn—2 - ABn—2) + -
+A(By — ABy) — ABy = 0,

but the right hand side is p(A). Therefore, we have p(A) = 0.

Theorem 6.2.11. Let A be an n X n matrix with characteristic poly-
nomial p(A). Then we have

p(A) =0.

The Cayley-Hamilton theorem has many applications. The following ex-
amples shed some light on how it can be applied.

1 3 5
Example 6.2.12. Let A = [0 1 0] . The characteristic polynomial is
1 0 2

p(A) = A3 — 422 + 5) + 3. By the Cayley-Hamilton theorem we have
A® —4A® +5A+31=0.
which gives an expression of the highest term A3 with
A3 =4A% - 5431,

and an expression for the inverse of A,

Al = —% (A* —4A+51).

Exercise 6.2.13.

1. Determine the diagonalizability of the following matrices:
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2. Let P2 = P. Is it true that A = 1 and A = 0 are both eigenvalues of P?
Justify your answer.

3. Let A, B be n x n matrices. Show that AB and BA have the same char-
acteristic polynomial. Hint: Use block eliminations on the matrix {A I] to

I B
produce Al — AB and A\ — BA, respectively.

4. Let A, B be similar n x n matrices with A = P~'BP. Show that if Ao is an
eigenvalue of A with x( a corresponding eigenvector, then Ay is an eigenvalue
of B with Px( a corresponding eigenvector.

2 2 2] 0 0 0]

5. Let A= |2 2 2| and B=|0 0 O0f.Show that A and B are similar.
2 2 2 0 0 6
[1 2 3] [1 2 0]

6.Let A=|(0 1 2| and B=|1 0 3|.Show that A and B are similar.
3 1 0 2 3 1

7. Let A, B be similar n x n matrices. Show that

i) A and B have the same nullity, namely, dim N(A) = dim N(B);

ii) A and B have the same set of eigenvalues;

iii) If Ao is an eigenvalue of A, then dim N(A — A\oI) = dim N(B — A\gl);
iv) A is invertible if and only if B is invertible;

v) A is diagonalizable if and only if B is diagonalizable.

8. Let A be an n x n matrix. Show that A and AT have the same set of
eigenvalues.

9. Let A, B be n X n matrices. Show that AB and BA have the same set of
eigenvalues.

10. Show that similarity is an equivalence relation on M,,,. Namely,

i) (Reflectivity) For every A € M,,,, A ~ A;

ii) (Symmetry) For every A, B € M,,,,, A ~ B implies B ~ A;

iii) (Transitivity) For every A, B, C € My, A~ B and B ~ C imply A ~ C.

11. Find the Gershgorin’s discs for possible location of each of the eigenvalues
of each of the following matrices.
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1 2 3
12. Let A= |3 1 2. Which ones of the following discs in C may contain
2 3 1

eigenvalues of A?
a) {ze€C:|z+4| <10}; b) {zreC:|z—6| <10}
c){ze€C:|z] <6} d) {zeC:|z+6| <1}.

13. Let A and B be n x n real matrices, and A is diagonalizable such
that P~'AP is diagonal for some invertible matrix P. Let » be the value

| P~1BP)||s, where || - |oo is the infinity norm of n x n matrices defined by
n
[Alloo = Jnax Z; |ai]-

Use Gershgorin’s theorem to show that for every eigenvalue Agyp of A+ B,
there exists an eigenvalue A4 of A, such that

[Aatp —Aal <

14. Let A be an n x n real matrix. Show that if ||A]|e < 1, then I — A is
invertible and

- :ZA":A+A2+...+A”_|_....

15. Let A be an m X n matrix and € R™. Show that

[Az][co < [|Alloo || oo-

16. Use the Cayley-Hamilton theorem to compute A~ if

1
0
0

O~ =
— - O

6.3 Applications to differential equations

Recall that the power series expansion of ef converges uniformly on every
closed interval [—L, L], L > 0. Namely
Z—,—H +2,+ e
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for every |t| < L. If we have definition of metric (or magnitude) for matrices

1
in M,,, for instance, define the magnitude of A by ||A] = (Z?J a?j) ° we

can define e?, A € M,,, by the power series

o gn A A An
A— _ —_— _— “ e JES— “ e
= Ittt

n=0

which converges uniformly for every A € M, with ||A| < L.

Proposition 6.3.1. If AB € M,, are such that AB = BA, then

eATB = e4eB,

Proof. It AB = BA, then by the binomial formula we have

n __ - n! n—k nk
(A+ B) _;7(71—1:)!19!14 B*.
=0

Moreover, we have

The following matrix-valued function is welldefined in R:

R3¢t — et e My,

with
a_ N~ Ayt A A%, Ar
e _Z% =Tt St St
We have
2 3 n
Doar gy Ay A AT g Ay
dt TR (n—1)
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For every ¢ € R", let 2(t) = e*c. We have

4 _doa A,
dtw(t)—dte c = Ae®'c = Ax(t).

Namely, z(t) = e“c is a solution of the differential equation
d
—x(t) = Ax(t
alt) = Ax(t),

with initial data z(0) = c. Conversely, if $x(t) = Ax(t), with 2(t) € R" we
multiply both sides by e~4* to obtain
d
e_AtEx(t) = e MAx(t),

which leads to d

3 (
Hence e~4*x(t) is a constant vector ¢ for all ¢ € R which satisfies

efAtx(t)) =0.

e (b)) =0 = c.

That is, ¢ = x(0).

Theorem 6.3.2. The solution of the system of linear differential equa-
tions
d
ax(t) = Ax(t)
z(0) =c
is z(t) = ete.

Remark 6.3.3. We call p(t) = e? the standard fundamental solution
matrix of the system of linear differential equations z’(t) = Axz(t), which
satisfies p(0) = I. Note that for every invertible matrix P € M,,, eA*P

satisfies that d
&(eAtP) = A(eMP).
Namely each column of e4* P is a solution of 2’(t) = Ax(t). Therefore, we call

et P a fundamental solution matrix.

Remark 6.3.4. By Proposition 6.3.1, we have

eA(t—i—s) _ eAteAs’
for all s, t € R and hence

e~ AteAt = T, for all ¢t € R.
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Since e4? is defined by an infinite series, it is in general not efficient to use
a series to compute the exact solutions of differential equations. We need to
find alternative methods for computing e“?.

A is diagonalizable

If A is diagonalizable, there exists an invertible matrix

P=lzy:20: - :xy) € My,

such that

A 0

A2
PlAP =A=

0 An
We know that x;, i =1, 2, --- ,n are eigenvectors of A associated with eigen-
values \;, i =1, 2, --- | n, respectively. Then we have

-1
e At _ PAPTt

PAP~!  PA2P! PA"PL
t+ Pt

=+ ] o
=peMpt
eMit 0
6)\2t
=P pt
0 eAnt

Then the solution of £ x(t) = Az(t) with initial value 2(0) = ¢ can be written

z(t) =PeMPc

At

=xi1e’ e + x26>‘2t

Ant
Co2++ Tpe" " Cp,

C1
C2

where | . | = P~ lc. In summary, we have

Cn
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Theorem 6.3.5. If A is diagonalizable, there exists P = [r1 : z2 :
-+ ] € My, such that

AL 0
1 A2
P AP =A =
0 An

The solution of the system of linear differential equations

is
2(t) = PeMP~lc = meMte; + woe*ton + - - - + zneticy,

where [01 Co - cn]T = P lc

Example 6.3.6. Consider the system of linear equations

T1 =21 + X2,
1"2 :3$1 — T2.

dfe] [t 1] o

dt |z2| |3 —1f |z2|’
1 1
3 -1
eigenvalues are \; = 2, Ao = —2. Solving system (A — A1)z = 0 we obtain

an eigenvector x1 = (1, 1). Similarly (A — A2)z = 0 leads to an eigenvector
xo = (1, —3). Therefore, the solution is

‘We have

The characteristic polynomial of A = ] is A=1)(A+1) — 3. The

a(t) = ;o) +wpe™ oy = [ﬂ e*er + { 13} e ey,

where (c1, ¢2) is determined by initial values of z(t). For instance, if z(0) =
(1, 1), then we have

e N}

Remark 6.3.7. If there is a complex eigenvalue A = a + bi, we can replace

the complex valued solutions e(@*%)? yith the following real-valued ones,
6at+bti 4 6atfbti 1 t at+bti __ 6atfbti
— = —e%cosbt,and ——————— = —esinbt.
2 2 27 2
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A is not diagonalizable (optional)

If A is not diagonalizable, then there exists at least one eigenvalue with
geometrical multiplicity less than its algebraic multiplicity. Then A is similar
to a matrix J which is called the Jordan form. (See Chapter 8 for details.)

2N

Theorem 6.3.8. If A € M,, has s < n linearly independent
eigenvectors, it is similar to a matrix J which has s Jordan blocks
Jl, JQ, ce ,JS, where

J1i A1
J2 /\1 1
J = 9 Jj = ’
1
Js A
j=1,2,--- s, and the size n; of J; is the algebraic multiplicity of

the eigenvalue A\; with ny +no +---+mns =n.

Let A = PJP~!, where J is the Jordan form of A. We have

eAt :PeJtP—l

6J1t

Notice that for every Jordan block J; it can be written as J; = AT+ (J; — ;1)
with

Moreover, the line of 1’s in N; = (J; — A;I) moves parallel with the main
diagonal to the upper right corner when the power of NJ’»C increases from
k=1,2,---,n;, and N j" 7 = 0. Notice that identity matrix multiplication
is commutative with any matrix. We have

t2 tnj—l L
Jit _ Mjt+Njt At N2 T gt
e’it =gt J—ef<1—1-15N1—|—2Nj+ +(nj_1)!Nj )
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r t2 tnj—l T
Lt 5 o oo
g2
1 ¢t .- oo
:ekjt 1
t
_0 1 .

Notice by Remark 6.3.3, we know that e*P is a fundamental solution matrix.
That is,
eMp = pelt

is a fundamental solution matrix. Ideally once we have the Jordan form J,
we also have matrix P to obtain the fundamental solution matrix. However,
in the practice of solving linear system of differential equations, the matrix P
for producing the Jordan form J = P~'AP is not a priori known while we
know its existence when we have found that A is non-diagonalizable. In the
following, we assume that J is known, but P is unknown, and we try to figure
how to obtain P.

Let {rj1, rj2, -+ ,7jn, } be the columns of P corresponding to the Jordan

block e”it in Pe’t. Then we have
Alrjrcrjo t o irn, ] = [ e o iy, )5
That is,
Arjr =X
Arjo =rj1 + A\jrj2

ATjg =Tj2 + )\j’l“j?,

which is equivalent to

(A—AjI)le =0 (A_)‘jj)rjl =0
(A_AjI)TjQ =Tj1 (A_)\jI)ZTjQ =0
(A= ADrjz =rj2 =91 (A=XNID)’r=0

Then {rji, rj2, --- ,rjnj} are all nonzero vectors; otherwise, the above
equalities lead to rj; = 0 contradicting the assumption that r;; is an eigen-
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vector. Moreover, we have
(A — Ajl)njrjnj =0
rj(nj_l) = (A - )\j])’l’jnj
Titny—2) = (A= N Drjn; 1) = (A= N I)*rjn,
Pjtny—3) = (A= N D)Tjn;—2) = (A= NI rjn,
’I‘jg = (A — )\j])’f‘jg = (A — )\j[)nj_2’f‘jn].
le = (A — )\j])’f‘jg = (A — )\j[)njil’f‘jn]..

Now the algorithm for P is clear: First we solve (A — X\;jI)"r;,, = 0 for

a nonzero vector rj,,. Then obtain the set {r;1, rj2, -+ ,7jn,} backward in
order by multiplying (A—A;I)%, s = 1,2, --- ,nj—1onrj,,, to obtain rj,, ,,
rjnj,27 Ty rj].'

Note that (A —X;I)"r;,, = 0 has at least one nonzero solution r;,,, since
det((A— ;1)) = 0. One can show that {r;1, 7j2, - -+ ,7jn, } determined by the
above equalities is linearly independent (see exercise). Then by Lemma 6.2.3,
the matrix P so obtained is invertible.

The columns of Pe’? corresponding to the block for A; are then

At At et 2
e Tj15 € (t’/‘jl +rj2),~~~ ; € (nj_l)!T‘jl—F(nj_2)!’/‘j2+"‘+’r‘jnj .
Example 6.3.9. Find the general solution of & = Az with A =
3 1 0

—4 —1 0. Then det(A—AI) = —(A+2)(A—1)? which has eigenvalues
4 -8 -2
A1 = —2 and A2 = 1 with algebraic multiplicity 2.
For A; = —2, solving (A — A\ I)z = 0 we obtain an eigenvector

For Ay = 1, we solve (A — \2I)%z = 0 to obtain

—11 -3
rog= | =7, ryp=|—6
0 20
We note that
15 0
ro1 = (A —Xal)roo = |=30| #0, but(A—Aal)ry = |0
100 0
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Therefore e*2ryg can become an independent column of the fundamental so-
lution matrix. But according our algorithm, we use 795 instead, which can
produce another independent vector r31. Then the matrix P is

0 15¢' (11 + 15t)e"

[ T 0 =306t (=7 = 300)e!
e 100e 100te

Exercise 6.3.10.

1. Solve the following systems of linear equations.

1)

{ T1 =21 + T2,

Zbg =1 — T2.

2)
T1 =21 + T2,
T9 =x1 + Ta.
3)
T1 = — 1 + T2,
Ty =T2 — X3,
1‘3 =T — 41‘3.
4)
T, =221 + 229,
o = — w2 + T3,
1‘3 :21‘3.

2. Use change of variables to transform the following different equations into
systems of differential equations, and then solve them.

" g —x=0.

i) x
ii) 2" —a” — 22/ = 0.
iii) " + 32’ + 2z = 0.
iv) 2" + 32" + 22/ = 0.
3. Solve the following system of differential equations
T =21 + 9,
T9g = —x1 + X3.
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4. Solve the following system of differential equations
T =axy — By,
{ o = PBx1 + oz,
where a, § € R with 8 # 0.
5. Solve the following system of differential equations
T =11 + x2,

Tg = T2 + T3,

ig = I3.

6. Let v # 0 be a nonzero vector in C"™ and B € M,,,. If there exists k € N
such that B¥v = 0 but B/v # 0 for 1 < j < k, then {v, Bv, B%v, --- , B*¥"1y}
is linearly independent.

6.4 Symmetric matrices and quadratic forms

Example 6.4.1. Let p(x) = 223 + 223 + 22172 be a real-valued polynomial
of z = (1, 2) € R%. Then p(x) can be rewritten as

p(x) = 27 Az = [21 2] E ;] [ij ,

2 1], . . .
where A = is a symmetric real matrix. In order to remove the mixed

1 2
term z1x9, we may find a change of variables x = Py with P invertible such
that
p(x) = (Py)" APy = y" (PTAP)y,

and PT AP = diag(\;, A\2) is diagonal. Namely

p(Py) = y"diag(A1, A2)y = A1yi + Aoy3.

V2 2
ep_ |72 2 : _
Indeed, if P = N \/E] , then the change of variables z = Py leads to
2 2

pla) =ptPo) = (P APY =l |3 ][]

That is,
p(Py) = y"diag(3, 1)y = 3y7 + v3.
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From the above example, it is natural to ask whether or not for every real
quadratic polynomial in « € R™ there exists a change of variable x = Py such
that p(r) = 27 Az can be rewritten

p(Py) = deiag()‘].? )‘27 e 7)‘n)y7

with P an invertible matrix and PTAP = diag(A1, A2, - -+, ). That is, we
find P such that PT AP is diagonal. Recall that A is diagonalizable if there is
an invertible matrix P such that P~!AP is diagonal and that P = P~ if P
is an orthogonal matrix.

Definition 6.4.2. A matrix A is called orthogonally diagonalizable if
there is an orthogonal matrix P and a diagonal matrix D for which
PTAP =D.

J

Now we are interested in what kind of matrices are orthogonally diagonal-
izable. First we have

Theorem 6.4.3. If A is orthogonally diagonalizable, then it is sym-
metric.

Proof: Since A is orthogonally diagonalizable, there is an orthogonal
matrix P and a diagonal matrix D for which PTAP = D. Then we have
A= (PT)"1DP~! = PDPT since PT = P~!. Therefore,

AT = (PDPTYT = PDPT = A.

A is symmetric. o
Next we are curious whether every real symmetric matrix is orthogonally
diagonalizable. It turns out to be true. But we need some preparations.

Theorem 6.4.4. If A is a real symmetric matrix, it has n real eigen-
values. That is, every eigenvalue of A is real.

Proof: Suppose that Az = Az. Then we have Az = Az which leads to
AZ = A\T. Taking transposes on both sides we obtain

TTA=)T" =7 Ar = )7’ 2.
Multiplying Z on both sides of Az = Az, we obtain that
Tl Az = Nzl .

Then we have _
Tl Az = Mzl = Azl

leading to (A — \)Z7z = 0. Hence X\ = \. X is real. i
We leave it as an exercise to show that
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Theorem 6.4.5. If A is a real symmetric matrix, then every eigen-
vectors of A are perpendicular. That is, eigenvectors corresponding to
different eigenvalues are orthogonal.

Theorem 6.4.6. A real matrix A is orthogonally diagonalizable if and
only if A is symmetric.

Proof: “=": Done with Theorem 6.4.3.

“«<=": We use mathematical induction on the size of the n x n matrix
A. For n = 1, A is a single element matrix, say A = [a]. Let Q = [1]. Then
QTAQ = [1]"[a][1] = [a] is diagonal and @ = [1] is an orthogonal matrix.

Now we consider the general case n and for an inductive assumption, we
suppose that every (n — 1) x (n — 1) matrix is orthogonally diagonalizable.

Let A1 be a real eigenvalue of A and v; a real unit eigenvector of A. We can
extend v; into an orthonormal basis B of R™. Group the basis into a matrix
U=[vy:vg:--:v,]. Then U is an orthogonal matrix with U7 = U~! and
U~YAU is symmetric. Moreover, the first column of U1 AU is

U_lAUel = U_lAvl = )\1U_1’U1 = )\161,

where e is the first vector of the standard basis (e1,es,- - ,e,). Therefore,
we have

1 M0
=[]

where C'is an (n—1) x (n—1) symmetric real matrix. By inductive assumption,
C' is orthogonally diagonalizable. That is, there exists an (n — 1) X (n — 1)
orthogonal matrix P such that

PTCP = diag(\a, A3, -+, An).

Let V = F 0] . Then V is orthogonal and

0 P
I 1 0] O]t 0
vy =[y ][5 el o

:diag()\l, )\2, )\3, e 7>\n)
Let Q@ = UV. Then @ is an orthogonal matrix such that Q7 AQ is diagonal. O

An immediate consequence of Theorem 6.4.6 is the following spectral
decomposition theorem:
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Theorem 6.4.7. If A is an n X n real symmetric matrix A, then A
has an orthogonal eigenvector matrix @ = [¢1 : g2 : - - - : gn] such that

A=QAQT = \qiqT + Mot + - + Angnd?,

where A = diag(A1, A2, A3, -+, \,) and the main diagonals are eigen-
values of A.

2 =2 0
Example 6.4.8. Let A= [—2 1 —2|. Find a spectral decomposition of
0 -2 0

A.

Solution: Consider det(A—AI) = 0. We have det(A—AI) = —(A=1)(A—4)(\+
2) = 0 and the eigenvalues A\ = 1, Ay = 4, A3 = —2. Solving (A — Mz =0
we have a unit eigenvector,

)
=
|
IR W= Wl

Similarly, solving (A—A20)x = 0 and (A—A3l)z = 0, we have unit eigenvectors

corresponding to eigenvalues Ao = 4 and A3 = —2, respectively:
2 1
3 3
©=|-%,06=|3%
L 2
3 3

Then we have an orthogonal matrix,

(-2 21
Q=-1|-1 -2 2|,
312 1 2
such that
1 0 0
QTAQ=10 4 0
00 -2

Moreover, we have

A=QAQ" = Mqiq] + Noq2@d + Nsq3q

4 2 —4 4 —4 2 1 2 2
:% 2 1 =21+ % -4 4 =2|+ _?2 2 4 4
-4 -2 4 -2 =2 1 2 4 4
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Example 6.4.9. Let f(z) = 2% + 223 + 323 — 4z129 — dzozg with z =
(71, T2, 3) € R3. Find an orthogonal transformation z = Py so that f(Py)
has no mixed terms of y.

Solution: f(x) = 27 Ar with

1 -2 0
A=|-2 2 =2
0 -2 3

The characteristic polynomial of A is det(A — AI) = —(A —2)(A+1)(A — 5)
with eigenvalues Ay = 2, Ao =5, A3 = —1. Solving (A — AI)z = 0 for each of
the eigenvalues, we obtain the following unit eigenvectors:

2 1 2
3 3 3
b1 = _% P2 = _% yP3 = %
_2 2 1
3 3 3
Then we have the orthogonal matrix P given by
1 2 1 2
P:[plipgipg,]:g -1 -2 2
-2 2 1
Then we have
2 0 0
f(Py) =y "PTAPy=y" |0 5 0| y=2y7+T7ys —u3.
0 0 -1

Exercise 6.4.10.

1. Find a real symmetric matrix A such that the following polynomials can
be represented as z’ Az, * = (21, T2, ,x,) € R", and find a change of
variables © = Py with y = (y1, y2,- - ,yn) € R™ such that f(Py) contains no
mixed terms y;y;, ¢ # j from y.

1) f(x) =22 + 23+ 2129,

2) f(x) =23+ 2% + 27120.

3) f(x) =23+ 23+ 23 + 2172 + 2123 + T273.

4)  f(x) = 2% + 23 + 23 + 22179 + 22123 + 22273,
5) f(x) = 2%+ 23+ 2174

6) f(z)=—a? — 2%+ 2124 + 27073.

7)) flx) =af + a3 — a3 +af.

8) flz) =20 ol + X0 wiwia,
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2. Let p(z) = 27 Az be a quadratic polynomial of x € R? with

2 2 =2
A= 2 5 —4
-2 -4 )

Find a change of variables x = Py with y = (y1, y2, y3) € R3 such that
P(Py) = Myt + Aays + Aay3,
for some \; e R, i =1, 2, 3.

3. Find a spectral decomposition of each of the following matrices.

2 2 2 00 2
A=1|2 2 2|, B=|0 2 0
2 2 2 2 0 0

4. Find a spectral decomposition of each of the following matrices.

00 2 2 0 0 2 2
0 2 20 0 2 2 2
A= 2 2 0 0|’ B = 2 2 2 0
2 0 00 2 2 00
5. Let u = [1 1 .- 1] be a 1 x n matrix and A = I+« u. Find a spectral

decomposition of A.
6. Prove Theorem 6.4.5.

7. Let A be a real symmetric matrix with rank k. Show that A can be written
as the sum of k£ symmetric matrices with rank 1.

8. Let A be a 2 x 2 real symmetric matrix with eigenvalues A = 4+1. Show
that A is an orthogonal matrix.

9. Let A be an n x n skew-symmetric real matrix. Show that every nonzero
eigenvalue of A is purely imaginary.

10. Let A and B be real symmetric matrices. Show that A is similar to B if
and only if A and B have the same set of eigenvalues.

11. Let A be an invertible symmetric real matrix and B a skew-symmetric
real matrix. Show that if AB = BA, then

i) A+ B and A — B are invertible;
ii) (A+ B)"Y(A—- B) and (A — B)"'(A + B) are orthogonal matrices.

12. (Schur factorization). Let A be an n X n real matrix with n real eigen-
values. Show that there exists an orthogonal matrix Q such that QT AQ is
upper triangular. (Hint: Use mathematical induction.)
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6.5 Positive definite matrices

We have confirmed that every real symmetric matrix is orthogonally diag-
onalizable. Therefore, for every quadratic polynomial p(z) = 27 Az with A a
real symmetric matrix, there exists a change of variables x = Py where P is
an orthogonal matrix such that

p(Py) = y" PTAPy = y"diag(M1, A2, A3, -+, )y = MyE+Aeys + -+ A2,

where A1, Az, Az, -+, A, are eigenvalues of A. It follows that if every eigen-
value of A is positive, then for every x # 0, y = PTz # 0, hence

p(x) = 2T Az = p(Py) = My? + Aoy + -+ Ay > 0.

Conversely, if
p(x) = 2 Az > 0,

for every = # 0, let A = PTdiag(\1, A2, A3, -+, A, )P with P an orthogonal
matrix. Then

p(x) = p(Py) = Myt + Aoys + -+ Ay2 >0

for every y # 0. It follows that every eigenvalue of A is positive.

Definition 6.5.1. A real symmetric matrix A is said to be positive
definite if 7 Az > 0 for every = # 0.

‘We have shown that

Theorem 6.5.2. Let A be a real symmetric matrix A. Then A is
positive definite if and only if every eigenvalue of A is positive.

However, it can be computationally inefficient to work out all eigenvalues
in order to confirm positive definiteness of a matrix. We have the following
equivalent conditions:

Theorem 6.5.3. Let A be a real symmetric n x n matrix A. Then the
following are equivalent.

i) A is positive definite.
ii) Every eigenvalue of A is positive.
iii) A = BT B for a matrix B with independent columns.

iv) All pivots obtained without row exchange or scalar multiplication
of A are positive.

v) All n upper left determinants are positive.
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Proof: 1) We have shown i)« ii) with Theorem 6.5.2.

2) Next we show ii)< iii). “ii)=ii)” Let A = QAQT, where A =
diag(A1, A2, A3, -+, A,) and @ is an orthogonal matrix. Let AT =
diag(AZ, A2, A2, -+, AZ) and B = A3QT. Then we have A = BTB and
columns of B are linearly independent since det(B) > 0.

“ii)<«=iii)” For every x # 0, then Bz # 0 since columns of B are linearly
independent. Then we have

2’ Ax = 27 BT Bx = (Bx)" Bz > 0.

That is, A is positive definite. By Theorem 6.5.2, every eigenvalue of A is
positive.

3) Then we show iii)<iv).

“Gii)=iv)”

Let B = QR be the QR decomposition of B with () an orthogonal matrix
and R an upper triangular matrix. We can manage to make the main diag-
onals of R positive by multiplying the corresponding columns of @ by (-1)
if necessary. Then we have A = BTB = RTQTQR = RTR. That is, A can
be written as a product of a lower triangular matrix and an upper triangu-
lar matrix with the main diagonal positive. (We call such a decomposition
Cholesky decomposition.) Therefore, all pivots of A are positive.

“iii)«<=iv)” If all pivots of A are positive, then by LU decomposition (see
Section 2.5), there exist an invertible matrix L and a diagonal matrix D with
the main diagonal positive such that

A=LDL".
Let B = LT”Dz. We have

A=B"B,
and columns of B are linearly independent.

4) Lastly we show v)&i). “i)=v)”: Denote by Ag, k = 1,2, --- ,n the
upper left submatrices of A. Since A is positive definite, for every = # 0 we
have 7 Az > 0. Then for every x = (1, w2, -+ , 21, 0, - - ,0) # 0 we have

Z1
T2
xTAx:[xl:x2:~~~:xk]Ak .| >0.
Tk
That is, every Ay, k=1, 2, --- ,n is positive definite. Then by equivalence of

i) and ii) every eigenvalue of Ay, is positive. Hence det(Ay) > 0.
“1)<=v)”: Since det(A4;) > 0, we have the first pivot p; = a11 > 0. Then
there exists a lower triangular matrix E; with 1’s in the main diagonal such
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that
P1 *
0 p2
Fi1A= .
*
0 = Ann

Letting Fq2 be the 2 x 2 upper left submatrix of Fy, we have

oafy )

Since det(FE12A2) = det(Az) > 0, we have the second pivot p2 > 0. Then there
exists a lower triangular matrix Es with 1’s in the main diagonal such that

1 *
0 po
0 0 p3 - *
EpA = 0 0 =x
|0 0 x .- Qnn |

Letting Fa9 be the 3 x 3 upper left submatrix of Fy, we have

D1 * *
E21A3 =10 py =«
0 0 ps
Since det(E22A3) = det(Az) > 0, we have the second pivot ps > 0. By the
same token we can show every pivots pi, k =1, 2, --- ,n are positive.
O
1 -1 1
Example 6.5.4. Let A= |—1 2 0
1 0 1

To check the positive definiteness of A, if we solve det(A— AI) = 0 we have
A3 —4X2 45X —3 = 0, the roots of which are not trivial to obtain. However, we
can compute the left upper determinants: det(A;) =1 > 0, det(A42) =1 > 0,
det(As) = det(A) =3 > 0. Then by Theorem 6.5.3 A is positive definite.

Exercise 6.5.5.

0 0 0 10
0 -1 0 0

1. Let A = 0 0 —9 ol - Find all possible values of ¢ € R such
vio 0 0 -3

that A + tI is positive definite.
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0 0 0 2
0 1 0 0 . .
2. Let A = 0 0 _2 . Find all possible values of t € R such that

2 0 0 -3
A +tI is positive definite.

3. Show that if A and B are positive definite, so is A + B.

4. Let A be a symmetric real matrix. Show that if A is positive definite, then
A~ is also positive definite.

5. Show that if A and B are similar and A is positive definite, then B is also
positive definite.

6. Let A and B be n x n positive definite matrices. Is it true AB and BA are
positive definite? Justify your answer. (Hint: Use 2 x 2 matrices to construct
examples.)

7. Show that A is positive definite if and only if for every n € N, there exists
a positive definite matrix B such that A = B".

8. Let A be an n X n real symmetric matrix with eigenvalues \y < Ay < -+ <
An- Show that for every z € R we have

Male < 2P Ax < \a'z.

9. Show that if A is positive definite, then the function f : R™ — R defined
by

flx) =2 Az — 2Tb
achieves minimum at z with 242 = b. (Hint: Compute f(y) — f(z) for every

y €R™)

10. Let A be a real symmetric n x n matrix A. We call A positive semidef-
inite if 27 Az > 0 for every x # 0. Show that every eigenvalue of A is non-
negative.

11. Let A be an n X n matrix. Show that A is a skew-symmetric matrix if and
only if 27 Az = 0 for every z € R™.

12. Let A be an n x n symmetric matrix. Show that if 27 Az = 0 for every
x € R", then A =0.

13. Let A be an n X n symmetric real matrix. Show that there exists ¢ > 0
such that
leT Ax| < cxl'x,

for every z € R™.

14. Let A be an n X n symmetric real matrix. Show that there exists to € R
such that for every t > tg, A + tI is positive definite.
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15. Let A be an n X n symmetric real matrix. Show that there exists o > 0
such that for every 0 < t < tg, tA + I is positive definite.

16. Let A be an n x n symmetric real matrix. Show that if det(A4) < 0, then
there exists € R™ such that 7 Az < 0.

17. Let A be an n x n symmetric real matrix. Show that A is positive definite
if and only if for every k € N, there exists a positive definite matrix such that
A= Bk,

18. Let A and B be n X n symmetric real matrices and B be positive definite.
Show that AB may not be symmetric, but all of the eigenvalues of AB are
real.

19. Let A be an n x n real invertible matrix.

i) Show that there exists a positive definite matrix B such that AT A = B?;
ii) Show that AB~! is an orthogonal matrix;

iii) Show that every real invertible matrix A = @B, where @ is orthogonal

and B is positive definite.

20. Show that every real invertible matrix A = BQ, where B is positive
definite and @ is orthogonal.
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Chapter 7

Singular value decomposition

7.1 Singular value decomposition .............. ..o 155
The Rayleigh quotient .............c..c i, 160
7.2 Principal component analysis .............. ... i, 163

7.1 Singular value decomposition

We have learned that every real symmetric square matrix is orthogonally
diagonalizable and enjoy the spectral decomposition according to the eigenval-
ues and eigenvectors. For general nonsymmetric or nonsquare matrices, there
is no spectral decomposition anymore. However, making use of the real sym-
metric matrix AT A, we may develop a generalized spectral theorem in this
section.

We begin with the following theorem which reveals important properties
shared by A and AT A.

Theorem 7.1.1. Let A be an m X n matrix. Then we have
i) A and AT A have the same nullspace.
ii) A and AT A have the same row space.
iii) A and AT A have the same rank.

Proof: i) Let Azg = 0. Then we have ATAzq = 0. Hence N(A) C
N(AT A). Conversely if AT Az = 0, we have

Axg L every column of A (or every row of AT);

Ay itself is a linear combination of columns of A (or every row of AT).
Az must be orthogonal to itself. Hence Azg = 0. That is, N(A4) D N(AT A).
Therefore we have N(A) = N(AT A).

ii) By Theorem 4.1.4, we have R" = N(A) ® R(A) = N(ATA) @ R(AT A)
where the direct sums are orthogonal. By i) we have N(A) = N(AT A). There-
fore, we have R(ATA) = R(A).

155
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iii) By ii), since R(A) = R(ATA), A and AT A have the same rank. o

We know that AT A is a real symmetric matrix; therefore, it has orthogonal
decomposition

ATA=vDVT,
where D = diag{\1, Ao, --- , A\, } is a diagonal matrix whose main diagonal
entries are eigenvalues of AT A, and V = [v1 : vy : -+ : vy,] is an orthogonal
matrix the columns of which are the eigenvectors of AT A corresponding to
the eigenvalues A1, A2, - -+, \,, respectively.
Since for every € R", and for y = (y1, ¥2, -+ ,Yn) = V', we have

2T AT Ax = 2TVDVTy = Alyf + )\gyg + -+ )\ny,% > 0.

Then all eigenvalues A1, Ao, - -+ , A\, are nonnegative; otherwise we can choose
y such that A\1y? + Aoy + -+ \y2 < 0.

Definition 7.1.2. Let A be an m X n matrix. Then every eigenvalues
A1, Az, -, Ap of AT A are nonnegative. We call the numbers

01:\/)\71702:\/)\727"'a0n:\/g

the singular values of A.

Assume that the rank of A is k. Then by Theorem 7.1.1, the rank of AT A
is also k. It follows that D also has rank k since D is similar to AT A. That is,

D :diag{)\la >\2a 7>\ka O’ 70}

Notice that
A’Ui -A’Uj = ’U]TATAUZ‘ =y )\ivi = )\ivi *Uj.

We have

0 ifi#jg,
A’Ui . A’Uj = )\ﬂ)i * U = . ],

A ifi=3j.

Therefore, { Avy, Ave, - -+, Avg} is an orthogonal set of vectors in the column

space of A. Normalization of {Avy, Avg, - -+, Avi} leads to

Avq Avq Avy Avy Avy, Avy,
up = = uy = = = =

- ) - y o, U - .
[Avi]| VA [Ava VA [Avell VA
That is, Av; = VA1u;, ¢ = 1,2, -+ k. Since by Theorem 7.1.1, A and

AT A have the same null space, we have that AT Av; = 0,i = k+1, k42, --- ,n
and hence Av; =0 fori=k+1, k+ 2, --- ,n. Therefore, we have
AV =Afvy :vg 1o+ 1 U Vgt g
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=[ug:ug - iup:0:---:0] VL

0 0

Noticing that V' is orthogonal, we have

_\/x 0_
VA2

0 0

= \/A_lulvlT + \/>\_qung + -+ mukva.

(VAL 0

157

If we extend the orthogonal set {uj : us : -+ : ux} into a full orthonormal
basis {u1 : ug @ -+ Uk Ugs1 oot Uy} for R™ in an arbitrary fashion,
have proved the singular value decomposition theorem

we

Theorem 7.1.3. Let A be an m X n real matrix with rank k. Then
there exist an orthogonal m x m matrix U, an m X n matrix

20
==[5 o)

where 3 = diag{ VA1, VA2, -+, VA }, and A1, Ao, -+, A are posi-
tive eigenvalues of AT A, and an n x n orthogonal matrix V' = [v; : v :
: Uy, such that

A=UxVT = \//\1u1v1T + \/AQUQ'U; + et \/)\kukvg,

where the columns of V. = [v; : w9 : vy] are eigen-
vectors of ATA corresponding to the m nonnegative eigenvalues
Ay A2y oy A, 0y oo 0, and U = [ug : ug @ vt Ug ¢ Upp ¢ 00k Uy
satisfies 4
v
U= ——,i=1,2,-- k.

Vi

2N

The decomposition in Theorem 7.1.3 is called the full singular value
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decomposition. According to the partition of ¥, we can have the following
reduced singular value decomposition:

Theorem 7.1.4. Let A be an m X n real matrix with rank k. Then
there exist an m x k matrix U with orthonormal columns, an kx k diago-
nal matrix ¥ = diag{ v A1, vz, - -+ , VA& }, where A1, Ag, -+, Ay, are
positive eigenvalues of AT A, and an n x k matrix V= [v1 tvg: et U]
with orthonormal columns, such that

A=03VT = \/Alulv? + \/)\gugvg + et \/)\kukv,{,

where the columns of V = [ : vy : -+ : vg] are eigenvectors of
AT A corresponding to the k positive eigenvalues Ai, Mg, -+, A\, and
U=uy:uy:- - :uy satisfies
Av
U = 177’_1727' ok

Example 7.1.5. Find a singular value decomposition of the matrix
0 1
A=11 0
0 1

Solution: We have
r, |1 0
ATA = [0 NE

which has eigenvalues A\ = 1, Ao = 2 with corresponding eigenvectors

w~f-l)

These unit eigenvectors form the columns of V:

The singular values of A are 01 = VA = 1, 02 = VA2 = V2. Then we have

[y
)

Ezng fo.

[\

To have U = [uy : ug : ug], we firstly compute

A’Ul
U’l = =

VAL

AUQ 1
, U2 = - T =
TV V2

S = O
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To extend {ui, us} into an orthonormal basis for R? we need a unit vector
us = (x, y, z) such that
uluz =0,
T

uy ug = 0,

which leads to y = 0 and « + z = 0. Hence we can choose

S
3 NG 1
Then we obtain the full singular decomposition of A:
0 L L7
V2 V2| |1 0 1 o?
A=UxvT =11 0 00\/5[ }
0 1
0 L —111]0 0
V2 V2
=1 -ulvlT + \/§u2v2T
1_
0 V3
=|1{[1 o]J++v2|0 |0 1].
1
0 7.

The reduced singular value decomposition is

0 L
V2 T
IR 1 o1 0
= T= |1 0
A=y 1 [0 \/5} {0 1}
NG
=1-uv] + ﬂungT

0 v
= (1| [t oJ++v2]0 |0 1].

O

Remark 7.1.6. An alternate method to compute the orthogonal matrix U
for a singular value decomposition of the m x n matrix A = ULV7 is based
on the observation that

ATA=veTyvT AAT =UuxsTuT,

where 7Y and ©X7 share the same set of positive diagonals A1, A2, -+, A,
k = rank(A), with possibly a different number of zeros. Namely, U can be
obtained by solving for the set of unit orthogonal eigenvectors of AA”. ]
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The Rayleigh quotient

Let A be an n x n real symmetric matrix. The function r : R” \ {0} — R
defined by

2T Az
r(z) =

xTx

is called the Rayleigh quotient. We are interested in when r assumes max-
imum and minimum. Noticing that 72 = ||z|?, we need only consider the
extreme values on the unit sphere in R™. Since A is real symmetric, all eigen-
values are real with Ay > A9 > --- )\, and there exists an orthogonal matrix
P =1vy :vg:--:vy,] such that

PTAP = diag{\1, X2, -+, \n}.

Let = Py where ||z|| = 1. We have |ly|| = 1 and
yT PT APy
yT PT Py
:yTPTAPy

yTy
AR Aayi + o+ Ay

vityi+tun
=Myt Aoys + o+ Ayl

<Myd 4+ Mys + o+ My2
:)\17

r(z) =r(Py) =

where the maximum ) is achieved at y = e; = (1, 0, --- , 0) by r(Py). That
is, the maximum A; is achieved by r(x) at x = Pe; = vy, which is the first
column of P and is the eigenvector of A corresponding to A;. Similarly,

yT PT APy

yT'PT Py

=Myt + Aoys + -+ Ay
>Anyi + Anls + 0 + My
:)\m

r(z) =r(Py) =

where the minimum A, is achieved at y = e, = (0,0, ---, 0, 1) by r(Py).
That is, the minimum ), is achieved by r(x) at x = Pe,, = v,,, which is the
last column of P and is the eigenvector of A corresponding to A,,.

We can also check that if = equals the unit eigenvectors v; and v, corre-
sponding to A\; and \,,, we have

T T
ri Axq xt Az
r(r) = ;Txl =X, r(z,) = 7;Tx =\,
1 ntn
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That is, the Rayleigh quotient assumes maximum and minimum at the direc-
tion of the eigenvectors corresponding to the maximum and minimum eigen-
values.

The next question is, are there any more? Namely, can the Rayleigh quo-
tient assumes maximum and minimum at non-eigenvector directions? The
answer is no. Note that for z = (21, z2, - -+ , x5, -+ - , %), we have

ar (e]TAx + 2T Aej) xTAx(eij +aTe;)

ox; 2Tz (zTx)?
~2(Az); 2T Ax(2zy)

xTx (zTx)2

If r(z) assumes extreme values at zg, we have g—;(l'o) = 0. That is,

2(Az) 2T Az(27)

oTe  (2Tax)?2 |77

:07

which is equivalent to
Axg = r(x0)x0.

That is, the Rayleigh quotient assumes extreme values only at the directions
of eigenvectors.

Example 7.1.7. Find the maximum and minimum of f(z) = z§ + 223 +
6z173 + 2 on the unit sphere ||z|| = 1.

Solution: Since f(z) = i 92, we can use the results about the Rayleigh quo-

tient to find the maximum and minimum of f. We first write f in quadratic
form f(z) = 2T Az with

1 0 3
A=10 2 0
3 01
The characteristic polynomial is (2 — A)(1 — A\)?2 — 9(2 — \). The eigenvalues

are A1 =4, o =2 and A3 = —2.
e The unit eigenvector corresponding to Ay =4 is

L,
V] = —=
V2 |4
e The unit eigenvector corresponding to A3 = —2 is
Ll
Vg = ——=
V2|4
f achieves maximum value A\; = 4 at v; and achieves minimum value A3 = —2
at vs. O
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Exercise 7.1.8.

1. Find a singular value decomposition of A = [(1) (1) (1)} .
10
2. Find a singular value decomposition of A= {0 1
10
3. Let
2 -2 0
A=1]-2 1 -2
0 -2 0

Find the vectors Zmax, Tmin in
{r eR®:aTe =1},
where f(z) = 2T Az assumes maximum and minimum, respectively.
4. Let
2 2 2
A=12 2 2
2 2 2
Find the vectors Zmax, Tmin in
{r eR®:aT2 =1},
where f(z) = T Az assumes maximum and minimum, respectively.

5. Let u = [1 | 1] be a 1 x n matrix and A = I + wu”. Find the
vectors Tmax, Tmin il
{zeR": 2Tz =1},

where f(r) = 27 Ar assumes maximum and minimum, respectively.

6. Show that for every n x n matrix A, there exists an orthogonal matrix such
that
ATA =QTAATQ.

7. Let A be an n x n real matrix. Let R : R™ — R be defined by

_ ll4g]

B ="

Find the maximum and minimum of R.
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8. Let A = UkDVkT = crlulvlT + GQUQUQT + akukvg be a singular value
decomposition of the m X n real matrix A where the matrices Uy = [u : us :

-+ :uy] and Vi = [vg : vg : -+ : vg] both have orthonormal columns, and
o1 0 - 0
0 o3 --- 0
D=1 . . .
0 0 --- oy

is an k x k diagonal matrix with 0y > 09 > --- > 0 > 0.
i) Explain that A and Uy have the same column space.

ii) Explain that for every b € R™, b= UrUT'b is the orthogonal projection of
b onto the column space of A.

iii) Verify that & = VkD’lUka is a least squares solution of Ax = b.
9. Let A be an n x n matrix. Show that there exists a positive semidefinite

matrix P and an orthogonal matrix @ such that A = PQ. We call the A = PQ
a polar decomposition.

10. Let A be an n x n positive definite matrix. Show that for every n x n
matrix B, BT AB and B have the same rank.

7.2 Principal component analysis

Example 7.2.1. Let X =[x : X2 : -+- : X,] be an m x n matrix with each
column an observation vector of a measurement made on an object x. For
example, a survey of n = 1000 families on the vector x = (z1, z2, -+ ,xg)
where x;, 1 = 1, 2, --- , 8 stand for annual income, annual expenses on cars,
computers, food, medicine, insurance, education, entertainment, respectively,
may be written as an 8 x1000 matrix X . Then row ¢ of X is a set of observations
on the variable x; contained in x.

One may analyze the data contained in X for different purposes. For exam-
ple, we may investigate how annual income is correlated with annual expenses
on insurance and medicine. Certainly, we assume the underlying correlation
is linear, so that we may use the notion of linear dependency to study linear
dependency among row 1, row 5 and row 6 of X. O

For convenience, we translate the mean of the observed data to have zero
mean, by setting
)A(i = X; — M,
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where M = %Z?:l x; is the mean of the columns of X. This is a analogy of
translating a graph to have the center at the origin. Then the columns of

X=[%1:%o: Xy
have zero mean. We say that X is in mean-deviation form. Recall that the
dot product z -y with x, y € R™ is z -y = ||z|| - [|y|| cos 8, where 0 is defined to
be the angle between x and y. We observe that

x Y

cosl = — =
]l Iyl

implies that if cos@ = 0, * L y and x, y are linearly independent; if cosf =
1, z, y are co-linear and are linearly dependent. Therefore, the dot product
x -y may be regarded as a measure of how much x and y are correlated. For
instance, if the first row r; of X is the annual income, second row ro the
annual expenses on cars, then 1 - 75 gives an indication of how annual income
is correlated with annual expenses on cars.
We call the matrix,
S = LXXT,
n—1

the sample covariance matrix, where .S; ; measures how much the i-th row
of X are correlated to the j-th row of X. We call

n n

1 yTy L 2
Sjj = n—1 ;(X)ﬂ(x )ij = n—1 ;(X)ﬂ

the variance of the j-th variable x; of the object vector x. The variance of z;
measures the spread of the values of x; around the zero mean.
The trace of S,

1 m
trace(S) = p—] ZSM,
Jj=1
is called the total variance of the data X.

In this section, we introduce the so-called principal component anal-
ysis, which is a procedure that uses an orthogonal transformation x = Py
to convert the observations of x whose variables are possibly correlated into
a set y of linearly uncorrelated variables. We call the linearly uncorrelated
variables of y the principal components.

To wit, we assume that the m x n matrix X = [x; : X2 : -+ : X,] has
zero mean and S = ﬁX X7 is the covariance matrix. We find an orthogonal
m X m matrix P such that the change of variables,

A 1

€2 Y2
Xx=Py<— | .| =P N

Tm Ym
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has the property that the new variables y1, y2, -+, yp of y are uncorrelated.
That is, the row of the values for y; is orthogonal to that for y;, if ¢ # j. Let
Y =[y1:y2: :ym] = PTX. We want the covariance matrix
1 1
YyT? = [PTx): PTxy - PTx,][PTx; : PTxy: - PTx, )T
n—1 n—1
1
= PxxTp
n—1
=pPTsSp

to be diagonal. Since S = ﬁX X7 is real symmetric, such an orthogonal
matrix P exists. Moreover, since S is positive semidefinite (i.e., 7' Sz > 0 for
every x # 0, see Exercise 6.5.5), the eigenvalues satisfy \y > Ao > -+ > \,;, >
0. Let

D= diag{)\l, )\2, te >>\m}~

Then PTSP = D. That is, SP = PD. The unit vectors of columns of P = [p; :
P2 i +-- @ D] are eigenvectors of the covariance matrix S and are called the
(directions of) principal components of the data of observations. We call
the eigenvector corresponding to the largest eigenvalue the first principal
component; and call the eigenvector corresponding to the second largest
eigenvalue the second principal component, and so on. Moreover, y with

yl:pfxazzl7 27"'ama

becomes the new variable with uncorrelated coordinates and \; measures the
variance of the new variable y;.

Notice that by Theorem 6.2.6, trace(S) = trace(PTSP). The total variance
of S is not changed after orthogonal diagonalization. Then the fraction

Ao A
trace(S) A 4+ Aa 4+ Ay

indicates the portion of variance contributed by the i-th principal component
Di-

Example 7.2.2. Let the following table list the data of the annual income
and annual living expenses of five families (in thousand dollars):

1 2 3 4 5
income 70 125 125 135 250
living expenses | 50 60 61 64 70

i) Find the covariance matrix for the data,;

ii) Make a principal component analysis of the data to find all the principal
components;

iii) Find the total variance T in the data, and the fraction contributed by
the first principal component.
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Solution: i) Let X;, i = 1,2, --- ,5 denote the i-th column of the table of
the data. The sample mean vector is

5
1 141
m_gzgxi_[m}
Let A=[X; —m: Xo—m:---: X5 —m]. Then

A— -7 -16 —-16 6 109
-1 -1 0 3 9"

The covariance matrix S is then

1
S =—""4A"T
5-—1
_ 1 [17470 1796
T4 1796 212

ii) The eigenvalues of S are
A1~ 4413.73, Ao = 6.76899.

The corresponding vectors are

| —0.994741 | 0.102423
Y1 0.102423] "2 | —0.994741] °

where u; is the first principal component and wuy the second principal compo-
nent.
iii) The total variance T is

T = A + A2 = 4420.5 = trace(S).

. . o o AL _ 4413.73
The fraction contributed by the first principal component is 7 = 5% ~

99.8468%. O

Exercise 7.2.3.

1. The following table lists the data of the scores of five students:

1 2 3 4 5
Exam I 70 75 85 95 60
Exam II |50 60 75 65 70
Exam III | 76 59 61 80 80

i) Find the covariance matrix for the data;

ii) Make a principal component analysis of the data to find all the principal
components;

iii) Find the total variance T in the data, and the fraction contributed by the
first principal component.
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2. Let X = [x1 :X2: - :Xp] be an m x n matrix with zero mean and P an
m X m invertible matrix. Show that Y = [PTx1 s PTxy i PTxn] has zero
mean.
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Chapter 8

Linear transformations
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A fundamental theme of many branches of mathematics is the study of func-
tions, or transformations, between vector spaces. A function can be first clas-
sified as linear or nonlinear. For example, f : R — R with f(z) = 2z is a linear
function, while g : R — R with g(z) = 2? is a nonlinear function. A linear
function can be further classified as homogeneous linear or nonhomogeneous
linear. For example, f : R — R with f(z) = 2z is homogeneous linear while
h : R — R with h(z) = 2z + 1 is nonhomogeneous linear. As an important
application of matrix theory, we devote this chapter to a brief discussion of
homogeneous linear functions between vector spaces. In what follows, if no
confusion otherwise arises, we say that a function is linear when it is homo-
geneous linear.

8.1 Linear transformation and matrix representation

Definition 8.1.1. If T : V — W is a function where V and W are
vector spaces such that for every u, v € V and scalar k,
T(u+v) =T(u)+T(v),
T(ku) = kT (u),

then we call T : V — W a linear transformation. If, in addition,
V =W we call T a linear operator on V.

Example 8.1.2. Let A be an m x n real matrix. Then the map 7' : R® — R™

169
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defined by T'(x) = Az is a linear transformation, since for every u, v € R"
and scalar k € R,

T(u+v)=Alu+v)=Au+ Av =T (u) + T(v),
T(ku) = A(ku) = kAu = kT (u).
O

Example 8.1.3. Let A = [c1 : ¢ca : --+ : ¢,] be an m x n real matrix with
rank(A) = n. Then the projection P : R" — R™ is a linear transformation
from R™ to R™. Indeed, for every b € R", we have the orthogonal projection
Pb = A(AT A)~1ATb. Then for every u, v € R" and scalar k € R,

P(u+v) = A(ATA)7* AT (u + v) = Pu + Po,
P(ku) = kP(u).
P is a linear transformation from R™ to R™. O

Example 8.1.4. Let P,, denote the vector space of all real polynomials with
degree less than or equal to n. The map T : P> — P3 defined by

T(p)(x) = xp(z)
is a linear transformation. Indeed, for every f, g € P, and k € R, we have
T(f +9)(x) = 2(f(2) +9(2) = 2] (&) + 29(2) = T(F)(2) + T(g) (x),
T(kf)(x) = x(kf(x)) = k(zf(x)).
Therefore T is a linear transformation. O

Example 8.1.5. Let V be a real vector space with dim V' = n and a basis
{v1, v2, - -+ , v, }. The coordinate map []: V — R" defined by

is a linear transformation. Indeed, for every u, v € V and scalar k € R, we
have

[1(ku) = [kulv
= [k[v1 : v2 vn][u]v]v
= [[v1 : v2 vnJk[u]v]
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That is, the coordinate map [ ] : V — R™ is a linear transformation. ]

Remark 8.1.6. Recall that a function f : A — B is said to be one to one,
or injective , if for every 1, x93 € A with f(x1) = f(z2) we have 21 = z5.
f i+ A — B is said to be onto, or surjective , if for every y € B there exists
x € A such that y = f(z). If f: A — B is both injective and surjective, f is
called a bijection.

Using the fact that a basis of a vector space V' with dim V = n is linearly
independent, we can show that the coordinate map []: V' — R" is a one-to-
one and onto map. O

Theorem 8.1.7. Let T : V — W be a function from a vector space
V to a vector space W with dimV = n and dimW = m. Let S =
{v1, v2, - -+ ,v,} be a basis of V and L = {wy, wa, -+ ,w, } be a basis
of W. T is a linear transformation if and only if there exists an m x n
matrix A such that for every x € V|

[T(2)] = Alz]s-

Moreover, if T is a linear transformation, then

A= [[T(v)]z : [Tz : -+ : [T(vn)]L]-
Proof. “=" Let {v1, va, -+ ,v,} be a basis of V. For every x € V| there
exists a coordinate vector [x], = (x1, z2, -+ ,x,) € R™ such that
x=[vy:vg: e vy][x]s.

Then by linearity of A we have

T(x) =T ([vr :ve : - : vp][x]s)
=T (z1v1 + 22v2 + - - + TpUy)
=x1T(v1) + 2T (v2) + - - + 2, T (vy)

=x1|wy twe i wy][T(v1)]n + @ewr :we : -+ wy][T(v2)]L
ot apfwr rwe e wn] [T (vl
=[wy rwy : -+ s wm] (@[T (v1)] + 22T (v2)]L + - + @[T (0n)]L)
=lwi wy e wn] [[T(0n)]r = [T(v2)]r - 2 [T (va)]e] [a]s-
That is,
[T(2)]L = Ala]s,
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where
A= [T : [T(w2)lr: - [T(va)]L]
“«="1If for every z € V,
[T()]1, = Ale]s.
Then we have
T(x) =[wr :wa - wp][T(2)]
—fwn wz o ) Ale]s.

For every u, v € V and scalar k we have

T(u+v) =[wy :wy: - wylAlu+vlg
=[wy :wa 1 wy]A([uls + [v]s)
=T (u) +T(v),
T(ku) =[wy : wa : -+ : wy)Alku]s
=[wy :wa - wy)Aklu)s
=kT (u).
That is, T is a linear transformation. O

Remark 8.1.8. Fix a basis S = {v1, vo, -+ ,v,} of V and a basis L =
{wi, v = wa, -+ ,wp} of W. We call the matrix A = [[T'(v1)]r : [T(v2)]L :

-1 [T(vy)]1] defined in Theorem 8.1.7 the representation matrix of the
transformation T : V' — W with respect to basis S and L, and denote it by
[T] when the bases of V and W are clear.

When T : V — W is a linear transformation with V= W, we call T a
linear operator on V. In this case we usually choose the same basis S for
both of the range and domain of T" and use [T]s to denote the representation
matrix of T'. ]

Theorem 8.1.7 shows that a linear transformation between finite dimen-
sional vector spaces can be completely described by a matrix multiplication
of the coordinate vectors. Note also that the coordinate map [ | : V — R"™ de-
fined by [ ](z) = [z]v is a bijection. Thus properties of linear transformations
can be investigated by studying the representation matrix.

Example 8.1.9. Let T': P, — Ps3 be defined by

T(p)(x) = xp(z).

Then by Example 8.1.4 T is a linear transformation. Let {1, x, 22} be a basis
of P, and {1, z, 22, 23} be a basis of P3. Then the matrix representation
matrix A of T is

A=[TW)]p, : T(x)]p, : T(2*)]p,]
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o o = O
O = O O
— o O O

Let f(x) = 1 + 2. Then we have

[T()]ps

I
=
=
¥

—_— o, O OO~k OoO
o= OO

_ o o o

Therefore we have

T(Hx)=[1 = 2* | [T(f)p
:[1 x x? x3]

:x—|—x3.

Exercise 8.1.10.

1. Determine whether each of the following functions from R” — R™ is a
linear transformation.

i) flz)=1l,z€eR;

ii) f(z)==z,z€R,

iii) f(z)=xz+ 1,z ek

iv) f(z)=2z,2 €R;

v) f(z) =21 + 22, z = (21, 22) € R?;
i) f(z) = (271, 22), z = (71, 22) € R?%;
) [f(x)

) f(

2. Let T : P, — P, be defined by

T(p)(x) = p(z) — p(0).
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i) Show that T is a linear transformation;

ii) Find the representation matrix of T under the standard basis of P, and
find its rank;

iii) Determine whether or not 7' is injective and whether or not T is surjec-

tive.
3. Let V be a vector space with dim V' = n. Let By = {v1, va, -+ ,v,} be a
basis of V. For every set {x1, 22, -+ ,2,} in V, there exists a unique linear
transformation 7' : V' — V such that T'(v;) = x;, i =1,2, -+ ,n.

4. Let M,,,,(R) be the vector space of all n x n real matrices. Let B € M,,,,(R)
and define T : M,,,,(R) — M,,(R) by

T(A) = AB — BA.

i) Show that T is a linear operator.

ii) Find the matrix representation [T'] of T' under the standard basis of
Mn(R).

iii) Show that for every A, C € M,,(R), T(AC) = AT(C) + CT(A).

5. Let V be a vector space and T : V — V a linear operatoron V. If W C V
is a subspace of V', then

dim(TV) + dim W — dim(TW) < n.

6. Let V be a vector space and T' : V' — V a linear operator on V. We say that
T is an invertible linear transformation if there exists an operator S on V
such that T'S = ST = I, where I is the identity map. Let S = {e1, €2, -+ , €, }
be a basis of V.

i) Show that T is invertible if and only if {Te;, Teq, - - -, Tey} is linearly
independent;
ii) Show that T is invertible if and only if T" is one to one;

iii) Show that T is invertible if and only if T is onto.

8.2 Range and null spaces of linear transformation

Definition 8.2.1. Let T : V — W be a linear transformation where V' and
W are vector spaces. We call

ker(T)={z €V : Tz =0}
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the kernel of T', and call

Range(T) ={Tz:z €V}
the range of T'.

By linearity of T, we have that for every z1, x2 € ker(T') and for every
scalar k1 and ko,

T(kll‘l =+ k2$2) = T(k’1$1) =+ T(k’gl‘z) = le(l‘l) + /{JQT(ZCQ) =0.

That is, kix1 + kaxe € ker(T). Therefore, ker(T') is a subspace of V. Simi-
larly, for every yi1, yo € Range(T") and for every scalar k; and ko, there exists
x1, 2 € V such that T(x1) = y1, T(22) = y2 and

kiyr + koyz = kT (1) + k2T (22) = T(k121 + kax2).

That is, k1z1 + ko2 € Range(T'). Therefore, Range(T') is a subspace of W.
We arrive at

Theorem 8.2.2. Let T': V' — W be a linear transformation where V'
and W are vector spaces. Then ker(T') is a subspace of V' and Range(T)
is a subspace of W.

Let T': V — W be a linear transformation where V' and W are vector
spaces with dimV = n and dim W = m. Let {v1, va, --- , v, } be a basis of V
and {w, wa, -+ ,wn} be a basis of W. Then by Theorem 8.1.7, there exists
an m x n matrix A such that [T'(z)]w = Alz],. Then we have

ker(T) ={x € V : Tz = 0}
={z eV f|w :w: - :wy|[Tzlw =0}
={z eV :[Tzlw =0}
={z eV : Alz], = 0}.

That is,

The kernel of T is the set of all vectors in V' whose coordinate vectors
are in N(A).

Then by Example 8.1.5 and Remark 8.1.6 that the coordinate map [] :
V — R” is a bijection we have

dimker(T) = dim N (A).
Similarly, we have

Range(T) ={Tz:2z €V}
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{[w1 : wa cw|[Te)lw :x €V}
{lwy :wg : -+t wy)A[z], : x € V}.

We have dim Range(T) = dim C(A). That is,

The range of T is the set of all vectors in W whose coordinate vectors
are in C(4).

Recall that for an m x n real matrix A, we have dim N(A)+dim C(A) = n.
For linear transformations we have the following similar results.

Theorem 8.2.3. Let T': V — W be a linear transformation where V'
and W are vector spaces with dimV = n and dim W = m. Then we

have
dim ker(7T') + dim Range(T") = n.

Example 8.2.4. (Example 8.1.9 revisited) Let T': P, — P5 be defined by

T(p)(z) = zp(x).

Then the matrix representation matrix A of T is

Then we have N(A) = {0} € R? and
ker(T) = {0} C P».

Moreover, C(A) = {(0, ) € R* : z € R3). Therefore we have

Range(T) =4 [1 z= a? 27 s (z1, w2, 23) € R? 3 = span{w, 2%, 2°}.

Theorem 8.2.5. Let V and W be vector spaces, T : V' — W a linear
transformation. Then T is one to one if and only if ker(T") = {0}.
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Proof. “=" Suppose ker(T') # {0}. Then there exists x1 # 0, 1 € V such
that T'(z1) = 0 =T(0). T is not one to one. This is a contradiction.

“—=7 Let T'(x1) = T(z2), x1, x2 € V. Then we have T'(z1 — z2) = 0 and
x1 = x since ker(T) = {0}. i

By Theorems 8.2.3 and 8.2.5, we have that

Theorem 8.2.6. Let T': V — W be a linear transformation where V'
and W are vector spaces with dim V' = dim W = n. Then T is one to
one if and only if T" is onto.

Let T : V — V be a linear operator on V. It turns out the representation
matrices of T with respect to different bases are similar. To be more specific
we have

Theorem 8.2.7. Let V be a vector space with dimV = n. Let T :
V — V be a linear transformation. Let S = {vy, vg, --- ,v,} and
L = {w, wa, --- ,w,} be bases of V. Then we have

[T)s = P[T] P!,

where P is the transition matrix from basis L to S.

Proof. For every x € V| we have

Tz =[vy :vg: - v,][Tx]s

=[vy :vg - ][T)s[z]s

=[wy 1wy : - w,| P T)sPlz] L.
We also have

Tr=[wy:wy: - wy|[Tx]r =[wy :wa - wy][T]L[x]L.
Then we have
P [TsPla]y = [T]Lla]r.

Since x is arbitrary, we have [T, = P~[T]sP. i

Example 8.2.8. Let T : R?* — R? be a linear operator which has the repre-
sentation matrix

1 0 -1
Me=1| 11 o,
-1 2 1

under the basis L = {1, 12, 13} where

-1 0 -1
m=1 0l,m=|-1|,n3=| 1
1 1 0
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Find the representation matrix [T]g, where S = {e1, €2, €3} is the standard
basis of R3.

Solution: The transition matrix from L to S is

Q=[m :m2:ns]

-1 0 -1
=] 0 -1 1
1 1 0
That is, [n1 : m2 : m3] = [€1 : €2 : €3]@. Then the transition matrix from S to L
-1 0 1
is Q_lzé 0 —1 1{. Therefore we have
-1 1 0
[T]s =QIT].Q~"
1 [—1 0 —1] 1 0 1] -1 0 1
=3 0 -1 1 1 1 0 0 -1 1
11 o[-t 2 1|[-1 10
0 2 -2
1
=3 1 0 -1
-1 -2 3]

That is,
Tler:ex: €3] =[e1:€2:€3][T]s.

Exercise 8.2.9.

1. Let T : R® — R3 be a linear operator which has the representation matrix

-4 0 —4
[T]L = 0 -1 -1 )
3 6 9

under the basis L = {1, 72, n3} where

-1 0 3
m=1 0l,me=|1|,nm3=|-1
1 1 0

Find the representation matrix [T]g, where S = {e1, €2, €3} is the standard
basis of R3.
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2. Let S = {wv1, vo, vs3, v4} be a basis of a vector space V. Let T : V — V be
a linear transformation with

1 3 10
0 2 -6 0
[T]S_0040
0 -9 -3 1

i) Find [T]y if N is a basis of V with the transition matrix from N to S
given by

S o O
O O NW
S W w
— O O O

ii) Find ker(T") and Range(T).
iii) Find a basis of ker(T") and extend it into a basis of V.
iv) Find a basis of Range(T) and extend it into a basis of V.

3.Let T : V — V be a linear operator. Show that TV C ker(T) if and only
of T? = 0.

4. Let V be a finite dimensional vector space. Let Ty, 15 : V' — V be linear
operators. Show that 71V C T3V if and only if there exists linear operator T'
on V such that T} = T5T.

5. Let V be a finite dimensional vector space. Let Ty, T5 : V' — V be linear
operators. Show that ker 77 C ker T; if and only if there exists linear operator
T on V such that To = T1T.

8.3 Invariant subspaces

Definition 8.3.1. Let V be a vector space and W C V a subspace. Let
T :V — V be a linear operator. If TW C W, that is, for every w € W,
Tw € W, then we call W a T-invariant subspace of V.

Example 8.3.2. Let T : V — V be a linear operator. Then the linear space
V and {0} are T-invariant. mi

Lemma 8.3.3. Let T: V — V be a linear operator. Then ker(T") and
Range(T") are T-invariant subspaces of V.
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Proof. For every w € ker(T') we have Tw = 0 € ker(T) and hence T (ker(T)) C
ker(T"). For every y € Range(T), there exists v € V such that y = Tv € V
and Ty = T(Tv) € Range(T). o

We are interested in one-dimensional T-invariant subspaces, say, W =
span(v) with v # 0. If W is T-invariant, then for every w = av € W with
a # 0 a scalar, Tw = kv for some scalar k. That is,

T(aw) =kv=T(v) = Sv.

Definition 8.3.4. Let V be a vector space over the scalar field K and
T :V — V alinear operator. If z # 0 is such that

Tr = A\x,

for some scalar A € K, we call  an eigenvector of T" associated with
the eigenvalue .

J

If V is finite dimensional, there exists a matrix representation [T'] under a

given basis. Then T'(v) = £ can be rewritten
k
Tv] = —

(7)le] = £},

where [v] is the coordinate vector of v. Therefore, if W = span(v) is a one-
dimensional T-invariant subspace of V| then the spanning vector is an eigen-
vector of the representation matrix.

Conversely, if v # 0 is an eigenvector of T" associated with the eigenvalue
A, then for every w € W = span(v), we have w = av for some a € K and
that Tw = Aw = Aav € W. That is, W is T-invariant.

We have arrived at

Lemma 8.3.5. Let T : V — V be a linear operator. W is a one-

dimensional T-invariant subspace of V' if and only if W is an eigenspace
of T.

Remark 8.3.6. For linear operators on general vector spaces, we usually
specify the scalar field on which we have eigenvalues and eigenvectors. For
example, the map T : R? — R? defined by

0 -1 |z
has no eigenvalues in the underlying scalar field R. But T has eigenvalues
A1, 2 = +i in C if T is defined on C2. ]
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We know that every linear operator 7" on a finite dimensional space V' has
a square matrix representation [T'], which is dependent on the choice of the
basis of the vector space. A question is how to choose a proper basis of V' such
that the matrix representation [T'] is diagonal?

Suppose S = [v; : wg : -+ : vy] is a basis of V. We seek for a basis
L =[wy:wy:- - :wy]of Vsuch that [T is diagonal. By Theorem 8.2.7, we
have

[T = P~[T]sP,

where P is the transition matrix from L to S. To have a diagonal [T|;, we need
the columns of the invertible matrix P to be eigenvectors of [T']s. Namely, we
need only to choose L = [wy : wa : -+ : wy] such that

[wywy i twy] =g ivg o] P

In summary, we have

Lemma 8.3.7. Let T : V — V be a linear operator on an n dimen-
sional vector space V with a basis S = [vy : v2 : -+ : v,]. If [T]s is
diagonalizable, then N = [vy : vy : -+ : v,|P is a basis of V such that
[T~ is diagonal, where P is such that

[Ty = P [T]sP.

Example 8.3.8. Let S = {v1, va, vs, v4} be a basis of a vector space V. Let
T :V — V be a linear transformation with

1 3 1 0
0 -1 -1 0
Tls=1o 0 4 o0
0 -1 -3 -2
i) Find [Ty if N is a basis of V' with the transition matrix from N to S
given by
1 3 11
0 2 3 2
P= 00 3 0
0 0 0 1

ii) Find a basis L of V such that [T]r is diagonal.

Solution: i) Since P is the transition matrix from N to S, we have

[Ty =P~ '[T]sP
-1

1 3 11 1 3 1 01 3 1 1
0 2 3 2 0 27 -6 010 2 3 2
10 0 3 0 0 0 4 0{j0 0 3 O

0 0 01 0 -9 -3 18[ |0 0 0 1
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1 8 12 2
o1 3 3
0 0 4 0
0 -2 —12 —4

ii) To find a basis L such that [T]1, is diagonal, we need to find the eigenvalues
of [T]s and a diagonalizing matrix @ whose columns are eigenvectors of [T]g.
Solving det([T]s — AI) = 0, we have

A=DA+2DA+ DA —-1) =0 =\ =4, A =2\ = —1, \y = 1.

Corresponding to the eigenvectors \;, i = 1, 2, 3, 4, the eigenvectors g; are
chosen:

-2 0 3 1

3 0 -2 0

q1 = 15 y 42 = 0 y 43 = 0 y 4 = 0
7 1 2 0

That is, if we choose @ = [g1 : g2 : ¢3 : q4] as the transition matrix from basis
L to S, where

L =[wy : wy : ws : wy)

-2 0 31
30 -2 0
=[v1 : Vg : V3 i Uy 15 0 0 ol
71 2 0
4 0 00
then [T, = 8 _g _(1) 8 , which is diagonal. o
0 0 0 1

Theorem 8.3.9. Let T : V — V be a linear operator on an n di-
mensional vector space V' over the complex numbers C with a basis
S =[v1 : vy -+ vy If [T]g is diagonalizable, then V assumes a
direct sum decomposition of the eigenspaces:

V=W, oW,a - -&W,,

where Wy,, i =1, 2, --- ,n are eigenspaces of 1" corresponding to the
eigenvalues A\;,i =1, 2, -+, n.

Proof. Note that [T]g is diagonalizable and has n linearly independent eigen-
vectors. Then correspondingly T has n linearly independent eigenvectors
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which span the whole space V. That is, for every z € V, there exists x; € W),
such that
T=x1+To+ -+ Ty
Since the n eigenvectors are linearly independent, we have
W)\iﬂW,\jZ(Z), if i # 7.

Therefore, we have
V=Wyx oWy, --aW,,.

Exercise 8.3.10.

1. Let S = {v1, va, v3} be a basis of a vector space V. Let T : V — V be a
linear transformation with

1 3 1
[Tls= {0 27 —6
0 0 4
i) Find [Ty if N is a basis of V' with the transition matrix from N to S
given by
1 3 1
P=1{0 2 3
0 0 3

ii) Find a basis L of V such that [T

1, is diagonal.

2. Let P53 denote the vector space of all polynomials with real coefficients. Let
T : P3; — P;3 be defined by

T(f)(x) = a*f"(x).
i) Find [T] under the standard basis {1, z, 22, 23} of Px;
ii) Find all eigenvalues and eigenvectors of T'.

3.Let S, T :V — V be linear operator on a vector space V. Suppose that
SoT =ToS. Show that the range of S is a T-invariant subspace of V.

4. Let T : V — V be a linear operator on an n-dimensional vector space
V over the real numbers R with a basis S = [v1 : vy : -+ : vp]. If [T]g is
symmetric, then V assumes a direct sum decomposition of the eigenspaces:

V=W &W® - &Wy,,

where Wy,, ¢ =1, 2, --- ,n are eigenspaces of T' corresponding to the eigen-
values \;,i=1,2,---, n.

5.Let T : V — V be a linear operator on a vector space V. Let f, g be
polynomials. Show that f(T)g(T) = g(T)f(T).

6. Let T : V — V be a linear operators on a vector space V. Let f be a
polynomial and W = ker f(T"). Then W is a T-invariant subspace of V.
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8.4 Decomposition of vector spaces

In the last section we have related the problem of diagonalization of the
representation matrix of a linear operator on finite dimensional spaces to that
of decomposition of a vector space into one-dimensional subspaces.

A natural question is what if the representation matrix is not diagonaliz-
able? We show in the next two sections that in this case, the representation
matrix can be reduced into block diagonal form and further to Jordan
normal form, which is a block diagonal form of a matrix. Moreover, the vec-
tor space is decomposed into a direct sum of generalized eigenspaces associated
with each of the Jordan blocks.

N\

Theorem 8.4.1. Let p,p; and ps be polynomials which satisfy that

i) p=pip2;

ii) p; and pso are polynomials with degree larger than or equal to
L

iii) the greatest common divisor of p; and ps is 1.

Let T : V — V be a linear operator on a vector space V. If p(T) = 0,
then
V= Wl S?) W27

where Wy = ker(p;(T)) and Wy = ker(p2(T)).

Proof. Since the greatest common divisor of p; and ps is 1, by the Euclidean
algorithm, there exist polynomials ¢; and g2 such that

1=p1(t)q(t) + p2(t)ga(t),

which lead to
I'=pi(T)q1(T) + p2(T)q2(T).

Then for every v € V, we have the following decomposition of v,
v=p1(T)q1(T)v + p2(T)q2(T)v, (8.1)

where the first part satisfies
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and the second part satisfies

P1(T)p2(T)ga(T)v =go(T)p1 (T)p2(T)v
=q(T)p(T)v

That is, p1(T)q1(T)v € Wo and p1(T)q1(T)v € W1. To prove the uniqueness
of the decomposition, let v = w; + we = w} + wh with wy, w} € Wi and
wa, wh € Wa. Then we have

a(t)p1(T)v = ¢ (O)p1 (T) (w1 +wa), 1 (t)p1(T)v = q1(t)p1(T)(wy + wy),

which lead to

aOp1(T)o = q(t)p1(T)wa, @ ()p1(T)v = qu(t)p1 (T)ws.

Applying (8.1) to we, w) we have

wy = p1(t)q (Twz, wy = p1(t)qu(T)ws.

Then we have
wy = q1(t)p1(T)v = wy,

and w1 = v —wy = v — w)y = wj. That is, w1 = w), wy = wj). The decompo-
sition is unique. m|

An example of the polynomial p such that p(T)) = 0 can be seen from
the Cayley-Hamilton theorem, where we know that if p is the characteristic
polynomial of the representation matrix A of the linear operator T', then
p(A4) = 0. In the following we apply Theorem 8.4.1 to obtain a decomposition
of a finite dimensional vector space according to the eigenspaces of a linear
operator on the space.

Theorem 8.4.2. Let T : V — V be a linear operator on a finite
dimensional vector space V over the scalar field of complex numbers.
Assume that p is a polynomial with p(7") = 0 and that

p(t) = (8= A)™ (¢ = A)™ - (£ = A)™,

is a factorization of p where \;,i = 1, 2, --- ,r are distinct roots of p.
Let W; =ker(T — \;I)™i, i =1, 2, --- ,r. Then we have

V=weWy&---&W,.

PT’OOf. Let p; = (t — )\1)7711 (t — )\2)7712 s (t — )\i)mi, p—i = (t — )\H_l)m”l (t —
Ag)™2 - (t — A)™ with ¢ = 1,2, --- ,r. By Theorem 8.4.1, we have the
following decomposition of V:

V=W oW_,
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where W_1 = ker(p_;(T")) is a subspace of V. Notice that p_;(T)w = 0 for
every w € W_;. Regarding W_; as the whole space, by Theorem 8.4.2, we
have the following decomposition of W_j:

W_1 =W ®W_o.

It is known that W5 is a subspace of V. W_5 is a subspace of W_y; hence it
is also a subspace of V. Then we have

V=W oW, W_,.
By mathematical induction, we can then obtain that
V=W oWe@---®&W,.
O

Remark 8.4.3. By Theorem 8.4.2, we can group the bases of each of the
subspaces W;, 1 = 1, 2, --- to obtain a basis of V. Then the representation
matrix of T on V is a block diagonal form:

A, 0 - 0

0 Ay --- 0
[Tl = : C- o

0 oo e A,

where A; is the representation matrix of T restricted to the subspaces W; =
ker(T — A\;)™ which is called a generalized eigenspace of T O

Example 8.4.4. Let T : V — V be a linear operator on an n dimensional
vector space. Suppose that T2 = I. Show that

i) T has eigenvalues \; = 1, Ao = —1.

i) V =Wy, @W,,, where Wy,, i = 1, 2 are eigenspaces of T corresponding
to the eigenvalues \;.

Solution: i) Let A be a eigenvalue with v a corresponding eigenvector. Then
we have

Tv = = T%v = \Tv = \v.

Since T? = T, we have T?v = Tw = \v. Therefore we obtain
Ay = v =\ ==+l
ii) Let p(t) = (t — 1)(t + 1). We have p(T') = 0. By Theorem 8.4.2, we have
V=W, & Wy,

where Wy,, ¢« = 1, 2 are eigenspaces of T corresponding to the eigenvalues
A O
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Exercise 8.4.5.

1. Let T : V — V be a linear operator over an n dimensional vector space.
Suppose that T2 = T. Show that

i) T has eigenvalues \y =1, A2 = 0.

ii) V =Wy, ®W,,, where Wy,, i = 1, 2 are eigenspaces of T’ corresponding

to the eigenvalues \;.

2. Let T : V — V be a linear operator over an n dimensional vector space.
Let A\;, i =1, 2,--- ,m be the set of all distinct eigenvalues of T'. Suppose that
the representation matrix [T'] under a basis of V' is diagonalizable. Show that
there exist linear operators T3, ¢ = 1, 2, --- ,m such that

3. Let p,p1 and p2 be polynomials which satisfy that

i) p=pip2;
ii) p1 and po are polynomials with degree larger than or equal to 1;
iii) the greatest common divisor of p; and po is 1.

Let T': V' — V be a linear operator on a vector space V. If p(T') = 0, then
ker(p1(T)) = Range(p2(T)).

8.5 Jordan normal form

We improve the results of the previous section to show that the blocks
of the block diagonal decomposition of the representation matrix [T'] can be
reduced to a type of triangular matrices called Jordan blocks, if the bases
of the decomposed subspaces are properly chosen.

Let T : V — V be a linear operator on the n dimensional vector space V
and v € V be a nonzero vector. If we repeatedly use T' to act on v to produce
the sequence

v, Tv, T?v, - - -

)

then there exists a positive integer k € N such that T%v = 0, because of the
finite dimensionality of V.
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With the decomposition in Theorem 8.4.2, we seek basis of W = ker(T —
A )* where ) is an eigenvalue of T. Let v € W be such that (T — A\ )*~1v # 0.
Then (T — M )'v # 0 for every 0 < i < k — 1. Consider the vector equation

cov + (T — MN)v + co(T — XI)*v + -+ -+ cx_1 (T — MX)* 1o = 0.

Applying (T — al)*~! repeatedly on both sides of the above vector equation
and using the fact that v is k-periodic, we successively obtain ¢y = 0, ¢; =
0,---, ck—1 = 0. Therefore, the set of vectors

{(T =AD" o, (T = A)F 20, -+ (T = M)v, v}

is linearly independent. We have shown

Lemma 8.5.1. Let v € V be such that (T — A\I)¥v = 0 but (T —
AM)E=1y # 0. Then the set of vectors

{(T =AD" o, (T = A)F 20, -+ (T = M)v, v}

is linearly independent.

Lemma 8.5.1 implies that
{(T =AD" o, (T = AD)F 20, -+ (T = M)v, v}

is an ordered basis for W = ker(T — AI)*, if v € W is such that (T —\I)* 1o #
0. Note that

T(T — MX)'v = (T — AXI)"™™ o 4+ N(T — X)'v, for every 0 <i <k —2,
T(T =AD" Yo = (T — XD)*v + \(T — XI)* 2o = N(T — A" to.

Then the representation matrix of 7' on W with respect to this basis is

A 1 0 -~ 0
0 X 1

J=1lo . . ol
o 0 A1
0 - 0 0 A

which is called the Jordan block associated with the eigenvalue A\ of T'. The
basis
{(T =AD" o, (T = A)F 20, -+ (T = M)v, v}

is called a Jordan basis and the finite sequence of vectors is called a Jordan
chain. The vector (T'— AI)¥~!v is an eigenvector of T and is called the initial
vector of the Jordan chain. v is called the end of the Jordan chain.
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Suppose that V' has been decomposed into
V=wieWe --aW,

where W; = ker(T — X\;)™, i = 1, 2,--- ,r. If we choose a Jordan basis for
each of the W;, then the union of the Jordan basis is a basis for V and the
representation matrix of 7" on V is then

J, 0 - 0

=10 =
: oo 0
0 -+ 0 J,

where J;, ¢ = 1,2,--- ,r are Jordan blocks. We call this form of [T] the
Jordan normal form for 7.

Theorem 8.5.2. Let T : V — V be a linear operator on a finite
dimensional vector space V over the scalar field of complex numbers.
Then there exists a Jordan basis of V' with which the representation
matrix [T] is in the Jordan normal form.

Proof. Let T be restricted to a generalized eigenspace W = ker(T — A\, 1)™:.
Then the representation matrix of 7" has only one eigenvalue, say . Let m
be the least integer such that (T — AI)™ = 0, namely, for every x € W,
(T — AXI)™w = 0.

We show that there exists a Jordan basis of W such that the representation
matrix of [T] is in the Jordan normal form. Then by Theorem 8.4.2, the
union of the Jordan bases of every generalized eigenspaces is such that the
representation matrix of [T] restricted to W is in Jordan normal form.

We proceed with induction on the dimension of W = ker(T — AI)™. If
dim W = 1, the statement of the theorem is trivially true. Assume that for
dimW < n — 1 the statement of the theorem holds. We prove it holds for
dim W =n.

Let B =T — Al and r = dimker B. Note that there exists w € W with
B™~ 1w # 0 and B™ 1w € ker B. Then the formula dim BW + dimker B = n
implies that BW is a proper subspace of W and dim BW < n—1. By induction
assumption, BW can be decomposed into subspaces W;, 1 =1, 2, --- , k:

BW =W1@Wy®--- & Wy,
and for each W;, i =1, 2, --- | k, there exists a Jordan chain,
Bliilulﬁ o ,B’U,i, Uq,

and the union of which is a Jordan basis of BW with n — r vectors.
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Next we extend the union of the Jordan basis of BW into a basis of W.
Note for every u; € BW,i=1, 2, --- | k, there exists a nonzero v; € W, such
that Bv; = u;. Then the Jordan basis of BW is extended into

Bliv;, Bi=Yy;, o v, i=1,2, - k.
Notice that Bliv; = Bi~'u; € ker B, i =1, 2, --- , k. We can extend the set
{Bliv;}*_, into a basis of ker B by adding more vectors, say, wy, wa, - -+ , Wy—k,

where each of the wjs is a Jordan chain of length 1.
It remains to show that

k

U {'Ui, B’l}i, e 7Bl’ivi} U {wl}:;lk (82)
i=1

is linearly independent. Consider the vector equation
E o1 r—k
ZZCijB]Ui —i—Zdjwj =0, (83)
i=1 j=1 j=1

where the c};s and djs are constants to be determined. Applying B on both
sides of the vector equation, we have

k1 kL
Ci‘BjJrl’Ui =0= ci-Bjui.
ZZ J ZZ J

i=1 j=1 i=1 j=1
Note that Bliu; = 0 for every i = 1, 2, --- , k. Then we have
k 1;—1
ISP IS
i=1 j=1
which by induction assumption leads to ¢;; = 0 for every ¢ = 1,2, --- |k,

j=1,2,---1; — 1. Then by (8.3) we have

k r—k
E Cil,iBli’Ui + E djw]' =0,
i=1 =1

which leads to ¢, =0, fori=1,2,--- ,kandd; =0, =1,2,---,7r =k
since this is a linear combination of the basis of ker B. Therefore, the set of n
vectors at (8.2) is linearly independent and is a Jordan basis of .

O

Remark 8.5.3. If we identify a linear operator with its matrix representation,
Theorem 8.5.2 indicates that every n X n matrix over the complex numbers
has a Jordan normal form. O
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-1 -2 6
Example 8.5.4. Let A = |—1 0 3| be the representation matrix of a
-1 -1 4

linear operator T': V — V. Find the Jordan normal form of A.

Solution: Let p(t) = det(A — AI) be the characteristic polynomial. Solving
p(A) = det(A — AI) = 0, we have —(\ — 1)? = 0 and the eigenvalues 123 = 1.
Solving (A — AI)x = 0 we obtain two linearly independent eigenvectors:

-1 3
Uy = 1 , U = 1
0 0

Since the algebraic multiplicity of the eigenvalue A = 1 is 3, but geometrical
multiplicity is 2, by Theorem 6.2.5 A is not diagonalizable. By Theorem 8.5.2,
there exists a Jordan basis such that the representation matrix of 7 is in
Jordan form, or, equivalently, A is similar to a matrix in Jordan form.

Next we compute the least number m such that (A — AI)™ = 0. We have

-2 -2 6
A-T=|-1 -1 3|,(A-D%*=0.
-1 -1 3

This means that a basis of generalized eigenvectors consists of a Jordan chain

of length 2 and one of length 1. The Jordan form is
1 0 0

J=10 1 1

0 0 1

Exercise 8.5.5.

1. Let A be an n x n complex matrix. Show that A can be decomposed into
the sum of a diagonal matrix and a nilpotent matrix. That is A = D + N,
where D is diagonal and N™ = 0 for some m € N.

2. Let A= i 1 , where ¢ € R is a parameter. Show that if ¢ = 0, A is not
diagonalizable; otherwise, A is diagonalizable.

8.6 Computation of Jordan normal form

In the last section we have proved existence of Jordan normal form. We
show in this section that the Jordan normal form is unique up to the order of
Jordan blocks. We also develop a method to compute Jordan normal form.
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Theorem 8.6.1. Let T : V' — V be a linear operator on an n dimen-
sional vector space V over the scalar field of complex numbers. Let
A € C be an eigenvalue of T'. Then for every positive integer m € N,
the number of m x m Jordan blocks

A 10 0
0 A 1

nm = S
0 0 A 1
0 0 0 A

is

Ny, = rank(T — AI)™ ! — 2rank(T — AI)™ + rank(T — A\I)™ .

Proof. Suppose that under a Jordan basis, T is in a Jordan normal form with

Jordan blocks Jy, m,, ¢ =1,2,--- Jkand my + ma + -+ +my, =n,
s, m 0 0
m=| O T ,
: . 0
0 0 Ja.ms

where the Jordan blocks associated with the same eigenvalue are grouped
together. Then the map T — AI, where X is one of the eigenvalues, has a
Jordan normal form with two types of Jordan blocks. One type is those with
zero main diagonals, and the other with nonzero main diagonals. Namely, we
have

"Jom, 0 0 7
0 0 :

r-a=| 0 Jom ,
: J)\i+1,mi+1 0
: . 0

i 0 0 J)\k,mk-

where we placed the blocks with zero main diagonals in the left uppermost
positions just for convenience of visualization.

Notice that rank(Jj ,,.) = m; — j for every 0 < j < m; and Jg';,. = 0.
Moreover, for every Jordan block J,, o, in [T — M| with p # 0, rank(J7 )
m;, for every positive j € N.
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For every m € N, we note that rank(Jg",) = 0, rank(Jg', 1) = 1,
rank(Jy%,,2) = 2 and so on. Then we have

rank(T — AI)™ = Nyg1 + 2Npg2 + -+ (n = m)Nyy + Y rank(J3 ).
Ak #0

By the same token, we have

rank(T = A)™ ' = Nypy2 +2Nmas -+ (n=m—1)No+ Y rank(J5) ,,,)-
Ak #0

Then we have
rank(7 — A)™ — rank(T — M)™™ = Nypy1 + Nppyo + -+ Ny (8.4)
Since m is arbitrary, we have
rank(T — AI)™ ™' — rank(T — A\)™ = Ny, + Nppy1 + -+ + Ny, (8.5)

Note that if m = 1, (8.5) is valid and we have rank(T — AI)™~! = rank(T —
AI)? = n. This is because each Jordan block with all zeros in the main diagonal
is 1 rank in deficiency from the full rank and N,,, + Ny,41 + -+ - + N, counts
the total rank deficiencies for every Jordan block. Therefore, (8.5) combined
with (8.4) gives

Ny, = rank(T — AI)™ ! — 2rank(T — AI)™ + rank(T — \I)™ 1.
O

Remark 8.6.2. By Theorem 8.6.1 we know that the number of a specific
size of Jordan blocks is independent of the choice of the Jordan basis since
representation matrices under different bases are similar. Hence the Jordan

normal form is unique up to the order of the Jordan blocks. O
-1 -2 6

Example 8.6.3. Let A = |—1 0 3| be the representation matrix of a
-1 -1 4

linear operator 7' : V' — V. Find the number of 1 X 1, 2 x 2 and 3 x 2 Jordan
blocks of A.

Solution: Let p(t) = det(A — AI) be the characteristic polynomial. Solving
p(A) = det(A — M) = 0, we have —(\ — 1)? = 0 and the eigenvalues \j23 = 1.
By Theorem 8.6.1, we know that for the eigenvalue A ;123 = 1, we have
N; =rank(A — I)° — 2rank(A — I)' + rank(A — I)?,

Ny =rank(A — I)' — 2rank(A — I)? 4 rank(A — ),

N3 =rank(A — I)? — 2rank(A — I)® 4 rank(A — I)3.
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‘We have
-2 -2 6
A-T=|-1 -1 3|,(A-1D)*=0.
-1 -1 3

We have rank(A — I)? = 3, rank(A — I)! = 1, rank(A — I)™ = 0 for m > 2.
Therefore, we have

Ny =3-2-1+0=1,

No=1-2.04+0=1,

N3 =0.
The Jordan form is then
1 00
J=10 1 1
0 0 1
O
Theorem 8.6.4. Let 1, xs, --- ,x; be linearly independent eigen-
vectors of T' corresponding to the same eigenvalue A. Suppose that for
1 =1, 2, -k, there exists u; such that

g = (T =A™ tu; #0, Ta;= (T - A)™u; =0.

Let J; be the Jordan chain of {(T — X)™i lu;, (T -
A)™i=2y;, -+, u;}. Then J = Ule J; is linearly independent.

J

Proof. We first show that J;N.J; = 0 if ¢ # j. Otherwise, there exists k, [ with
1 <k <m;and 1 <1 < mjsuch that

(T — M)™ k= (T — AI)™ L. (8.6)

Then applying (T —AI)*~! and (T —AI)'~! on both sides of (8.6), respectively,
we have

€Ty = (T — )\I)mjiH»kiluj', Tj = (T — )\I)miikJrlilui.

If k =, we have x; = x; which is a contradiction since x; and x; are linearly
independent eigenvectors. If k > [, then m; — I+ k — 1 > m; and we have
x; = 0, which is also a contradiction. If k¥ < I, then m; — k+1—1> m; and
we have x; = 0, which is a contradiction, too.

Next, we show that Ule J; is linearly independent. Let W = span Ule J;
and restrict B =T — Al to W. Then BW is an invariant subspace of W. We
proceed with mathematical induction on the number of vectors in Ule Ji.

If the number of vectors in Ule J; is less than or equal to 1, then the
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statement of the theorem is trivially true. Assume that the statement of the
theorem is true with the number of vectors in Ule J; less than n — 1. We
consider the statement with the number of vectors in Ule J; equal to n.
Then we have dim W < n.

Next we find a basis of BW. Let J' = Ule Ji \ {ui}. Then on the one
hand, we have span(J’) C BW. On the other hand, for every v € BW, there
exists w € W such that v = Bw € span(J'). Therefore, span(J’) = BW and
by induction, J’ is a basis for BW since the initial vector of the Jordan chains
is not changed from J to J'. It follows that dim BW =n — k.

Note that the k initial vectors of the Jordan chains in J’ are in ker B and
we have dimker B > k. By Theorem 8.2.3, we have

n>dimW =dim BW +dimkerB>n—k+k =n.
It follows that dim W = dimspan(.J) = n and J is linearly independent. O

The next question is how to find a Jordan basis to reduce a representation
matrix into Jordan form. We may proceed with the following steps.

(1) Find the number of Jordan blocks of every possible size of m and deter-
mine the Jordan normal form.

(2) For every eigenvalue A and every Jordan block size m, compute u; such
that
(T —A)"uy =0, (T —X)™ tuy #0.

Then we obtain a Jordan chain of
{(T = AD™ Yuy, (T —AD™ 2ug, -, uy b
Notice that (T'— AI)™ lu; is an eigenvector of T'.

(3) Group all Jordan chains to form a Jordan basis, or equivalently an in-
vertible matrix M such that M ~![T]M is in Jordan normal form.

-1 -2 6
Example 8.6.5. Let A = |1 0 3| be as in Example 8.6.3. From Ex-
-1 -1 4

ample 8.6.3, we know that the eigenvalues are A\123 = 1 and the Jordan normal
form is

J =

o O =
o = O
i)

For the Jordan block with size 1, we solve for an eigenvector with

-2 -2 6] [«
(A-Du= -1 -1 3| |y| =0,
-1 -1 3| |z
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which lead to
3
Uy = 1|, uf =10
1

Either {u;} or {u}} forms a Jordan chain of length 1.

For the Jordan block with size 2, we have (A —I) # 0 and (A — I)? = 0.
Take an arbitrary nonzero vector, say us = (1, 0, 0) such that (A — INug # 0
and set

-2
uy = (A—=TDuy = |—1
-1

Then {u},us} forms a Jordan chain of length 2.

According to Theorem 8.6.4, we need to choose linearly independent initial
vectors for the Jordan chains. Indeed, by inspection we note that both {ud, u;}
and {ud, u)} are linearly independent. Therefore, we may choose

-1 -2 1
M=1[u:ub:u]=| 1 -1 0},
0 -1 0
or
3 -2 1
M =[uy:uy:u] =10 —1 0,
1 -1 0
such that
M~'AM = J.

Example 8.6.6. Find the Jordan normal form J of

O O O N
O OO
O~ = O
—_— O

and find M such that M~1AM = J.

Solution: The characteristic polynomial is det(A—\I) = (A—2)?(A—1)? and
eigenvalues are Ao = 2 and A34 = 1. For each eigenvalue, there are possibly
1x1and 2 x 2 Jordan blocks. We use Theorem 8.6.1 to determine the number
of each possible Jordan block.

For A2 = 2, we consider (A — 27) and have

00 0 0 00 0 0
oo 1 0 2 1000 -1 1
(A_ﬂ)_oo -1 1’(A_21)_00 1 =2/’
00 0 -1 00 0 1
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and
0 0 0 0
_om3_ |00 1 -2
(A-21)" = 0 0 -1 3
0 0 0 -1

Then rank(A — 21I) = rank(A — 21)? = rank(A — 2I)® = 2. By Theorem 8.6.1,
for the eigenvalue A2 = 2, we have

N; =rank(A — I)° — 2rank(A — I)! + rank(A —1)? =4 - 442 =2,
Ny =rank(A — I)' — 2rank(A — I)? 4 rank(A — 1) =2 —44+2 = 0.

For A\34 = 1, we consider (A — I) and have

1 0 00 1000 1 0 0 0
o110 2 |01 1 1 300111
(A_I)_ooo1’(A_I)_0000’(AI)_0000
00 00 00 00 00 00

Then rank(A — I) = 3,rank(A — I)? = rank(A4 — I)3 = 2. By Theorem 8.6.1,
for the eigenvalue A2 = 2, we have

N; =rank(A — I)° — 2rank(A — I)* +rank(A —I)> =4 —-6+2 =0,
Ny =rank(A — I)' — 2rank(A — I)? 4+ rank(A —I)* =3 —44+2=1.

Therefore, the Jordan normal form is

coow
oo o
= )
— — oo

Next we find M such that M ~*AM = J. For A\j2 = 2, we solve (A —21)z =0
to obtain the corresponding eigenspace

N(A — 2I) = span(uy, u}) = span

S O O
o o= O

where {u1} and {u}} are Jordan chains of length 1.
For A34 = 1, we solve (A — I)2z = 0 and (A — I)z # 0 to obtain

up = (0, —1, 1, 0), uy = (0, —1, 0, 1).

If we choose us to form a Jordan chain of length 2, then (A—TI)us = (0, 0, 0, 0)
which is not desired. If we choose u} to form a Jordan chain of length 2, then
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uy = (A —Iuby = (0, =1, 1, 0) # 0 and we obtain the desired Jordan chain
{ul, uh} of length two. Then {uy,u},ud, ub} is a Jordan basis for A. That is,

10 0 0
01 -1 -1
M= 0 0 1 0
0 0 0 1

is such that M~YAM = J.

Exercise 8.6.7.

1. Find the Jordan normal form of the following matrix.

2 2 3 0 4 4 5 =5

0 2|7 |3 3|’ |4 4 5 —5|°
2. For each of the following matrices A, find a matrix M such that M 1AM
is in Jordan normal form.

10 0 0 L1 1
01 -1 -1
.2 2 2
00 1 0 2 s 3
00 0 1

3. Use the Jordan normal form to prove the Cayley-Hamilton Theorem.

4. Let A be a square matrix with all eigenvalues {\1, Ao, - -+, Ax}. Show that
for every positive m € N, the eigenvalues of A™ are {A*, A", -+, A\J'}.

5. Let A be a square matrix. Show that the eigenvalues of A are all zeros if
and only if there exists a positive m € N such that A™ = 0.

6. Let A be a square matrix. Show that if there exists a positive m € N such
that A™ = 0, then det(A + E) = 1.

7. Let A be a square matrix with A™ = I for some positive m € N. Show that
A is diagonalizable and every eigenvalue of A is a root of p(t) = ¢"™ — 1.

8. Let A be a square matrix with A2 = A. Show that A is diagonalizable and
every eigenvalue of A is a root of p(t) = t? —t.

9. Let A be an n X n matrix with 0 the m times repeated eigenvalue. Show
that rank(A) = rank(A?) if and only if rank(A4) = n — m.
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10. Let
A1 0 0
0o X 1
J =
: .. . .0
o -~ 0 X1
0o -~ 0 0 X
be an n x n Jordan block, p a polynomial. Show that
PO PN ) - eI
0 p) W) T GETP0)
0 p(A) 7' ()
L 0 0 p(N) ]
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Chapter 9

Linear programming

9.1 Extreme points ..... ... 201
9.2 Simplex method ........ ... i 207
Initial basic feasible solution ............. ..., 207
Transfer of extreme points ..............ccoiiiiiiiiiiiiiiinan., 208
Optimality condition .............coiiiiiiiiii i, 210
9.3 Simplex tableau ....... ... i 212

Many optimization problems in management and industry are modeled in the
form of optimizing a linear function over the solution set of a system of linear
equations.

minimize d%x
z (9.1)
subject to Az =b, and z > 0,

where d, x € R", A is an m X n real matrix, b € R™ and x > 0 means that each
coordinate of = is nonnegative. Certainly when m = n and A is invertible, we
may first solve for z and obtain a unique optimal solution if z > 0 is satisfied
at the same time. The issue is that in practice we may have

rank(4) = m < n, (9.2)

and hence Az = b has infinitely many solutions. It becomes a nontrivial task
to examine the nonnegativity and optimality among infinitely many solutions.
We call the optimization problem at (9.1) a linear programming problem.
We devote this chapter to a short illustration of the mathematical theories
and techniques related to solving this optimization problem.

9.1 Extreme points

Let us begin with an example.

201
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3

T2

I

FIGURE 9.1: Feasible region for (9.20)

Example 9.1.1. Consider
minimize 1 + x9
xr

T (9.3)
subject to [1 1 1] zo| =1, and x = (21, x2, x3) > 0.
z3

The linear equation is the plane x1 +x2 +x3 = 1 and is under the assumption
that > 0 gives a triangular region K in R?, as is shown in Figure 9.1. Every
point in the triangular region K which satisfies the constraints is called a
feasible solution of this linear programming problem. To find a minimizing
point for the linear function f(x) = z1 + x2, which is called the objective
function, we can do some elementary analysis from the constraints: x1 +xo >
0 since z > 0 and the equality holds only if x1 = zo = 0, z3 = 1. Then
we located the minimizing point z* = (0, 0, 1) such that the optimal value
f@*)=04+0=0.

Among infinitely many points in the region K we successfully find the
optimal solution, which is located in a corner of the feasible region K. It is
not by chance that the optimal solution is in the corner. Imagine that we hold
the family of the planes z1 + z2 = ¢, ¢ € R, and move it according to different
values of ¢ which becomes closer to the origin if the value of ¢ becomes smaller.
The value of ¢ becomes minimal when the plane x; + x5 = ¢ touches the corner
(0, 0, 1). It seems that the corner points are very special. Indeed, they are not
a linear combination of any other vectors in the feasible region and are called
extreme points. |

www.Engineeringbookspdf.com



Linear programming 203

Definition 9.1.2. A set C in a vector space V' is called a convex set if for
every x1, 2 € C and for every A € (0, 1), we have

Arp+ (1= Nzg € C.

That is, the line segment between x; and x5 is completely contained in C. We
call sy1 + (1 — s)y2 with y1, y2 € V and s € (0, 1) a convex combination of
Y1, Y2.

A point z in a convex set C is called an extreme point if x is not a
convex combination of any two distinct vectors in C.

Example 9.1.3. Let A be an m x n real matrix with rank(A) = m < n and
beR™. Let
K ={xeR": Ax =b, and z > 0}.

Then K is a convex set in R”. Indeed, for every z1, 2 € K, we have 1 > 0,
xo > 0, and
Al‘l = b, AIQ =b.

It follows that for every A € (0, 1), Az + (1 — A)z2 > 0 and

That is, z1, 22 € K and every A € (0, 1), the convex combination Az; + (1 —
Mze € K. K is a convex set in R"™. i

Next question is how to describe the extreme points of a feasible solution
set defined by K = {x € R" : Az = b, and « > 0}?

Theorem 9.1.4. Let A be an m xn real matrix with rank(A) =m < n
and b € R™. Let

K ={x eR": Ax =b, and z > 0}.

Then z € K is an extreme point of K if and only if x =
(1, 22, -+, Tp) € K has at most m nonzero coordinates and the
columns of A corresponding to the nonzero coordinates of x for Ax are
linearly independent.

J

Proof. “=" Suppose that = (z1, 22, -+, x,) € K is an extreme point of
K. Without loss of generality, assume that the first & coordinates of = are
nonzero. Then we have

r1c1 + XoCo + -+ xTRCEL = b,

where ¢1, ca, - -+ , ¢ are the corresponding columns of A for Az with A = [¢; :
co i+ ¢p]. We show that ¢q, co, -+, ¢ are linearly independent and hence
k < m = rank(A).
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Suppose not. Then there exists (y1, y2, -, -+ ,yx) # 0 such that
yic1 + Yoca + -+ + yrek = 0.

Let y = (y1, ¥2, -+, * , Yk, 0, - -+ ,0). Then there exists ¢ > 0 small enough
such that

r+ey>0,x—ey >0,
since x > 0 and x; > 0 for 1 < i < k. Moreover, we have A(z +ey) = b =
A(z — ey) which imply that  + ey, © — ey € K and

1 1
v = (e +ey) + 50— ep).

That is, x is a convex combination of two distinct points in K and x is not
an extreme point in K. This is a contradiction.
“«<=" Without loss of generality, let the first ¥ < m coordinates of =

be nonzero with x = (21, 2, --+, x, 0, - -+ ,0) and the first k& columns of
A=c1:ca: -+ ¢y] are linearly independent. Then we have
T1c1 + ToCo + -+ + TRCE = b0 (9.4)

Suppose, for contradiction, that x is not an extreme point. Then there exist
Yy, 2z € K with y # z and 0 < s < 1 such that

x=sy+(1—s)z.

Since y > 0,z > 0 and the last n — k coordinates of x zero, it follows
that the last n — k coordinates of y and z are zero, too. Then we have

y=(1,vy2, -, Yk, 0, .-+ ,0) € K, 2= (21, 22, -+, 2§, 0, - -+ ,0) € K and
Y11 +yaca + o+ ykck = b, 2101+ 22¢2 + - + zpck = . (9.5)
Since {e1, ¢a, - -+ , ¢k} are linearly independent, by (9.4) and (9.5) we have
r=y=z.
This is a contradiction. m|

Definition 9.1.5. Let A be an m x n real matrix with rank(4) =
m < n and b € R™. Let

K ={x €R": Ax =b, and z > 0}.

Let B be an m x m invertible submatrix of A whose columns constitute
a basis for the column space of A. If x € K assumes zero values for
all n — m coordinates not associated with B, z is called a basic fea-
sible solution with respect to the basis B. The coordinates of basic
feasible solution x associated with B are called basic variables. The
coordinates of basic feasible solution x not associated with B are called
nonbasic variables.
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The conclusion of Theorem 9.1.4 implies that z € K is an extreme point if and
only if x is a basic feasible solution with respect to some basis of the column
space of A.

Now we discuss how a basic feasible solution is related to optimality.

Theorem 9.1.6. Let A be an m xn real matrix with rank(A) =m < n
and b € R™. Let

K ={x eR": Ax =b, and z > 0}.
i) If K # (), then there exists a basic feasible solution = € K;

ii) If K contains an optimal solution, then it contains a basic feasible
solution which is optimal.

Proof. i) Suppose that K # (). Then there exists x = (z1, z2, - -+, xp) € K
such that

xr1C1 + X2C2 + -+ XTpcy = b,

where A = [¢1 : ¢a ¢ -++ : ¢y). Assume that z has k nonzero coordinates.
Without loss of generality, we assume that

T1c1 + ToCo + - + TRCE = b0 (9.6)
If {c1, co, - , ¢ } is linearly independent, then k < m and z is a basic feasible
solution.
If {¢1, ca, -+ ,ck} is linearly dependent, there exists a nontrivial linear
combination of {c1, ¢a, - -+ , ¢k} such that
yic1 + yaco + - - + ypcx = 0. (97)

Then for every € € R, we obtain from (9.6) and (9.7) that
(1 —ey1)er + (w2 — eya)ca + -+ + (T — eyp)cp = b.

Let
oy

€ = min {—Z:yi>0}>0.
ie{1,2,,k} (Vi

Then = — ey € K where y = (y1, y2, -+ ,yx) has at most k — 1 positive
coordinates. By the same token we repeat the same process on x — egy € K
to obtain a feasible solution x — ¢’y € K until the corresponding columns of
A are linearly independent and hence x — €’y is a basic feasible solution.

ii) Let © = (z1, @2, - -+, n) € K be an optimal feasible solution. Assume
that = has k nonzero coordinates. Without loss of generality, we assume that

T161 + ToCy + -+ + a0 = b. (9.8)
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If the columns {c1, co, - -+ ,ci} of A are linearly independent, then k < m
and z is a basic feasible solution and is optimal.
If the columns {ci, ca, -+, ci} of A are linearly dependent, by the same

procedure as for the proof of i), we can reduce x into a basic feasible solution.
It remains to show that z — ey is optimal for every e. Note that z — ey is a
feasible solution for every e and the value of the objective function at x — ey
is

e —ecly.

If ¢Ty # 0, we can choose € # 0 so that ¢c”z —€'c’y # ¢"x and = — ey is another
optimal feasible solution. This is a contradiction. Hence ¢’y = 0 and = — ey is
an optimal feasible solution for every €, which can be reduced into an optimal
basic feasible solution. O

Theorems 9.1.4 and 9.1.6 imply that we need only to search among the
extreme points, or, equivalently, the basic feasible solutions for optimal solu-
tions, instead of searching among infinitely many feasible solutions. For small
scale problems we may visualize the feasible region to locate the extreme
points and find the optimal solution. In the next section, we introduce the
simplex method for solving linear programming problems which includes an
approach to transfer from one extreme point to another without geometrical
visualization of the feasible region.

Exercise 9.1.7.
1. Determine whether the following problem has a feasible solution.

minimize 1 + X9
x

11 1] |
subject to {_1 1 _J ig = {2] ,and x = (z1, z2, x3) > 0.
3

2. Draw a graph of the feasible region of the following optimization problem
and find an optimal solution.

minimize x1 — o
xr

T
subject to  [1 1 1] |a2| =1, and z = (z1, @2, 3) > 0.
3

3. Show that every vector space is a convex set.

4. Let V be a real vector space. Let A = {x1, 22, - -+ ,2,} be a subset of V
and

CO(A):{Z)\lxl)‘l+)\2++)\n:17 >\7,2077’:17 277n}
i=1

Show that co(A) is a convex set. (We call it the convex hull of A.)
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5. Let A be an m x n real matrix with rank(A4) = m < n and b € R™. Let
K={zeR": Az =b, and = > 0}.
Show that there are finitely many extreme points in K.

6. Let A be an m X n real matrix, b, y € R™ and d, x € R™. Consider the
following two optimization problems:

minimize d'x
v (A)
subject to Az <b,and z >0

and

minimize d’z
(z,y)
. (B)
subject to  [A: I] [y} =Az+y=>b,and z >0,y > 0.

Show that «* is an optimal solution of (A) if and only if (z*, 0) is an optimal
solution of (B).

9.2 Simplex method

In the last section, we learned that optimal solutions of linear program-
ming are among the extreme points, or, equivalently, among the basic feasible
solutions. The simplex method for solving linear programming problems
developed by George B. Dantzig in 1947 is a procedure which transfers from
a basic feasible solution to another until an optimality condition is satisfied.

Initial basic feasible solution

The first question is how to find the initial basic feasible solution in order
to begin the procedure of the simplex method. Let A be an m x n real matrix
with rank(A4) =m < n and b € R™ and ¢, x € R™. Consider

minimize d’x
z (9.9)
subject to Az =b, and z > 0.

We assume b > 0 since we may multiply the corresponding equation by minus
one if there exists a negative coordinate of b. However, it is not obvious to
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identify a basic feasible solution for problem (9.9). So we consider the following
auxiliary problem

m
minimize E Uj
=1

(@, u) (9.10)

subject to Ax+wu=0b,and z >0, u > 0.

The auxiliary problem (9.10) has a trivial basic feasible solution (z, u) = (0, b)
from which we may proceed with the simplex method to find an optimal
solution if it exists.

If the minimum value of (9.10) is zero with uw = 0, then it has a basic
feasible solution (z*, 0) where z* is a basic feasible solution of problem (9.9).
If the minimum value of (9.10) is nonzero then u # 0 and (9.9) has no feasible
solution because, otherwise, (9.10) should have achieved zero minimum.

Transfer of extreme points

In the following, we illustrate how to transfer from one basic feasible so-
lution to another. For notational convenience, we assume that A = [, : ¢, :
- : ¢y and problem (9.9) has a basic feasible solution (zp, 0) € R™ where
xp = (x1, 2, -+, Ty,). (In practice the columns of I, may appear in any
column of A.) Then we have

T1C1 + ToCy + -+ TpCm, = b. (9.11)
Noticing that {c1, c2, -+ -, ¢} are linearly independent, each column ¢,, p >
m can be written as a linear combination of the columns {¢1, 2, -+, ¢}

which are a basis for the column space of A. Namely,
a1pC1 + G2pC2 + + + + AmpCm, = Cp. (9.12)
For every € > 0, multiplying (9.12) by € and subtracting from (9.11) we have
(x1 — earp)c1 + (2 — €agp)ea + -+ + (T — €amp)em +€cp =D, (9.13)

If e = 0, we have the old basic feasible solution. If € > 0 changes from zero,
the coefficients of the linear combination in (9.13) are positive, until € reaches
the value:

€p = min {ﬁ iy > 0} . (9.14)

Qip

Let 79 be the row index where ¢( is achieved. Then the basis vector c;, at
the ip-th column is to be moved out. Since a;,p > 0, {c1, c2, -+, Cm, e \{Ci }
is linearly independent and we obtained a new basic feasible solution:

(1 — €0@1p, * -+, Tig—1 — €0Gig—1,p; 0, Tig41 — €igy1p,
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T — €0Qmp, 0, -+, 0, €0, ---,0), (9.15)

where the € is the p-th coordinate. Let us use an example to show the above
process.

Example 9.2.1. Consider the system Az = b with augmented matrix given
by

c1 c2 c3 ¢4 c5 |0
1 0 0 =2 1 |3
0o 1 0 4 (2
00 1 5 —3]1

where = (3, 2, 1, 0, 0) is a basic feasible solution with the corresponding
columns {c1, co, c3} linearly independent. Namely, z1, x2, x3 are basic vari-
ables. If we want to bring c¢5 into the basis for the column space, we choose

. Zq
€0 Zmln{— D Qs > 0}
v a5
. 3 2
=minq -, —
1’1
:2,

which is achieved at x2 = 2, as5 = 1. Namely ip = 2. ¢o will be removed and
{c1, c3, ¢c5} is the new basis. Using the expressions at (9.15), the new basic
feasible solution is

(3-2-1,2-2-1,1-2-(=3),0,2) = (1,0, 7,0, 2).

If we use the pivot ass in c¢5 to reduce other entries in the column to zero, we
obtain

C1 C2 C3 C4 Cs b
1 -1 0 -6 0 |1
o 1 0 4 (D2
0 3 1 17 0 |7

The new basic variables are x1, x3, x5 whose values are contained in the last
column for b. O

Remark 9.2.2. From Example 9.2.1, we know that if the augmented matrix
[A : b] is in the reduced row echelon form, there is a basic feasible solution
contained in the last column. During the process of transferring from one ex-
treme point to another, if we reduce the basis vectors to have only one nonzero
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entry, then a basic feasible solution can be constructed according to the or-
der of the basic variables. For instance, in the second tableau, {c1, cs, ¢5} are
basis columns and the corresponding basic feasible solution is (1, 0, 7, 0, 2).

Remark 9.2.3. If none of the a;,’s in (9.14) is positive, then all the coeffi-
cients of the column vectors in (9.13) increase, as € increases, while no new
basic feasible solution can be identified. However, this means that there exists
feasible solutions with arbitrarily large coefficients and the feasible region K
is unbounded.

Remark 9.2.4. It may happen that the ¢y = ;—Op = 0in (9.14), which implies
that the new and old basic variables during the transfer are both zero, and
the objective function will not change value. In such a case the process of
carrying out the simplex method may enter into a cycle. We call this case a
degenerate case. However, cycling is not common and can be avoided in the
coding practice.

Optimality condition

After we learn how to transfer from one extreme point to another, we need
to know when optimality has been achieved so that the process should stop.

Let A be an m x n real matrix with rank(A) = m < n and b € R™ and
d, x € R". Consider problem (9.9). Suppose that (zp, 0) with x5 € R™ is a
basic feasible solution and that A = [I,;, : ¢mt1 @ -+ ¢n] which is achievable
using elementary row operations and/or renaming of the variables.

The value of the objective function at (x5, 0) = (b, 0) is

2o = d5b,
where dg = [d1, da, - -+ ,d]. To justify the current basic feasible solution z =
(xp, 0) is optimal, we need to show that any other possible feasible solution
will not lower the value of the objective function. Let {e1, ea, -+ , e} be the
standard basis of R™. We have for every feasible solution x = (x1, x2, - -+ , &)
of Az =bwith A= [l : Cpy1: - Cnl,
T1e1 + Toes + - -+ Tmem = b — Tyi1Cmt1 — Tm42Cm42 — -+ — TpCp-
(9.16)
Multiplying both sides of (9.16) with d%, we have
m
Zdixi =dizy +doxa + -+ + dpTim
i=1
(9.17)
= d:gb — xm+1d£cm+1 — xm+2d§cm+2 — - —xpdpey
=zp — xm+1dgcm+1 — xm+2d£cm+2 — = xndgcn.
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Then we have

d'z =20 + (dmt1 — d5Cm41)Tmr1 + (dmy2 — d5Cms2)Tmi
4+ (dy — den)Tn. (9.18)

Notice that any other feasible solution z satisfies z > 0. If r; = d; —d5c; > 0
for every j € {1, 2, --- ,n}, we have the value of the objective function:

z:deZzo.

Namely zp is the optimal value achieved at the current basic feasible solution
(xp, 0). We have arrived at the following optimality condition theorem.

Theorem 9.2.5. Let A =[c; :ca: - :¢y] be an m X n real matrix
with rank(A) =m < n, b € R™, d, v € R" and d = [dy, do, -+ - , dy].
Consider the linear programming problem

minimize  d’x
x
subject to Az =b, and z > 0.

If (zp, 0) € R™ is a basic feasible solution, and r; = dj — d%¢; > 0 for
every j € {1, 2, --- ,n}, then (zp, 0) is an optimal solution.

Remark 9.2.6. Suppose that the initial basic variables are corresponding to
the first m columns of A, which is the m x m identity matrix I,,; then for
j=1,2,---,m, we have

5 :dj—dZBCj :dj—dj =0.
Namely, r; corresponding to basic variables are zero. O

Exercise 9.2.7.

1. Let A be an m X n real matrix with rank(A) = m < n and b € R™ and
d, © € R™. Consider

minimize d’z
xT

subject to Az =b, and z > 0.

Let  be a basic feasible solution with respect to a basis B which is an m x m
submatrix of A and each column of B contains only one nonzero entry which
is 1. Suppose that the ig-th column of A contained in B is replaced with
the p-th column of A not contained in B in order to transfer from one basic
feasible solution x = ag to another basic feasible solution, resulting in a new

www.Engineeringbookspdf.com



212 Concise Introduction to Linear Algebra

equivalent system A’z = b’ where the new basic feasible solution corresponds
to a basis which contains only one nonzero entry 1. Show that

a
r ip .
Ay5 =045 — —a‘ Qg5 s 1 F 10,
wop
a _ Qigj

i0]

QAiop

9.3 Simplex tableau

We have discussed the theory for the simplex method in the last section.
We discuss in this section the technical details how to carry out the algorithm
of the simplex method. Since the method for the transfer of extreme points
of Az = b, z > 0 was shown in the last section on augmented matrix, what
is left is the details on how to check the optimality conditions at each step of
the transfer.

The optimality condition is derived from the objective function z = d” z,
or explicitly

dix1 +doxs + - +dpxy, — 2z =0. (919)

If we want to append this equation to the augmented matrix [A : b], then we
need a separate column to record the coefficients of z during elementary row
operations. However, this is not necessary since if we do include the coefficients
of z with Az = Ax+ 0z = b, the coefficients of z will be all zeros and the only
nonzero coefficient of z would always be —1 in the last row. Namely, if we do
carry coefficients of z, the corresponding column of coefficients will always be
[0,0,--,0,—1]".

At the initial tableau, we append the coefficient d of x to the augmented
matrix [A : b] and place the right hand side 0 of (9.19) at the last column.
Using elementary row operations we can eliminate the basic variables from the
objective function so that we have (9.18) and the first tableau for the linear
programming problem, which is called a simplex tableau. Namely, we have

Tm+1Tm+1 + Tm+4+2Tm+2 + A, — 2= —Z20,

from which we check the optimality condition whether r; > 0 for every j =
1,2, ---,n. Let us use a concrete example to show the implementation of
the simplex method, which contains two phases: Phase I shows how to find
the initial basic feasible solution; Phase II shows how we begin with the last
tableau of Phase I to find the optimal solution of the linear programming
problem. We summarize the algorithm after the example.
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Example 9.3.1.

minimize 2z + 3y
subject to xz+2y+z = 8 (9.20)
3r+4y+2 = 18
z,y,z > 0

Solution: To find the initial basic feasible solution, we consider the following
auxiliary problem:

minimize Uy + Uz
subject to  x+2y+z+u; = 8 (9.21)
3r+4dy+z4+uy = 18
T,y 2z, u, uz = 0

The initial simplex tableau is

Cl C2 C3 C4 Cjh b
1 2 1 1 0
3 4 1 0 1|18
0 0 1 1 0

where the last row stands for the objective function u; + ug — f = 0. We use
elimination to reduce the entries of the last row under the basic variable zero.
Then the first simplex tableau is

C1 Ca C3 C4 Cs b

Reer, 12 1 1 0] 8
—_——

R3—Ry @ 4 1 0 18

-4 -6 -2 0 0| —26

—_

{c4, ¢5} is the current basis with basic feasible solution x = (0, 0, 0, 8, 18).
To have a basic feasible solution, we use two steps to remove {c4, ¢5} from
the basis. First we bring ¢; into the basis,

e—m_in{ﬁ Dag > 0}
i aq
. [8 18
=min{ -, —
1" 3

:6’

which is achieved at ig = 2. Note that in this case the basic variables are not
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in the first columns and the subscript i for z; indicates the value of the basic
variable in the i-th row.
Using the pivot circled in the first simplex tableau, we have

€1 C2 c3 C4 Cp b
2 _1
% Ri1—Ry 0 @ 3 1 3 2
Rs—R 4 1 1
ol g 3 0 g 6
2 2 4
0 -5 -5 0 3| —2

We have the new basis {c4, ¢1}. Next we bring ¢y into the basis and obtain

7
e—mjn{—l D > 0}
7 (07%)
. 2 6
= min 2, g
3 3

:37

which is achieved at 7 = 1. We obtain that

1 C2 C3 Cq Cs

3R1  R3+iR, 0 1 1 2 %
——
Ry—%R, 1 0 -1 -2 1

0 O 0 1 1

Sl N W o

Therefore (2, 3, 0, 0, 0) is a basic feasible solution such that the auxiliary
problem (9.21) is minimized with objective function value 0. Hence (2, 3, 0)
is a basic feasible solution of the original problem (9.20).

Notice that the columns ¢y, ¢z, c3 and b are common for both (9.20) and
(9.21). Therefore we can reuse it for the next steps. We remove the columns
for ¢4 and c¢5 and update the last row by the coefficients of the new objective
function.

ci ¢ c3 | b
0 1 113

0 —11(2
2 0fo
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Eliminating the entries below the basic variables, we have the first simplex
tableau:

C1 C2 C3 b

R3—3R, 0 1 @ 3
_

R3—2R5 1 0 -1 2

0 0 —-1|-13

Since the optimality condition is not achieved with r3 = —1, we bring c3 into
the basis:

. X
€ =min ~ap >0
4 a3

i

:37

which is achieved at 7 = 1. We have

Ci1 C2 C3

Ro+ Ry 0 1 1 3
Rs+Ry 1 1 0 5

0 1 0| —-10

which implies that the optimality is achieved and the basic feasible solution
is (5, 0, 3) with minimal objective function value 10. ]

In summary, we carried out the following algorithm for the linear program-
ming problem (9.9):

Step 1: Write the system Ax = b such that b > 0, remove any redun-
dant equations such that rank(A) = m < n and formulate the
auxiliary problem (9.10) for a basic feasible solution of (9.9);

Step 2: Write the augmented matrix [A : I, : b] for Az+u = b and place
the coefficients d for the objective function d”x — z = 0 at the
last row with zero in the column for b, ignoring coefficients for z.
We call the matrix so obtained the initial tableau for (9.10);

Step 3: Use elementary row operations to reduce the nonzero entries un-
der the columns of the basic variables u into zero. We call the
matrix so obtained the first tableau for (9.10);
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Step 4: Transfer the extreme points so that u is no longer the basic vari-
able. At each transfer, the column to be moved out and to be
replaced by a specified column c,, 1 < p < n —m is the one
corresponding to the basic variable whose value is in row 7o such

that
. L4
e:mm{—:aip>0};
[ Aip

Step 5: Check the optimality condition, that is, whether coefficients in
the last row satisfy r; > 0 for 1 < j < n + m, and whether the
objective function is zero. If the optimal solution is nonzero, (9.9)
has no feasible solution. The algorithm stops. Otherwise, the first
n—m coordinates of the basic feasible solution currently obtained
are a basic feasible solution for (9.9);

Step 6: Delete the columns for u and the last row of the last tableau
obtained in Step 5, and update the last row by the coefficients of
the new objective function of (9.9). We obtain the initial tableau
for (9.9);

Step 7: Use elementary row operations to reduce the nonzero entries un-
der the columns of the basic variables into zero. We call the
matrix so obtained the first tableau for (9.9);

Step 8: Check the optimality condition on the current tableau, that is,
whether coefficients in the last row satisfy r; > 0 for 1 < j <n.
If yes, then the values of the basic feasible solution are given in
the last column and the negative of the objective function value
—2zp is in the right lower corner;

Otherwise, transfer the extreme points to achieve optimality. At
each transfer, the column to be moved out and replaced by a
specified column c¢,, 1 < p < n is the row number ¢y such that

g L
€e=mins — :a; >0,.
i Aip

Exercise 9.3.2.

1. Determine whether the following linear program has a basic feasible solu-
tion:

minimize 2x 4 3y
subject to x+2y+2z = 8
3r+4y+z2 = 28
z,y,z > 0
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Linear programming

. Solve the following linear programming problem.

minimize r+y
subject to x+2y+z = 8
3r+4y+2 = 18
z,y,z2 > 0
. Solve the following linear programming problem.
minimize 2z + 3y
subject to x+2y > 8
3z +4y > 18
z,y > 0.
. Solve the following linear programming problem.
maximize 2z + 3y
subject to x+2y < 8
3z +4y < 18
z,y > 0.
. Solve the following linear programming problem.
minimize 2 — 3y
subject to x+2y+z = 8
3r+4y+2 = 18
z,y,z2 > 0
. Solve the following linear programming problem.
maximize —2x 4 3y
subject to x+2y+2z = 8
3z+4y+z = 18
z,y,z2 > 0
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Gram—Schmidt process, 93

Householder matrix, 42, 99
Householder transformation, 99
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identity matrix, 9

infinity norm, 134

injective map, 171

inner product, 72

inner product space, 72

invariant subspace, 77, 179

inverse, 27

inversions, 103

invertible linear transformation,
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invertible matrix, 27

Jordan basis, 188
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Jordan normal form, 184, 189
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least squares solution, 87
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linearly dependent, 11
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matrix, 8
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nonbasic variables, 204
normal system, 87
nullspace, 51

objective function, 202
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one-to-one map, 171

onto map, 171

orthogonal, 72

orthogonal basis, 92
orthogonal complement, 74
orthogonal matrix, 41
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parallelogram law, 84
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pivot, 17

polar decomposition, 163
polynomial interpolation, 89
positive definite matrix, 149
positive semidefinite, 152
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175
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Rayleigh quotient, 160

reduced singular value
decomposition, 158

representation matrix of linear
transformation, 172
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Schur factorization, 148

Schwarz inequality, 6

similar matrices, 127

singular matrix, 27

singular value decomposition, 157
singular values, 156
skew-symmetric, 43

spectral decomposition, 145
surjective map, 171

symmetric matrix, 37

trace, 127

transition matrix, 65
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triangle inequality, 7
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