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PREFACE

Linear algebra has evolved as a branch of mathematics with wide range of
applications to the natural sciences, to engineering, to computer sciences, to
management and social sciences, and more.

This book is addressed primarely to second and third your college students
who have already had a course in calculus and analytic geometry. It is the
result of lecture notes given by the author at The University of North Texas
and the University of Texas at Austin. It has been designed for use either as a
supplement of standard textbooks or as a textbook for a formal course in linear
algebra.

This book is not a ”traditional” book in the sense that it does not include
any applications to the material discussed. Its aim is solely to learn the basic
theory of linear algebra within a semester period. Instructors may wish to in-
corporate material from various fields of applications into a course.

I have included as many problems as possible of varying degrees of difficulty.
Most of the exercises are computational, others are routine and seek to fix
some ideas in the reader’s mind; yet others are of theoretical nature and have
the intention to enhance the reader’s mathematical reasoning. After all doing
mathematics is the way to learn mathematics.

Marcecl B. Finan
Austin, Texas
March, 2001.
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Chapter 1

Linear Systems

In this chapter we shall develop the theory of general systems of linear equations.
The tool we will use to find the solutions is the row-echelon form of a matrix. In
fact, the solutions can be read off from the row- echelon form of the augmented
matrix of the system. The solution technique, known as elimination method,
is developed in Section 1.4.

1.1 Systems of Linear Equations

Many practical problems can be reduced to solving systems of linear equations.
The main purpose of linear algebra is to find systematic methods for solving
these systems. So it is natural to start our discussion of linear algebra by study-
ing linear equations.

A linear equation in n variables is an equation of the form
a1x1 + asxy + ... +apr, =b (1.1)

where 1, 3, ..., x,, are the unknowns (i.e. quantities to be found) and a1, -, a,
are the coefficients ( i.e. given numbers). Also given the number b known as
the constant term. Observe that a linear equation does not involve any prod-
ucts, inverses, or roots of variables. All variables occur only to the first power
and do not appear as arguments for trigonometric, logarithmic, or exponential
functions.

Exercise 1

Determine whether the given equations are linear or not:
(a) le - 4932 + 51‘3 = 6.

(b) 41’1 - 51’2 = T1T9.

(c) x2 =2\/x1 — 6.

(d) x1 +sinzs + xz3 = 1.

(e) x1 — x3 + 3 = sin 3.
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Solution

(a) The given equation is in the form given by (1.1) and therefore is linear.

(b) The equation is not linear because the term on the right side of the equation
involves a product of the variables z; and x,.

(c) A nonlinear equation because the term 2,/z; involves a square root of the
variable x.

(d) Since x5 is an argument of a trigonometric function then the given equation
is not linear.

(e) The equation is linear according to (1.1) W

A solution of a linear equation (1.1) in n unknowns is a finite ordered col-
lection of numbers s1, sg, ..., s, which make (1.1) a true equality when z; =
81,y = 8o, +, Ty = S, are substituted in (1.1). The collection of all solutions
of a linear equation is called the solution set or the general solution.

Exercise 2
Show that (5 + 4s — Tt, s, t), where s,t € IR, is a solution to the equation

T, — 4xo + Tx3 = 5.

Solution
1 =5+4s —Tt,zo = s, and x3 =t is a solution to the given equation because

X1 —4xo+Tes = (5+4s—Tt) —4s+ 7t =51

A linear equation can have infinitely many solutions, exactly one solution or no
solutions at all (See Theorem 5 in Section 1.7).

Exercise 3

Determine the number of solutions of each of the following equations:
(a) 0%1 + 0.’E2 =35.

(c) x1 — 4y + Txg = 5.

Solution.

(a) Since the left-hand side of the equation is 0 and the right-hand side is 5 then
the given equation has no solution.

(b) By dividing both sides of the equation by 2 we find that the given equation
has the unique solution x; = 2.

(¢) To find the solution set of the given equation we assign arbitrary values s
and ¢ to x2 and x3 , respectively, and solve for x1, we obtain

Ty = H+4s—Tt
T2 = S
r3 = t

Thus, the given equation has infinitely many solutions W
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s and t of the previous exercise are referred to as parameters. The solu-
tion in this case is said to be given in parametric form.

Many problems in the sciences lead to solving more than one linear equation.
The general situation can be described by a linear system.

A system of linear equations or simply a linear system is any finite col-
lection of linear equations. A particular solution of a linear system is any
common solution of these equations. A system is called consistent if it has a
solution. Otherwise, it is called inconsistent. A general solution of a system
is a formula which gives all the solutions for different values of parameters (See
Exercise 3 (c) ).

A linear system of m equations in n variables has the form

1121 + a12T9 + ... + 1Ty =b
a21T1 + 22T + ... + G2, Ty =by
Am1X1 + 2o + oo + Gn®n = bm

As in the case of a single linear equation, a linear system can have infinitely
many solutions, exactly one solution or no solutions at all. We will provide a
proof of this statement in Section 1.7 (See Theorem 5). An alternative proof of
the fact that when a system has more than one solution then it must have an
infinite number of solutions will be given in Exercise 14.

Exercise 4
Find the general solution of the linear system

X1 + o = 7
2.’E1 + 41’2 = 18.

Solution.

Multiply the first equation of the system by —2 and then add the resulting
equation to the second equation to find 2z = 4. Solving for x5 we find x5 = 2.
Plugging this value in one of the equations of the given system and then solving
for 1 one finds x1 =5 W

Exercise 5
By letting x3 = t, find the general solution of the linear system
Xr1 + To + T3 = 7
2(E1 + 41’2 + x3 = 18.
Solution.
By letting x5 = t the given system can be rewritten in the form
r1T + 12 = 7T—1t
201 + 4z = 18 —t.

By multiplying the first equation by —2 and adding to the second equation one
finds zo = %. Substituting this expression in one of the individual equations
of the system and then solving for x; one finds z; = % [ |
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1.2 Geometric Meaning of Linear Systems

In the previous section we stated that a linear system can have exactly one solu-
tion, infinitely many solutions or no solutions at all. In this section, we support
our claim using geometry. More precisely, we consider the plane since a linear
equation in the plane is represented by a straight line.

Consider the z1x9 — plane and the set of points satisfying azi + bxy = c. If
a =b =0 but ¢ # 0 then the set of points satisfying the above equation is
empty. If a = b = ¢ = 0 then the set of points is the whole plane since the
equation is satisfied for all (z;,zs) € IR?.

Exercise 6
Show that if a # 0 or b # 0 then the set of points satisfying ax; + bro = ¢ is a
straight line.

Solution.

If @ # 0 but b = 0 then the equation 1 = £ is a vertical line in the z;z2-plane.
If a = 0 but b # 0 then 3 = § is a horizontal line in the plane. Finally, sup-
pose that a # 0 and b # 0. Since x5 can be assigned arbitrary values then the
given equation possesses infinitely many solutions. Let A(a1,az), B(b1,bs), and
C(e1,c2) be any three points in the plane with components satisfying the given

equation. The slope of the line AB is given by the expression map = gf:—ﬁ
whereas that of AC' is given by mac = ﬁ From the equations aay +bag = c

and aby + bba = c¢ one finds 22_22 = —%. Similarly, 22 Zf = . This shows

that the lines AB and AC are parallel. Smce these lines have the point A in
common then A, B, and C' are on the same straight line il

The set of solutions of the system

ary + bry =
adry + bz = ¢

is the intersection of the set of solutions of the individual equations. Thus, if the
system has exactly one solution then this solution is the point of intersection of
two lines. If the system has infinitely many solutions then the two lines coincide.
If the system has no solutions then the two lines are parallel.

Exercise 7
Find the point of intersection of the lines x1 — 5o = 1 and 2x1 — 3z = 3.

Solution.

To find the point of intersection we have to solve the system
1, — dry = 1
2.’171 — 3332 = 3.

Using either elimination of unknowns or substitution one finds the solution
12 1
1 =,22=7%-1
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Exercise 8
Do the three lines 2x1 + 3xo = —1, 621 + bzy = 0, and 2x1 — bxo = 7 have a
common point of intersection?

Solution.
Solving the system
201 + 3z = -1
6561 + 5172 = 0
we find the solution z; = g,l’z = —%. Since 2x1 — bxoy = g + % =5 # 7 then

the three lines do not have a point in common W

A similar geometrical interpretation holds for systems of equations in three
unknowns where in this case an equation is represented by a plane in IR?. Since
there is no physical image of the graphs for linear equations in more than three
unknowns we will prove later by means of an algebraic argument(See Theorem
5 of Section 1.7) that our statement concerning the number of solutions of a
linear system is still valid.

Exercise 9
Consider the system of equations

ary + bhiry =
asr; + bgl‘g = Co
asry + b3l’2 = (3.

Discuss the relative positions of the above three lines when

(a) the system has no solutions,
(b) the system has exactly one solution,
(c) the system has infinitely many solutions.

Solution.

(a) The lines have no point of intersection.
(b) The lines intersect in exactly one point.
(¢) The three lines coincide B

Exercise 10
In the previous exercise, show that if ¢y = co = c3 = 0 then the system has
always a solution.

Solution.
If ¢; = ¢co = c3 then the system has at least one solution, namely the trivial
solution x1 = 2o =0 W
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1.3 Matrix Notation

Our next goal is to discuss some means for solving linear systems of equations.
In Section 1.4 we will develop an algebraic method of solution to linear systems.
But before we proceed any further with our discusion, we introduce a concept
that simplifies the computations involved in the method.

The essential information of a linear system can be recorded compactly in a
rectangular array called a matrix. A matrix of size m X n is a rectangular
array of the form

ay; a2 ... Qin
a1 a2 cee aon
Am1 Am2 ver Qmn

where the a;;’s are the entries of the matrix, m is the number of rows, and n
is the number of columns. If n = m the matrix is called square matrix.

We shall often use the notation A = (a;;) for the matrix A, indicating that a;;
is the (4,7) entry in the matrix A.

An entry of the form a;; is said to be on the main diagonal. An m X n matrix
A with entries a;; is called upper triangular (resp. lower triangular) if the
entries below (resp. above) the main diagonal are all 0. That is, a;; = 0 if i > j
(resp. i < j). Ais called a diagonal matrix if a;; = 0 whenever ¢ # j. By a
triangular matrix we mean either an upper triangular, a lower triangular, or a
diagonal matrix.

Further definitions of matrices and related properties will be introduced in the
next chapter.

Now, let A be a matrix of size m X n and entries a;;; B is a matrix of size
n X p and entries b;;. Then the product matrix is a matrix of size m x p and
entries

Cij = @inbij + aioboj + - + Qinby;

that is ¢;; is obtained by multiplying componentwise the entries of the ith row
of A by the entries of the jth column of B. It is very important to keep in mind
that the number of columns of the first matrix must be equal to the number of
rows of the second matrix; otherwise the product is undefined.

Exercise 11
Consider the matrices

41 4 3
A(;zé),B 0 -1 3 1
25 7 5 2

Compute, if possible, AB and BA.
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Solution.
We have
4 1 4 3
AB = (;§3>0—131
2 7 5 2
- 448 1-2428 44+6+20 3+2+38
o < 8 2—06 8418 646 )

B 12 27 30 13

- 8 —4 26 12 )
BA is not defined since the number of columns of B is not equal to the number
of rows of A R

Next, consider a system of linear equations

a1y + a12x2 + ...+ A1 Ty = bl
9121 + A22%2 + ... + AonTy = bQ
Am1%1 + Qoo + ... + GnTn = by,

Then the matrix of the coefficients of the x;’s is called the coefficient matrix:

ail ai2 e A1n
A= a1 a2 e a2n
am1 Am2 ..« QAmn

The matrix of the coefficients of the z;’s and the right hand side coefficients is
called the augmented matrix:

a1 ai2 e A1n b1
a21 as2 a9n b2
am1 Am2 ... Omn bm
Finally, if we let
x1
Z2
xr=
T
and
b1
ba
b= .



12 CHAPTER 1. LINEAR SYSTEMS

then the above system can be represented in matrix notation as

Ax =b.
Exercise 12
Consider the linear system
1 — 229 4+ x3 = 0
20y — 8xz = 8
74%1 + 5.%2 + 91’3 = —9.

(a) Find the coefficient and augmented matrices of the linear system.
(b) Find the matriz notation.

Solution.
(a) The coefficient matrix of this system is

1 -2 1
0 2 =8
-4 5 9

and the augmented matrix is

1 -2 1 T1 0
0 2 =8 T | = 8 |m
-4 5 9 T3 -9

Exercise 13
Write the linear system whose augmented matriz is given by

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

Solution.
The given matrix is the augmented matrix of the linear system

21‘1 — xT9 = -1
—-3r1 4+ 2z9 + x3 = 0
T2 + X3 3
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Exercise 14

(a) Show that if A is an m X n malriz, x,y are n X 1 matrices and o, are
numbers then A(ax + By) = aAz + GAy.

(b) Using the matriz notation of a linear system, prove that, if a linear system
has more than one solution then it must have an infinite number of solutions.

Solution.
Recall that a number is considered an 1 x 1 matrix. Thus, using matrix multi-
plication we find

a1 a1z -+ Gip azy + By

Q21 G2 - G2y azy + By
Alazx + By) = .

am1 Am2 o Qmn QT + 6yn

alai1z1 + a122 + - - + a10%y) + Blar1yr + a12y2 + -+ - + G10Yn)

a(amiry + amazs + - + Gmn®n) + B(amiy1 + amay2 + - + GmnYn)

a11T1 + 12T + -+ A1pTy a11Y1 + a12y2 + - + G1pYn
= «a +6 :
Am1T1 + Am2T2 +--- 4+ AmnTn am1Y1 + Am2Y2 + -+ AmnYn
= oAz + GAy.

(b) Let X7 and Xo be two solutions of Az = b. For any ¢t € IR let X; =
tX1+(1—t)Xs. Then AX; =tAX1+(1—t)AXs =tb+ (1 —t)b = b. That is, X;
is a solution to the linear system. Note that for s # t we have X; # X;. Since
t is arbitrary then there exists infinitely many X;. In other words, the system
has infinitely many solutions W

1.4 Elementary Row Operations

In this section we introduce the concept of elementary row operations that will
be vital for our algebraic method of solving linear systems.

We start with the following definition: Two linear systems are said to be equiv-
alent if and only if they have the same set of solutions.

Exercise 15
Show that the system

I — 31’2 = -7

201 + X9 = 7
1s equivalent to the system

8.’E1 — 31’2 = 7

3r1 — 29 = 0

102, — 220 = 14
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Solution.

Solving the first system one finds the solution z; = 2, x5 = 3. Similarly, solving
the second system one finds the solution 1 = 2 and zo = 3. Hence, the two
systems are equivalent Wl

Exercise 16
Show that if x1 + kxo = ¢ and x1 + lxe = d are equivalent then k =1 and c = d.

Solution.

For arbitrary t the ordered pair (¢ — kt,t) is a solution to the second equation.
That is ¢ — kt + It = d for all t € IR. In particular, if t = 0 we find ¢ = d. Thus,
kt =1t for all t € R. Lettingt =1 wefind k=11

Our basic method for solving a linear system is known as the method of elim-
ination. The method consists of reducing the original system to an equivalent
system that is easier to solve. The reduced system has the shape of an upper
(resp. lower) triangle. This new system can be solved by a technique called
backward-substitution (resp. forward-substitution): The unknowns are
found starting from the bottom (resp. the top) of the system.

The three basic operations in the above method, known as the elementary
row operations, are summarized as follows.

(I) Multiply an equation by a non-zero number.

(II) Replace an equation by the sum of this equation and another equation mul-
tiplied by a number.

(III) Interchange two equations.

To indicate which operation is being used in the process one can use the follow-
ing shorthand notation. For example, r3 < %T’g represents the row operation of
type (I) where each entry of row 3 is being replaced by % that entry. Similar
interpretations for types (IT) and (III) operations.

The following theorem asserts that the system obtained from the original sys-
tem by means of elementary row operations has the same set of solutions as the
original one.

Theorem 1
Suppose that an elementary row operation is performed on a linear system. Then
the resulting system is equivalent to the original system.

Proof.

We prove the theorem only for operations of type (II). The cases of operations of
types (I) and (III) are left as an exercise for the reader (See Exercise 20 below).
Let

c1x1 + ez + -+ epr, =d (1.2)
and

a1r1 + asxo + - +apT, =b (1.3)
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denote two different equations of the original system. Suppose a new system is
obtained by replacing (1.3) by (1.4)

(a1 + ker)zr + (a9 + kea)xa + -+ - + (an + kep)x, = b+ kd (1.4)

obtained by adding k times equation (1.2) to equation (1.3). If s1, 82, -+, 8y is
a solution to the original system then

181+ 289 + -+ ¢S, =d
and
ais1 + ag82 + -+ apsS, = b.
By multiplication and addition, these give
(a1 + kc1)sy + (ag + kea)sa + -+ + (apn, + kep)s, = b+ kd.

Hence, s1, S92, -, Sy, is a solution to the new system. Conversely, suppose that
S1, 82, ++, 8y 1s a solution to the new system. Then

a151 + aa82 + -+ ansp = b+ kd — k(c181 +casa+ -+ cpsp) =b+ kd — kd =b.
That is, s1, 82, -, S, is a solution to the original system.l

Exercise 17
Use the elimination method described above to solve the system

rn + x> — w3 = 3
1 — 3xy 4+ 223 = 1
201 — 2x9 + x3 = 4.

Solution.
Step 1: We eliminate x; from the second and third equations by performing two
operations ro «— ro — 11 and r3 «— rg — 2r; obtaining

X1 + Zo — r3 = 3
— 41[,’2 + 3CE3 = -2
— 4z + 33 = -2

Step 2: The operation r3 « r3 — ry leads to the system

r1 + Ty — r3 = 3

— 4dxy + 33 = -2
By assigning z3 an arbitrary value t we obtain the general solution z; =
£+10 #, xg = t. This means that the linear system has infinitely many

— , Ty =
4 b
solutions. Every time we assign a value to ¢ we obtain a different solution W
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Exercise 18
Determine if the following system is consistent or not

31‘1 + 4.132 —+ T3 = 1
21‘1 + 3582 = 0
41’1 + 3£E2 - X3 = —2.

Solution.
Step 1: To eliminate the variable x; from the second and third equations we
perform the operations ro < 3ry — 2r; and r3 «— 3r3 — 4r; obtaining the system

31 + 4ry + r3 = 1
T — 2173 = —2
- Txy — Tzs = —10.

Step 2: Now, to eliminate the variable x3 from the third equation we apply the
operation r3 < 73 + 7ry to obtain

3%1 + 41’2 + r3 = 1
To — 2%3 = —2
— 2zy = —24.

Solving the system by the method of backward substitution we find the unique
solution x1 = —%, To = %, T3 = %. Hence the system is consistent B
Exercise 19
Determine whether the following system is consistent:
T — 331‘2 4
—3zr1 + 9z9 8.

Solution.

Multiplying the first equation by 3 and adding the resulting equation to the
second equation we find 0 = 20 which is impossible. Hence, the given system is
inconsistent W

Exercise 20

(a) Show that the linear system obtained by interchanging two equations is equiv-
alent to the original system.

(b) Show that the linear system obtained by multiplying a row by a scalar is
equivalent to the original system.

Solution.

(a) Interchanging two equations in a linear system does yield the same system.
(b) Suppose now a new system is obtained by multiplying the ith row by « # 0.
Then the ith equation of this system looks like

(air)xr + (az)xe + - + (@) z, = ad;. (1.5)
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If s1,s9, -+, 8, is a solution to the original system then
a;181 + ;282 + -+ + AinsSp = d;.

Multiply both sides of this equation by « yields (1.5). That is, s1, 82, -+, S, 18
a solution to the new system.

Now if s1, 9, -+, S5, is a solution to (1.5) then by dividing through by « we find
that s1,s9, -, s, is a solution of the original system W

1.5 Solving Linear Systems Using Augmented
Matrices

In this section we apply the elimination method described in the previous sec-
tion to the augmented matrix corresponding to a given system rather than to
the individual equations. Thus, we obtain a triangular matrix which is row
equivalent to the original augmented matrix, a concept that we define next.
We say that a matrix A is row equivalent to a matrix B if B can be obtained
by applying a finite number of elementary row operations to the matrix A.
This definition combined with Theorem 1 lead to the following

Theorem 2 Let Ax = b be a linear system. If [C|d] is row equivalent to [A|b]
then the system Cx = d is equivalent to Ax = b.

Proof.

The system Cxz = d is obtained from the system Az = b by applying a finite
number of elementary row operations. By Theorem 1, this system is equivalent
to Az =01

The above theorem provides us with a method for solving a linear system using
matrices. It suffices to apply the elementary row operations on the augmented
matrix and reduces it to an equivalent triangular matrix. Then the correspond-
ing system is triangular as well. Next, use either the backward-substitution or
the forward-substitution technique to find the unknowns.

Exercise 21
Solve the following linear system using elementary row operations on the aug-
mented matriz:

X1 — 232‘2 + I3 = 0
209 — 8x3 = 8
—4(E1 + 51’2 + 9.%3

|
|
©

Solution.
The augmented matrix for the system is

1 -2 1 0
0 2 -8 8
-4 5 9 -9
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Step 1: The operations ry «— %7’2 and rg <« r3 + 4r; give

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

Step 2: The operation r3 «— r3 + 3ro gives

1 -2 1 0
0 1 -4 4
0 O 1 3

The corresponding system of equations is

Ty — 2z + 3 = 0
T2 — 4Z‘3 = 4
r3 = 3

Using back-substitution we find the unique solution z1 = 29, x5 = 16,23 =3 R

Exercise 22
Solve the following linear system using the method described above.

T2 + 5.%3 = —4
I + 41’2 + 3%5 = -2
207 + Txzy + x3 = -—1.

Solution.
The augmented matrix for the system is

01 5 —4

1 4 3 -2

2 71 -1
Step 1:The operation 79 < ry gives

1 4 3 =2

01 5 —4

2 71 -1

Step 2: The operation r3 «— r3 — 2r; gives the system

1 4 3 =2
0 1 5 —4
0 -1 -5 3

Step 3: The operation r3 « r3 + ry gives

1 4 3 -2
01 5 —4
0 0 0 -1
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The corresponding system of equations is

Ty + 4rs + 3x3 = —2
To + 5333 = —4
0 = -1

From the last equation we conclude that the system is inconsistent Wl

Exercise 23

19

Solve the following linear system using the elimination method of this section.

T + 2x9 = 0
—x1 + 3z 4+ 33 = -2
) + T3 = 0.
Solution.
The augmented matrix for the system is
1 20 0
-1 3 3 -2
0 11 0

Step 1: Applying the operation ro < 19 + r1 gives

1 2 0 0
0 5 3 -2
01 1 0

Step 2: The operation ry <> r3 gives
12 0 0
011 O
0 5 3 -2

Step 3: Now performing the operation r3 < r3 — 5ry yields

1 2 0 0
01 1 0
0 0 -2 -2

The system of equations equivalent to the original system is

r1 -+ 21[,’2 = 0
Tro + r3 = 0
— 23?3 = -2

Using back-substitution we find 1 = 2,20 = —1,23 =11

Exercise 24
Determine if the following system is consistent.

T2 - 41’3 = 8
2017 — 3x9y + 23 = 1
5x17 — 8z + Tzy = 1.
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Solution.
The augmented matrix of the given system is

0 1 -4 8
2 -3 2 1
5 =8 7 1

Step 1: The operation r3 «— r3 — 2ro gives

0o 1 -4 8
2 -3 2 1
1 -2 3 -1

Step 2: The operation r3 < r1 leads to

1 -2 3 -1
2 -3 2
0 1 -4

Step 3: Applying ro «— ro — 271 to obtain

1 -2 3 -1
0o 1 -4 3
0o 1 -4 8

Step 4: Finally, the operation r3 «— r3 — ro gives

1 -2 3 -1
o 1 -4 3
0 O 0 )

oo

Hence, the equivalent system is

7 — 210 + 3xz3 = 0
xZ9 — 41‘3 = 3
0 = 5

This last system has no solution ( the last equation requires 1, z3, and z3 to
satisfy the equation O0x; + 0xg + Ozz = 5 and no such x1,x2, and x5 exist).
Hence the original system is inconsistent l

Pay close attention to the last row of the row equivalent augmented matrix
of the previous exercise. This situation is typical of an inconsistent system.

Exercise 25
Find an equation involving g, h, and k that makes the following augmented ma-
triz corresponds to a consistent system.

2 5 =3 ¢
4 7 —4 h
-6 -3 1 k
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Solution.
The augmented matrix for the given system is

2 5 =3 ¢
4 7 —4 h
-6 -3 1 k

Step 1: Applying the operations ry < 19 — 2r1 and r3 « r3 + 3r; give

2 5 =3 g
0 -3 2 h-—2g
0 12 -8 k+3g

Step 2: Now, the operation r3 «— r3 + 4rs gives

2 5 -3 g
0 -3 2 h—2g
0 0 0 k+4h—5yg

For the system , whose augmented matrix is the last matrix, to be consistent the
unknowns 1, 2, and x3 must satisfy the property Oxy+0xo+0x3 = —5g+4h—k,
that is =5g+4h+k =01

1.6 Echelon Form and Reduced Echelon Form

The elimination method introduced in the previous section reduces the aug-
mented matrix to a ”nice” matrix ( meaning the corresponding equations are
easy to solve). Two of the "nice” matrices discussed in this section are matrices
in either row-echelon form or reduced row-echelon form, concepts that we dis-
cuss next.

By a leading entry of a row in a matrix we mean the leftmost non-zero entry
in the row.

A rectangular matrix is said to be in row-echelon form if it has the following
three characterizations:

(1) All rows consisting entirely of zeros are at the bottom.

(2) The leading entry in each non-zero row is 1 and is located in a column to
the right of the leading entry of the row above it.

(3) All entries in a column below a leading entry are zero.

The matrix is said to be in reduced row-echelon form if in addition to
the above, the matrix has the following additional characterization:

(4) Each leading 1 is the only nonzero entry in its column.

Remark
From the definition above, note that a matrix in row-echelon form has zeros
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below each leading 1, whereas a matrix in reduced row-echelon form has zeros
both above and below each leading 1.

Exercise 26
Determine which matrices are in row-echelon form (but not in reduced row-
echelon form) and which are in reduced row-echelon form

(a)

1 -3 2 1
0 —4 8
0 0 0 1
(b)
100 29
010 16
001 1

Solution.

(a)The given matrix is in row-echelon form but not in reduced row-echelon form
since the (1,2)—entry is not zero.

(b) The given matrix satisfies the characterization of a reduced row-echelon form

The importance of the row-echelon matrices is indicated in the following theo-
rem.

Theorem 3
Every nonzero matriz can be brought to (reduced) row-echelon form by a finite
number of elementary row operations.

Proof.
The proof consists of the following steps:

Step 1. Find the first column from the left containing a nonzero entry (call
it a), and move the row containing that entry to the top position.

Step 2. Multiply the row from Step 1 by % to create a leading 1.

Step 3. By subtracting multiples of that row from rows below it, make each
entry below the leading 1 zero.

Step 4. This completes the first row. Now repeat steps 1-3 on the matrix
consisting of the remaining rows.

The process stops when either no rows remain in step 4 or the remaining rows
consist of zeros. The entire matrix is now in row-echelon form.
To find the reduced row-echelon form we need the following additional step.
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Step 5. Beginning with the last nonzero row and working upward, add suitable
multiples of each row to the rows above to introduce zeros above the leading 1l

The process of reducing a matrix to a row-echelon form discussed in Steps 1 -
4 is known as Gaussian elimination. That of reducing a matrix to a reduced
row-echelon form, i.e. Steps 1 - 5, is known as Gauss-Jordan elimination.
We illustrate the above algorithm in the following problems.

Exercise 27
Use Gauss-Jordan elimination to transform the following matriz first into row-
echelon form and then into reduced row-echelon form

0 -3 -6 4 9
-1 -2 -1 3 1
-2 -3 0 3 -1

1 4 5 -9 -7

Solution.
The reduction of the given matrix to row-echelon form is as follows.

Step 1: 71 <> 14
1 4 5 -9 -7
-1 -2 -1 3 1
-2 -3 0 3 -1
0 -3 -6 4 9
Step 2: rg «—ro 411 and r3 «— r3 + 2ry

1 4 5 -9 =7
0 2 4 -6 -6
0 5 10 —-15 -15
0 -3 -6 4 9

Step 3: 1o «— %7"2 and r3 «— %7”3

1 4 5 -9 -7
0 1 2 -3 -3
0 1 2 -3 -3
0 -3 -6 4 9
Step 4: r3 < 13 — 19 and rq4 «— 74 + 379
1 4 5 -9 -7
01 2 -3 -3
0 00 O 0
000 -5 0
Step 5: 13 < 1y
1 4 5 -9 -7
01 2 -3 -3
000 -5 0
000 O 0
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Step 6: 5 — —%7‘5

1 4 5 -9 -7
01 2 -3 -3
0 00 1 0
000 0 ©0
Step 7: 11 «— 11 — 41y
10 -3 3 5
o1 2 -3 -3
0 0 O 1 0
00 0 0 O

Step 8: 71 «— 11 — 3r3 and ro < 19 + 313

01 2 0 -3
o0 o1 o |[®
00 00 0

Exercise 28
Use Gauss-Jordan elimination to transform the following matriz first into row-
echelon form and then into reduced row-echelon form

0 3 -6 6 4 -5
3 =7 8 -5 8 9
3 -9 12 -9 6 15

Solution.
By following the steps in the Gauss-Jordan algorithm we find

0 3 -6 6 4 -5
-7 -5 9

1 -3 4 -3 2 5
3 =7 -5 8 9

Step 1: r3 «— %’Fg

w
oo
oo

Step 2: 11 <713

o

Step 3: 19 «— ro — 31

2 -4 4 2 —6

2

o
—

-2 2 1 =3

( ;
Step 4: ro « 11y
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Step 5: r3 «— r3 — 3ro

Step 6: 11 < 71 + 379
1 0 -2 3 5 —4

01 -2 2 1 -3
00 0 01 4

Step 7: 71 «—ry — 5r3 and ro <+ 19 — T3

1 0 -2 3 0 —24
01 -2 2 0 -7 |nm
00 0 01 4

It can be shown that no matter how the elementary row operations are varied,
one will always arrive at the same reduced row-echelon form; that is the reduced
row echelon form is unique (See Theorem 68). On the contrary row-echelon form
is not unique. However, the number of leading 1’s of two different row-echelon
forms is the same (this will be proved in Chapter 4). That is, two row-echelon
matrices have the same number of nonzero rows. This number is called the
rank of A and is denoted by rank(A). In Chapter 6, we will prove that if A is
an m x n matrix then rank(A4) < n and rank(A) < m.

Exercise 29
Find the rank of each of the following matrices

(a)

1
A= 2
-1

S W N
— Ot

(b)
3 1 0 1 -9
B=|0 -2 12 -8 —6
2 -3 22 -14 -—-17

Solution.
(a) We use Gaussian elimination to reduce the given matrix into row-echelon

form as follows:

Step 1: rg «— 19 — 1
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Step 2: 71 < 1o

1 1
2 1
0 -1
Step 3: rg «— 19 — 21
1 1
0 -1
0 -1
Step 4: r3 «— r3 —ro
1 1
0 -1
0 0

Thus, rank(A) = 3.

CHAPTER 1. LINEAR SYSTEMS

B~ =

[\V]

(b) As in (a), we reduce the matrix into row-echelon form as follows:

Step 1: r1 <11 — 173

1 4 =22
0 -2 12
2 -3 22
Step 2: r3 «— r3 — 21
1 4 =22
0o -2 12
0 —-11 -22
Step 3: ro «— —%rg
1 4 =22
0 1 —6
0 —-11 -22
Step 4: r3 «— r3+ 11ry
1 4 =22
01 -6
0 0 -—88
Step 5: r3 «— %7"3
1 4 =22
1 -6
0 0 1

3l

Hence, rank(B)

—14

15 8
-8 —6
—-17

15
-8
—44

25
-6
-33

15 8

—44 =33

S
w

—_
= o
w o
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Exercise 30

Consider the system
ax + by = k
cx + dy = 1.

Show that if ad — bc # 0 then the reduced row-echelon form of the coefficient
matriz s the matrixz

10

0 1
Solution.

The coefficient matrix is the matrix

(¢4)

Assume first that a # 0. Using Gaussian elimination we reduce the above matrix
into row-echelon form as follows:

Step 1: ro «— ary — cry
Step 2: 1o «— ﬁ?"g
Step 3: 11 «— 11 — bro
Step 4: 11 «— %7‘1

(0 1)

Next, assume that a = 0. Then ¢ # 0 and b # 0. Following the steps of Gauss-
Jordan elimination algorithm we find

Step 1: 71 <« 1o

. 1 1
Step 2: r; «— o1 and ro «— 572

—o
~

Step 3: r1 — 11 — %rg

N
O =
—= O
N~
||
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1.7 Echelon Forms and Solutions to Linear Sys-
tems

In this section we give a systematic procedure for solving systems of linear
equations; it is based on the idea of reducing the augmented matrix to either
the row-echelon form or the reduced row-echelon form. The new system is
equivalent to the original system as provided by the following

Theorem 4

Let Az = b be a system of linear equations. Let [C|d] be the (reduced) row-
echelon form of the augmented matriz [A|b]. Then the system Cx = d is equiv-
alent to the system Ax =b.

Proof.
This follows from Theorem 2 and Theorem 3 W

Unknowns corresponding to leading entries in the echelon augmented matrix
are called dependent or leading variables. If an unknown is not dependent
then it is called free or independent variable.

Exercise 31
Find the dependent and independent variables of the following system

1 + 3wy — 2x3 + 2z5 = 0
21’1 + 6582 - 51‘3 - 21’4 + 4LE5 - 3I6 = -1
53 + 10z4 + 1bzg = 5
21 + 629 + 8ry 4+ 4dxs + 18x¢ = 6
Solution.
The augmented matrix for the system is
13 -2 0 2 0 0
2 6 -5 -2 4 -3 -1
00 5 10 0 15 5
26 0 8 4 18 6

Using the Gaussian algorithm we bring the augmented matrix to row-echelon
form as follows:

Step 1: 79 «— ro — 2r; and r4 «— 14 — 21

13 -2 0 2 0 0
00 -1 -2 0 -3 -1
00 5 10 0 15 5
0 0 4 8 0 18 6
Step 2: 19 «— —79
13 -2 0 2 0 O
00 1 2 0 31
0 0 5 10 0 15 5
00 4 8 0 18 6
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Step 3: 13 «— 13 — 5ry and ry «— 1y — 4ro

1 3 -2 0 2 0 0
0 0 1 2 0 3 1
00 0 0O OO0
00 0 0 O0 6 2
Step 4: 13 <> 1y
1 3 -2 0 2 0 0
00 1 2 0 31
00 0 0 O0 6 2
00 0 0O0OO0OTUO
Step 5: r3 «— %7‘3
1 3 =2 0 2 0 O
00 1 2 0 31
00 0 001 %
00 0 0O0OO0OTUD

The leading variables are x1,x3, and xg. The free variables are zs, x4, and x5 B

It follows from Theorem 4 that one way to solve a linear system is to apply
the elementary row operations to reduce the augmented matrix to a (reduced)
row-echelon form. If the augmented matrix is in reduced row-echelon form then
to obtain the general solution one just has to move all independent variables to
the right side of the equations and consider them as parameters. The dependent
variables are given in terms of these parameters.

Exercise 32
Solve the following linear system.

r1 -+ 21’2 + Ty =
I3 + 6$4

I
PN o

s =

Solution.

The augmented matrix is already in row-echelon form. The free variables are xo
and z4. So let o = s and x4 = t. Solving the system starting from the bottom
we find x1y = —2s—t+6,23=7—6t,and z5 =1 W

If the augmented matrix does not have the reduced row-echelon form but the
row-echelon form then the general solution also can be easily found by using the
method of backward substitution.

Exercise 33
Solve the following linear system

ry — 3%2 + rs — T4 = 2
To + 2x3 — x4
r3 + x4 = 1.

I
w
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Solution.
The augmented matrix is in row-echelon form. The free variable is x4 = t. Solv-
ing for the leading variables we find, 1 = 11t +4,20o =3t+1,and z3=1—t R

The questions of existence and uniqueness of solutions are fundamental questions
in linear algebra. The following theorem provides some relevant information.

Theorem 5
A system of n linear equations in m unknowns can have exactly one solution,
infinitely many solutions, or no solutions at all.

(1) If the reduced augmented matriz has a row of the form (0,0,---,0,b) where
b is a monzero constant, then the system has no solutions.

(2) If the reduced augmented matriz has indepedent variables and no rows of the
form (0,0,---,0,b) with b # 0 then the system has infinitely many solutions.
(8) If the reduced augmented matriz has no independent variables and no rows
of the form (0,0,---,0,b) with b # 0, then the system has exactly one solution.

Proof

Suppose first that the reduced augmented matrix has a row of the form (0, ---,0,b)
with b # 0. That is, Ox; + Oz + ... + Oz,,, = b. Then the left side is 0 whereas
the right side is not. This cannot happen. Hence, the system has no solutions.
This proves (1).

Now suppose that the reduced augmented matrix has independent variables

and no rows of the form (0,0,---,0,b) for some b # 0. Then these variables are
treated as parameters and hence the system has infinitely many solutions. This
proves (2).

Finally, suppose that the reduced augmented matrix has no row of the form
(0,0,---,0,b) where b # 0 and no indepedent variables then the system looks
like

I = C1
T2 = C2
I3 = C3
Tm = Cmy

i.e. the system has a unique solution. Thus, (3) is established.l

Exercise 34
Find the general solution of the system whose augmented matriz is given by

1 2 =7
-1 -1 1
2 1 5

Solution.
We first reduce the system to row-echelon form as follows.



1.7. ECHELON FORMS AND SOLUTIONS TO LINEAR SYSTEMS 31

Step 1: 19 «— ro + 1y and r3 «— r3 — 21

1 2 -7
0 1 -6
0 -3 19
Step 2: r3 < r3 + 319
1 2 -7
01 -6
00 1

The corresponding system is given by

T + 2x9 = -7
T2 = —6
0 = 1

Because of the last equation the system is inconsistent W

Exercise 35
Find the general solution of the system whose augmented matriz is given by

1 -2 00 7 -3
0 1 0 0 -3 1
0 0 01 5 -4
0 0 0 0 O 0

Solution.
By adding two times the second row to the first row we find the reduced row-
echelon form of the augmented matrix.

10 00 1 -1
0 1.0 0 -3 1
0 001 5 -4
0 00 0 O 0

It follows that the free variables are z3 = s and x5 = t. Solving for the leading
variables we find x1 = -1 —t, 29 =1+ 3t, and 4, = —4 — 5t R

Exercise 36
Determine the value(s) of h such that the following matriz is the augmented
matriz of a consistent linear system

1 4 2
-3 h -1
Solution.
By adding three times the first row to the second row we find

1 4 2
0 124+h 5
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The system is consistent if and only if 12 4+ h # 0; that is, h # —120

From a computational point of view, most computer algorithms for solving sys-
tems use the Gaussian elimination rather than the Gauss-Jordan elimination.
Moreover, the algorithm is somehow varied so that to guarantee a reduction in
roundoff error, to minimize storage, and to maximize speed. For instance, many
algorithms do not normalize the leading entry in each row to be 1.

Exercise 37
Find (if possible) conditions on the numbers a,b, and c¢ such that the following
system is consistent

T + 3%2 + X3 = a
—x1 — 219 + x3 = b
3r1 + Tzo — x3 = ¢

Solution.
The augmented matrix of the system is

1 3 1 a
-1 -2 1
7T -1

Now apply Gaussian elimination as follows.

Step 1: 19 <« ro + 11 and r3 < r3 — 3171

1 3 1 a
0 1 2 b+4a
0 -2 —4 c—3a

Step 2: r3 «— r3 + 219

1 3 1 a
0 1 2 b+ a
0 00 c—a+2b

The system has no solution if ¢ — a + 2b # 0. The system has infinitely many
solutions if ¢ — a + 2b = 0. In this case, the solution is given by x; = 5t — (2a +
3b),z2=(a+b) —2t,zs =1t N

1.8 Homogeneous Systems of Linear Equations

So far we have been discussing practical and systematic procedures to solve
linear systems of equations. In this section, we will describe a theoretical method
for solving systems. The idea consists of finding the general solution of the
system with zeros on the right-hand side , call it (z1,22,--,2,), and then
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find a particular solution to the given system, say (y1,y2,: -, ¥yn). The general
solution of the original system is then the sum

(xlax27"',mn)+(y1;y27"',yn) = (-Tl +y17x2+y2a"'7xn+yn)-

A homogeneous linear system is any system of the form

a1, +aexe + -+ a1pTy =0
a21T1 + A22%2 + * -+ + A2, Ty =0
Am1Z1 + Ama2 + -+ Ay = 0.
Every homogeneous system is consistent, since x1y = 0,29 = 0,---, 2, = 0

is always a solution. This solution is called the trivial solution; any other
solution is called nontrivial. By Theorem 5, a homogeneous system has either
a unique solution (the trivial solution) or infinitely many solutions. That is
a homogeneous system is always consistent. The following theorem is a case
where a homogeneous system is assured to have a nontrivial solution.

Theorem 6

Let Ax = 0 be a homogeneous system in m unknowns and n equations.

(1) If rank(A) < m then the system has a nontrivial solution. Hence, by Exer-
cise 14 the system has infinitely many solutions.

(2) If the number of unknowns exceeds the number of equations, i.e. n < m,
then the system has a nontrivial solution.

Proof.

Applying the Gauss-Jordan elimination to the augmented matrix [A|0] we obtain
the matrix [B|0]. The number of nonzero rows of B is equals to rank(A). Suppose
first that rank(A) = r < m. In this case, the system Bz = 0 has r equations in m
unknowns. Thus, the system has m —r independent variables and consequently
the system Bz = 0 has a nontrivial solution. By Theorem 4, the system Az = 0
has a nontrivial solution. This proves (1). To prove (2), suppose n < m. If the
system has only the trivial solution then by (1) we must have rank(A) > m.
This implies that n < m < rank(A) < n, a contradiction. W

Exercise 38
Solve the following homogeneous system using Gauss-Jordan elimination.

201 4+ 29 — 3 + x5 = 0
—r1 — X9 + 223 — 3r4 + x5 = 0
T + X9 — 2%‘3 — Iy = 0
rs + x4 + x5 = 0.

Solution.
The reduction of the augmented matrix to reduced row-echelon form is outlined

below.
2 2 -1 0 1

—_

—

|

\)

(e}

|

—_
OO OO
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Step 7: 71 < r1 — 3r3 and ro «— 19 + 213
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Step 8: 11 «— r1 + 219

1 1.0 0 1 0

0 01 010

0 0 01 0O

000 0 0O

The corresponding system is

1 + X + x5 = 0
T3 + x5 = 0
Tq = 0

The free variables are x5 = s,x5 = ¢t and the general solution is given by the
formula: £1 = —s —t,z9 = s,23 = —t, x4 = 0,25 =t A

Exercise 39
Solve the following homogeneous system using Gaussian elimination.

X1 + 3£E2 + 51‘3 + ry = 0
41’1 — 712 — 31’3 — Ty = 0
31’1 + 2.%2 + 71’3 + 8%4 = 0

Solution.
The augmented matrix for the system is

1 3 ) 1 0
4 -7 -3 -1 0
3 2 7 8 0

We reduce this matrix into a row-echelon form as follows.
Step 1: ro «— 19 — 13

1 3 ) 1 0
1 -9 =10 -9 0
3 2 7 8§ 0

Step 2: 19 «— ro —ry and r3 «— r3 — 31,

1 3 ) 1 0
0 —-12 -15 —-10 O
0o -7 =8 5 0

Step 3: 1y — —1519

1 3 5 1 0
0o 1 2 29
0 -7 -8 5 0
Step 4: r3 «— 13+ Try
1 3 5 1 0
01 2 2 0
0 0 § % 0
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Step 5: r3 «— dpg

3
135 1 0
01 3 2 0
4
001%0

We see that x4 = t is the only free variable. Solving for the leading variables
using back substitution we find z; = 177675, To = %t, and x3 = —%t [ |

A nonhomogeneous system is a homogeneous system together with a nonzero
right-hand side. Theorem 6 (2) applies only to homogeneous linear systems. A
nonhomogeneous system with more unknowns than equations need not be con-
sistent.

Exercise 40
Show that the following system is inconsistent.

1T + x2 + rz3 = 0
21‘1 + 2.232 + 23}3 = 4.

Solution.
Multiplying the first equation by —2 and adding the resulting equation to the
second we obtain 0 = 4 which is impossible. So the system is inconsistent W

The fundamental relationship between a nonhomogeneous system and its cor-
responding homogeneous system is given by the following theorem.

Theorem 7

Let Ax = b be a linear system of equations. If y is a particular solution of the
nonhomogeneous system Ax =b and W is the solution set of the homogeneous
system Ax = 0 then the gemeral solution of Ax = b consists of elements of the
form y +w where w € W.

Proof.

Let S be the solution set of Ax = b. We will show that S = {y+w : w € W}.
That is, every element of S can be written in the form y + w for some w € W,
and conversely, any element of the form y 4+ w, with w € W, is a solution of the
nonhomogeneous system, i.e. a member of S. So, let z be an element of S, i.e.
Az =b. Write z =y + (2 — y). Then A(z —y) = Az — Ay = b+ 0 = b. Thus,
z =y +w with w = z —y € W. Conversely, let z = y + w, with w € W. Then
Az=Aly+w)=Ay+ Aw=>b+0=>. Thatisz€ S.

We emphasize that the above theorem is of theoretical interest and does not
help us to obtain explicit solutions of the system Az = b. Solutions are obtained
by means of the methods discussed in this chapter, i.e. Gauss elimination,
Gauss-Jordan elimination or by the methods of using determinants to be dis-
cussed in Chapter 3.
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Exercise 41
Show that if a homogeneous system of linear equations in n unknowns has a
nontrivial solution then rank(A) < n, where A is the coefficient matriz.

Solution.

Since rank(A) < n then either rank(A) = n or rank(A) < n. If rank(4) < n
then we are done. So suppose that rank(A) = n. Then there is a matrix B
that is row equivalent to A and that has n nonzero rows. Moreover, B has the
following form

1 a2 a3 -+ a,, O
0 1 a3 az, 0
0O O 0 1 0

The corresponding system is triangular and can be solved by back substitution
to obtain the solution z1 = 9 = -+ = x,, = 0 which is a contradiction. Thus
we must have rank(A) <n Nl

1.9 Review Problems

Exercise 42

Which of the following equations are not linear and why:
(a) x3 + 39 — 223 = 5.

(b) r1 +T122 + 2Z3 =1.

(C) .’E1+%+$3:5.

Exercise 43
Show that (2s + 12t + 13,8, —s — 3t — 3,t) is a solution to the system

201 + Sr9 + 93 + 3rxy = -1
r1 4+ 229 + Adxg = 1

Exercise 44
Solve each of the following systems using the method of elimination:
(a)
4.’)31 — 3$2 =0
{ 2x1 + 315 = 18

(b)
4x1 — 629 = 10
63’51 — 9.%'2 =15

(c)
2x1+x2:3
2x1 +x9 =1

Which of the above systems is consistent and which is inconsistent?
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Exercise 45
Find the general solution of the linear system

$1—2$2+3$3+5€4=—3
21’1 — i) + 3583 — T4 = 0

Exercise 46
Find a,b, and c so that the system

g, 4+ axs + cxz3 = 0

br1 + cxos — 3x3 = 1

ary + 2x9 + bxz3 = 5
has the solution x1 = 3,19 = —1, 23 = 2.

Exercise 47
Find a relationship between a,b,c so that the following system is consistent

1 + x2 + 223 = a
x + x3 = b
201 + w2 + 3x3 =

Exercise 48
For which values of a will the following system have (a) no solutions? (b) exactly
one solution? (c) infinitely many solutions?

1 + 2532 - 31’3 = 4
3r1 — x9 + 5x3 = 2
dr1 + w2 + (> —14)x3 = a+2

Exercise 49
Find the values of A,B,C in the following partial fraction

2 —x+3 _Ax—|—B C

(x24+2)(2z—1) 22+2 T o1

Exercise 50
Find a quadratic equation of the form y = ax® + bx + ¢ that goes through the
points (—2,20),(1,5), and (3,25).

Exercise 51
For which value(s) of the constant k does the following system have (a) no
solutions? (b) exactly one solution? (c) infinitely many solutions?

X1 — To = 3
23}1 — 2562 = k
Exercise 52

Find a linear equation in the unknowns x1 and xo that has a general solution
Ty =54 2t,xy =t.
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Exercise 53
Consider the linear system

201 + 3x9 — 4x3 + x = 5
—2$1 + I3 = 7
3%1 + QCEQ - 4%3 = 3

(a) Find the coefficient and augmented matrices of the linear system.
(b) Find the matriz notation.

Exercise 54
Solve the following system using elementary row operations on the augmented
matriz:

51‘1 — 53;‘2 — 151‘3 = 40
41‘1 — 2.%‘2 — 6.2?3 = 19
3331 — 61‘2 — 17@‘3 = 41

Exercise 55
Solve the following system.

2¢1 + x9 + r3 = —1
r1 + 2z0 + r3 = 0
31’1 - 21’3 = 5

Exercise 56
Which of the following matrices are not in reduced row-ehelon from and why?

(a)

1 -2 00
0 0 00
0 0 10
0 0 0 1
(b)
00 3
020 -2
003 0
(c)
10 4
01 -2
00 0

Exercise 57
Use Gaussian elimination to convert the following matrix into a row-echelon
matrix.

1 -3 1 -1 0 -1
-1 3 0 3 1 3
2 -6 3 0 -1 2
-1 3 1 5 6
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Exercise 58
Use Gauss-Jordan elimination to convert the following matriz into reduced row-
echelon form.
—2 1 1 15
6 -1 -2 -36
1 -1 -1 -11
-5 -5 -5 -—14

Exercise 59
Solve the following system using Gauss-Jordan elimination.

31‘1 —|— xro —|— 71‘3 —|— 2174 = 13
21’1 — 41’2 + 14.T3 - Ty = — 10
51’1 + 1 1ZC2 — 71’3 + 8(174 = 59
2¢1 + Dbxe — 4dxs — 3x4 = 39

Exercise 60
Find the rank of each of the following matrices.

(¢)

-1 -1 0 0
0o 0 2 3
4 0 -2 1
3 -1 0 4
(b)
1 -1 3
2 0 4
-1 -3 1

Exercise 61
Choose h and k such that the following system has (a) no solutions, (b) exactly
one solution, and (c) infinitely many solutions.

I - 31’2 ==
21’1 — hxg = k
Exercise 62

Solve the linear system whose augmented matrix is reduced to the following re-
duced row-echelon form

—_

100 -7 8
01 0 3 2
001 1 -5

Exercise 63
Solve the linear system whose augmented matriz is reduced to the following row-
echelon form

1 -3 71
0 1 40
0 0 01
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Exercise 64
Solve the linear system whose augmented matriz is given by

1 1 2 8
-1 -2 3 1
3 =7 4 10

Exercise 65
Find the value(s) of a for which the following system has a nontrivial solution.
Find the general solution.

X1 + 2932 + r3 = 0
X + 31’2 + 6(E3 = 0
207 + 3z + azxs = 0

Exercise 66
Solve the following homogeneous system.

xr1 — 29 + 223 + x4 = 0
2x1 + 2xo — x4 = 0
3v17. + 2 + 2x3 + x4 = 0

Exercise 67

Let A be an m X n matriz.

(a) Prove that if y and z are solutions to the homogeneous system Ax = 0 then
y + 2z and cy are also solutions, where ¢ is a number.

(b) Give a counterexample to show that the above is false for nonhomogeneous
systems.

Exercise 68

Show that the converse of Theorem 6 is false. That is, show the existence of a
nontrivial solution does not imply that the number of unknowns is greater than
the number of equations.

Exercise 69 (Network Flow)
The junction rule of a network says that at each junction in the network the
total flow into the junction must equal the total flows out. To illustrate the use
of this rule, consider the network shown in the accompanying diagram. Find the
possible flows in the network.
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Chapter 2

Matrices

Matrices are essential in the study of linear algebra. The concept of matrices
has become a tool in all branches of mathematics, the sciences, and engineering.
They arise in many contexts other than as augmented matrices for systems of
linear equations. In this chapter we shall consider this concept as objects in
their own right and develop their properties for use in our later discussions.

2.1 DMatrices and Matrix Operations

In this section, we discuss several types of matrices. We also examine four op-
erations on matrices- addition, scalar multiplication, trace, and the transpose
operation- and give their basic properties. Also, we introduce symmetric, skew-
symmetric matrices.

A matrix A of size m X n is a rectangular array of the form

a1 ai2 A1n

a1 a9 a9
A= "

Am1 Am2 e Qmn

where the a;;’s are the entries of the matrix, m is the number of rows, n is the
number of columns. The zero matrix 0 is the matrix whose entries are all 0.
The n x n identity matrix I, is a square matrix whose main diagonal consists
of 1’s and the off diagonal entries are all 0. A matrix A can be represented with
the following compact notation A = (a;;). The ith row of the matrix A is

[ai17 A2y -eey ain]

43
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and the jth column is

amj

In what follows we discuss the basic arithmetic of matrices.

Two matrices are said to be equal if they have the same size and their cor-
responding entries are all equal. If the matrix A is not equal to the matrix B
we write A # B.

Exercise 70
Find x1, xo and x3 such that

x1 + T + 223 0 1 9 0 1
2 3 2x1 + 4xo — 3x3 = 2 31
4 3x1 + 6x2 — Sz3 5 4 0 5
Solution.

Because corresponding entries must be equal, this gives the following linear
system

1 + x> + 23 = 9
201 + 4z — 3z3 = 1
3561 + 6172 — 5$3 = 0

The augmented matrix of the system is

11 2 9
2 4 -3 1
3 6 -5 0

The reduction of this matrix to row-echelon form is

Step 1: 19 «— 79 — 2r; and r3 « r3 — 3ry
1 1 2 9

-7 =17
0 3 -—-11 =27

[\)

Step 2: 19 < 13

w

—-11 =27

Step 3: rg «— 19 — 13
1 1 2 9
0 1 —4 -10
0o 2 -7 -—17
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Step 4: r3 «— r3 — 219

11 2 9
01 —4 -10
0 0 1 3

The corresponding system is

1 + x2 + 2x3 =
X9 — 41‘3 =
I3 =

Using backward substitution we find: 1 = 1,29 = 2,23 =3 R

Exercise 71
Solve the following matrixz equation for a,b,c, and d

a—b b+c (8
3d+c 2a—4d ]  \ 7
Solution.

Equating corresponding entries we get the system

9

—10

3

1
6

a — b =
b + ¢ =
c + 3d
2a — 4d
The augmented matrix is
1 -1 0 0 8
0O 1 1 0 1
o o 1 3 7
1 0 0 -4 6

We next apply Gaussian elimination as follows.

Step 1: rqg «— 14— 1

1 -1 0 0 8
0 1 1 0 1
0o 0 1 3 7
0 1 0 —4 -2
Step 2: rq «— 14 — 1o
1 -1 0 0 8
0 1 1 0 1
0 0 1 3 7
0o 0 -1 —4 -3
Step 3: rq 14+ 173
1 -1 0 0 8
0 1 1 0 1
o 0o 1 3 7
0O 0 0 -1 4

)

S N~

45



46 CHAPTER 2. MATRICES

Using backward substitution to find: a = —10,b = —18,¢=19,d= -4

Next, we introduce the operation of addition of two matrices. If A and B
are two matrices of the same size, then the sum A + B is the matrix obtained
by adding together the corresponding entries in the two matrices. Matrices of
different sizes cannot be added.

Exercise 72
Consider the matrices

2 1 2 1 2 10
a=(34)m=(535)c=(510)
Compute, if possible, A+ B, A+ C and B+ C.

Solution.
We have

4 2
avs=(g 1)

A+ B and B + C are undefined since A and B are of different sizes as well as
Aand C R

From now on, a constant number will be called a scalar. If A is a matrix
and c is a scalar, then the product cA is the matrix obtained by multiplying
each entry of A by c. Hence, —A = (—1)A. We define, A— B = A+ (—B). The

matrix cl,, is called a scalar matrix.

Exercise 73
Consider the matrices

2 3 4 0o 2 7
a=(131)m=(0 5 7)
Compute A — 3B.

Solution.
Using the above definitions we have

2 -3 17
A_?’B_<—2 11 —14>'

Let M,,, be the collection of all m x n matrices. This set under the opera-
tions of addition and scalar multiplication satisfies algebraic properties which
will remind us of the system of real numbers. The proofs of these properties
depend on the properties of real numbers. Here we shall assume that the reader
is familiar with the basic algebraic properties of IR. The following theorem list
the properties of matrix addition and multiplication of a matrix by a scalar.
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Theorem 8
Let A, B, and C be m x n and let ¢,d be scalars. Then

(i) A+ B=B+ A,

(ii) A+ B)+C=A+(B+C)=A+B+C,
(iii) A+0=0+ A=A,

(iv) A+ (—A) =0,

(v) ¢c(A+ B) =cA+cB,

(vi) (c+ d)A = cA+dA,

(vit) (cd)A = c¢(dA),

(viii) I, A = AI, = A.

Proof.

47

(i) A+ B = (ai;j) + (bi;) = (ai; +bij) = (bij + aij) = (bij) + (ai;) = B+ A, since

addition of scalars is commutative.

(ii) Use the fact that addition of scalars is associative.

(i) A+ 0 = (aij) + (0) = (as; +0) = (ai;) = A.

We leave the proofs of the remaining properties to the reader B

Exercise 74
Solve the following matriz equation.

(2 1)(ra)=(40)

Solution.

Adding and then equating corresponding entries we obtain a = —2,b= —2,¢ =

0O,andd=11

If A is a square matrix then the sum of the entries on the main diagonal is

called the trace of A and is denoted by tr(A).

Exercise 75
Find the trace of the coefficient matriz of the system

— ) + 31‘3 =1
T + 2x3 = 2
—3r1 — 2x9 = 4

Solution.
If A is the coefficient matrix of the system then

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

The trace of A is the number ¢tr(A)=0+04+0=0M1

Two useful properties of the trace of a matrix are given in the following theorem.
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Theorem 9

Let A = (a;5) and B = (b;j) be two n x n matrices and ¢ be a scalar. Then
(i) tr(A+ B) = tr(A) + tr(B),

(ii) tr(cA) = c tr(A).

Proof.

(i) tr(A+ B) = 321 (ai + i) = 2501, aw + 25, biy = tr(A) + tr(B).

(i) tr(cA) = > jcaiy =cd> ja; =ctr(A)NR

If Ais an m x n matrix then the transpose of A, denoted by A7, is defined
to be the n x m matrix obtained by interchanging the rows and columns of A,
that is the first column of AT is the first row of A, the second column of A7 is

the second row of A, etc. Note that, if A = (a;;) then AT = (aj;). Also, if A is
a square matrix then the diagonal entries on both A and AT are the same.

Exercise 76
Find the transpose of the matrix

2 3 4
A= < 1 2 1 > ’
Solution.

The transpose of A is the matrix

AT =

=W N
— N
|

The following result lists some of the properties of the transpose of a matrix.

Theorem 10

Let A = (a;5), and B = (b;j) be two m x n matrices, C = (c;5) be an n X n
matriz, and ¢ a scalar. Then

(i) (AT)T = 4,

(ii) (A+ B)T = AT + BT,

(iii) (cA)T = cAT,

(iv) tr(CT) = tr(O).

Proof.

(i) (AT (aji)T = (ay) =
(i) (A+B) = (aij +bi)" = (a
(iii) (cA)" = (caij)" = (caji) =
(iv) tr(CT) =37 ¢ = tr(C).

A.
= (aji + bji) = (aji) + (bji) = A" + BT.
c(aji) = cAT.

|

Exercise 77
A square matriz A is called symmetric if AT = A. A square matriz A is called
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skew-symmetric if AT = —A.
(a) Show that the matriz

1 2 3
A=1 2 4 5
3 5 6
18 a symmetric matrix.
(b) Show that the matriz
0 2 3
A= -2 0 —4
-3 4 0

s a skew-symmetric matriz.

(¢) Show that for any square matriz A the matriz S = 3(A+ AT) is symmetric
and the matriz K = $(A — A7) is skew-symmetric.

(d) Show that if A is a square matriz, then A = S + K, where S is symmetric
and K is skew-symmetric.

(e) Show that the representation in (d) is unique.

Solution.
(a) A is symmetric since

0 2 3
Al=1 2 0 -4 | =4
3 4 0
(b) A is skew-symmetric since
0 -2 -3
AT=12 0 4 |=-A
3 -4 0

(c) Because ST = 1(A+ AT)T = 1(A+ AT) then S is symmetric. Similarly,
KT = J(A- AT)T = 2(AT — A) = —1(A — AT) = —K so that K is skew-
symmetric.

() S+K=1(A+AT)+1(A-AT) = A

(e) Let S’ be a symmetric matrix and K’ be skew-symmetric such that A =
S’ + K'. Then S+ K = S’ + K’ and this implies that S — S’ = K — K’. But
the matrix S — .5’ is symmetric and the matrix K’ — K is skew-symmetric. This
equality is true only when S — S’ is the zero matrix. That is S = S’. Hence,
K=Kn

Exercise 78

Let A be an n X n matriz.

(a) Show that if A is symmetric then A and AT have the same main diagonal.
(b) Show that if A is skew-symmetric then the entries on the main diagonal are
0.

(c) If A and B are symmetric then so is A+ B.
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Solution.

(a) Let A = (a;j) be symmetric. Let AT = (b;;). Then b;; = aj; for all 1 <
i,7 < n. In particular, when i = j we have b; = a;;. That is, A and AT have
the same main diagonal.

(b) Since A is skew-symmetric then a;; = —aj;. In particular, a;; = —a;; and
this implies that a;; = 0.

(c) Suppose A and B are symmetric. Then (A + B)T = AT + BT = A+ B.
That is, A + B is symmetric R

Exercise 79
Let A be an m xn matriz and o a real number. Show that if A = 0 then either
a=0o0rA=0.

Solution.

Let A = (aij). Then oA = (aai;). Suppose oA = 0. Then aa;; = 0 for all
0<i<mand 0<j<n.If a0 then a;; =0 for all indices ¢ and j. In this
case, A=0N

2.2 Properties of Matrix Multiplication

In the previous section we discussed some basic properties associated with ma-
trix addition and scalar multiplication. Here we introduce another important
operation involving matrices-the product.

We have already introduced the concept of matrix multiplication in Section 1.3.
For the sake of completeness we review this concept.

Let A = (ai;) be a matrix of size m x n and B = (b;;) be a matrix of size n X p.
Then the product matrix is a matrix of size m X p and entries

Cij = a;1b1 + aiobaj + ... + @inbny,

that is, ¢;; is obtained by multiplying componentwise the entries of the ith row
of A by the entries of the jth column of B. It is very important to keep in mind
that the number of columns of the first matrix must be equal to the number of
rows of the second matrix; otherwise the product is undefined.

An interesting question associated with matrix multiplication is the following;:
If A and B are square matrices then is it always true that AB = BA?

The answer to this question is negative. In general, matrix multiplication is not
commutative, as the following exercise shows.

Exercise 80

=(52)o=(5 )

Show that AB # BA. Hence, matriz multiplication is not commutative.
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Solution.
Using the definition of matrix multiplication we find

-4 7 -1 2
AB_( 0 5>’BA_< 9 2)
Hence, AB # BA R

Exercise 81
Consider the matrices

a=(51)m=(55)e=-(u 7 )
(a) Compare A(BC) and (AB)C.

(b) Compare A(B+ C) and AB + AC.
(c) Compute Iy A and Als, where I3 is the 2 X 2 identity matriz.

Solution.
(a)

A(BC) = (AB)C = ( o i )
(b)

16 7
A(B+C)=AB+ AC = ( 5 33)

(C) AIQ = IQA:A.

Exercise 82
Let A be an m X n matriz and B an n X p matriz.

(a) Show that the entries in the jth column of AB are the entries in the product
ABj where Bj is the jth column of B. Thus, AB = [AB1,ABs,---,ABy).

(b) Show that the entries in the ith row of AB are the entries of the product
A; B where A; is the ith row of A. That is,

A B
AsB
AB = )
An.B
Solution.
Let C; be the jth column of AB then

a11b1; + a12baj + - - - + arnby;
a1b1; + ag2boj + - 4 a2nbnj
C; =

anlblj + an2b2j +--+ CLmnbnj
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On the other hand,

a1 a2z - Qip by

a1 G2 - Qop ba;
AB;, =

Aml Am2 *° Omn bnj

a11b1; + ai2boj + - - + ainby;
a21b1j + ag2baj + -+ - + agnbn;

Am1bij + amaba; + -+ Amnby;
(b) Let 1,79, -, rm be the rows of AB. Then
ai1b11 + azebar + -+ + @inbnr
T ai1b12 + asobaa + -+ + Ainbpa
r; = .
ai1bip + asbop + -+ ainbnp
If A; is the ith row of A then
bir bz - by
bor  baa - by
AiB=[ain ai - G | . . . =l
bnl bn2 e bnp

Exercise 83
(a) If B has a column of zeros, show that the same is true of AB for any A.
(b) If A has a row of zeros, show that the same is true of AB for any B.

Solution.
(a) Follows from (a) of the previous exercise.
(b) Follows from (b) of the previous exercise B

Exercise 84
Let A be an m x n matriz. Show that if Ax = 0 for all n X 1 matrix = then
A=0.

Solution.

Suppose the contrary. Then there exist indices ¢ and j such that a;; # 0. Let =
be the n x 1 matrix whose jth row is 1 and 0 elsewhere. Then the jth entry of
Az is 0 = a;; # 0, a contradiction W

As the reader has noticed so far, most of the basic rules of arithmetic of real
numbers also hold for matrices but a few do not. In Exercise 80 we have seen
that matrix multiplication is not commutative. The following exercise shows
that the cancellation law of numbers does not hold for matrix product.
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Exercise 85
(a) Consider the matrices

a=(50)e=(18)e=(3 1)

Compare AB and AC'. Is it true that B = C?
(b) Find two square matrices A and B such that AB =0 but A # 0 and B # 0.

Solution.
(a) Note that B # C even though AB = AC = 0.
(b) The given matrices satisfy AB =0 with AZ0and BZ0 N

Matrix multiplication shares many properties of the product of real numbers
which are listed in the following theorem

Theorem 11

Let A be a matriz of size m x n. Then

(a) A(BC) = (AB)C, where B is of size n X p, C of size p X q.
(b) A(B+ C) = AB+ AC, where B and C are of size n X p.
(c) (B+C)A=BA+ CA, where B and C are of size | x m.
(d) ¢c(AB) = (cA)B = A(cB), where ¢ denotes a scalar.

Proof.
Let A = (aij),B = (bij)7C’ = (Cij).
(a) Let AB = (d;j), BC = (e;5), A(BC) = (fi;), and (AB)C = (gs;). Then from
the definition of matrix multiplication we have
fij (ith row of A)(jth column of BC)
a;1e1j + a2e25 + -+ -+ Qinénj
ai1(biicij + biacaj + - + bipcy;)
ai2(ba1c1j + baocaj + - - - + bapcpj)
“+ @in(bnic1j + bpacaj + - + bnpcyj)
(@i1b11 + aigbar + -+ - + ainbpi)cyj
(@irbiz + aiobas + - - - + ainbpa)ca;
<ot (airhip + ainbap + -+ -+ Qinbnp)cp;
di1c1j + diocaj + - + dipcy;
(ith row of AB)(jth column of C)
Gij-

m++ 0 ++ 10

(b) Let A(B + C) = (ki;), AC = (hi;) Then

kij = (ith row of A)(jth column of B+ C')
ai1(bij + c15) + aia(b2j + c25) + - + @in(bnj + cnj)
(@i1b1j + aiobaj + -+ - + Ginbnj)

(@i1c1j + aipco; + -+ - + Gintnj)
dij + hij.

=+
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(c) Similar to (b).
(d) The proof is left for the reader. W

In the next theorem we establish a property about the transpose of a matrix.

Theorem 12
Let A = (ai;), B = (bi;) be matrices of sizes m xn and n x m respectively. Then
(AB)T = BT AT.

proof
Let AB = (c;;). Then (AB)T = (c;;). Let BTAT = (ci;)-Then
¢ = (ithrow of BT)(jth column of A™)
= ajibi; + ajoboi + - - + ajnbpi
— cji

This ends a proof of the theorem W

Exercise 86
Let A be any matriz. Show that AAT and AT A are symmetric matrices.

Solution.

First note that for any matrix A the matrices AAT and AT A are well-defined.
Since (AAT)T = (AT)T AT = AAT then AAT is symmetric. Similarly, (AT A)T =
AT(ATYT = ATAm

Finally, we discuss the powers of a square matrix. Let A be a square ma-

trix of size n x n. Then the non-negative powers of A are defined as follows:
A =1,,A' = A, and for k > 2, AF = (Ak’l)A.

Exercise 87
suppose that

h
|
A~
w =
SN
~—

Compute A3.

Solution.
Multiplying the matrix A by itself three times we obtain

s (37 54
A_(81 11s )™

For the sake of completeness, we mention few words regarding the mathemati-
cal proof by induction which will be used in the next theorem as well as in the
rest of these notes. Let S be a statement that depends on a non-negative inte-
ger n > ng. To prove that S is valid for all n > ng one has to show the following:

1. Show that S is valid for ny.
2. Supposing that S is valid for n > ng show that S is valid for n + 1.
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Theorem 13

For any non-negative integers s,t we have
(a) ASTt = A3 A

(b) (A7) = A%,

Proof.

(a) Fix s. Let t = 1. Then by definition above we have ATt = A%A. Now, we
prove by induction on ¢ that A5+t = A% A?. The equality holds for t = 1. As the
induction hypothesis, suppose that A5t* = A5 A?. Then AsT(t+1) = AG+)+1 —
ASTEA = (ASAY A = AS(ATA) = ASAHTL

(b) The proof is similar to (a) and is left to the reader. W

Exercise 88

Let A and B be two n X n matrices.

(a) Show that tr(AB) = tr(BA).

(b) Show that AB — BA = I,, is impossible.

Solution.

(a) Let A= (a,;j) and B = (b”) Then

tr(AB) = S0 (S0 aubi) = S0y (S0 birans) = tr(BA).

(b) If AB— BA = I, then 0 = tr(AB) — tr(BA) = tr(AB — BA) = tr(I,) =
n > 1, a contradiction W

2.3 The Inverse of a Square Matrix

Most problems in practice reduces to a system with matrix notation Az = b.
Thus, in order to get  we must somehow be able to eliminate the coefficient
matrix A. One is tempted to try to divide by A. Unfortunately such an operation
has not been defined for matrices. In this section we introduce a special type of
square matrices and formulate the matrix analogue of numerical division. Recall
that the nxn identity square matrix is the matrix I,, whose main diagonal entries
are 1 and off diagonal entries are 0.

A square matrix A of size n is called invertible or non-singular if there exists
a square matrix B of the same size such that AB = BA = I,,. In this case
B is called the inverse of A. A square matrix that is not invertible is called
singular.

Exercise 89
Show that the matriz

s the inverse of the matrix
1 2
=(s 1)
Solution.

Using matrix multiplication one checks that AB = BA =1, i
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Exercise 90
Show that the matriz

o O
N—

18 singular.

Solution.
Let B = (b;;) be a 2 x 2 matrix. If BA = I, then the (2,2)-th entry of BA
is zero while the (2, 2)—entry of I is 1, which is impossible. Thus, A is singular B

In Section 2.5 (See Theorem 20), we will prove that for a square matrix to
be invertible it suffices to prove the existence of a matrix B such that either
AB = I, or BA = I,. In other words, there is no need to check the double
equality AB = BA = I,,.

However, it is important to keep in mind that the concept of invertibility is
defined only for square matrices. In other words, it is possible to have a matrix
A of size m x n and a matrix B of size n x m such that AB = I,,,. It would be
wrong to conclude that A is invertible and B is its inverse.

Exercise 91
Let

100
A‘(o 1 0)’3_

S O =
o = O

Show that AB = I,.

Solution.

Simple matrix multiplication shows that AB = I5. However, this does not imply
that B is the inverse of A since BA is undefnied so that the condition BA = I,
fails W

Exercise 92
Show that the identity matriz is invertible but the zero matriz is not.

Solution.
Since I,,I,, = I, then I, is nonsingular and its inverse is I,,. Now, for any n x n
matrix B we have B0 = 0 # [, so that the zero matrix is not invertible B

Now if A is a nonsingular matrix then how many different inverses does it
possess? The answer to this question is provided by the following theorem.

Theorem 14
The inverse of a matrix is unique.
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Proof.
Suppose A has two inverses B and C. We will show that B = C. Indeed,
B=BI,=B(AC)=(BA)C=1C=C. 1

Since an invertible matrix A has a unique inverse then we will denote it from
now on by A~

For an invertible matrix A one can now define the negative power of a square
matrix as follows: For any positive integer n > 1, we define A=" = (A=1)".
The next theorem lists some of the useful facts about inverse matrices.

Theorem 15

Let A and B be two square matrices of the same size n X n.

(a) If A and B are invertible matrices then AB is invertible and (AB)™! =
B71A-L

(b) If A is invertible then A~! is invertible and (A=1)~1 = A.

(c) If A is invertible then AT is invertible and (A7)~ = (A=H)T

Proof.

(a) If A and B are invertible then AA™' = A~'A =1, and BB~ = BB = I,.
In This case, (AB)(B~'A™1) = A[B(B~'A™1)] = A[(BB~Y)A™!| = A(I, A7) =
AA~Y = [,,. Similarly, (B~'A71)(AB) = I,,. It follows that B~1A~1! is the in-
verse of AB.

(b) Since A7'A = AA~! = I,, then A is the inverse of A7!, ie. (A71)"1 = A.
(c) Since AA™! = A=A = I, then by taking the transpose of both sides we
get (AH)TAT = AT(A=1T = I,,. This shows that AT is invertible with inverse
(A7) m

Exercise 93
(a) Under what conditions a diagonal matriz is invertible?
(b) Is the sum of two invertible matrices necessarily invertible?

Solution.

(a) Let D = (di;) be a diagonal n x n matrix. Let B = (b;;) be an n x n matrix
such that DB = I,, and let DB = (c¢;;). Then using matrix multiplication we
find Cij = ZZ:l dikbkj~ If 4 7& j then Cij = d“b” = 0 and Cii — d”b” = 1.
If dis # 0 for all 1 < ¢ < n then b;; = 0 for ¢ # j and by = di Thus, if
di1dsos -+ +dpyn # 0 then D is invertible and its inverse is the diagonal matrix
D= (L),

(b) The ?6lllowing two matrices are invertible but their sum , which is the zero

matrix, is not.
1 0 -1 0
a=(o S)(0 1)
Exercise 94

Consider the 2 X 2 matriz

Q>
~_
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Show that if ad — bc # 0 then A~' exists and is given by

1 d —b
ATt = .
ad — bc ( —c a )

o-(1 )
z w
be a matrix such that BA = I5. Then using matrix multiplication we find
ar+cy br+dy \ (1 0
az+cw bz+dw /] \ 0 1
Equating corresponding entries we obtain the following systems of linear equa-
tions in the unknowns x,y, z and w.

Solution.
Let

ar + cy = 1

bx + dy = 0
and

az + cw = 0

bz 4+ dw = 0

In the first system, using elimination we find (ad—bc)y = —b and (ad—bc)x = d.
Similarly, using the second system we find (ad — bc)z = —c and (ad — bc)w = a.
If ad — bc # 0 then one can solve for x,v, z, and w and in this case B = A~} as
given in the statement of the problem W

Finally, we mention here that matrix inverses can be used to solve systems
of linear equations as suggested by the following theorem.

Theorem 16
If A is an n x n invertible matriz and b is a column matriz then the equation
Az = b has a unique solution x = A~™1b.

Proof.
Since A(A71b) = (AA=1)b = I,b = b then A~1b is a solution to the equation
Az = b. Now, if y is another solution then y = I,y = (A71A)y = A~1(Ay) =
A b m

Exercise 95

Let A and B be n x n matrices.

(a) Verify that A(I, + BA) = (I,,+ AB)A and that (I, + BA)B = B(I,,+ AB).
(b) If I,4+AB is invertible show that I,,+BA is also invertible and (I,+BA)~! =
I, — B(I,+ AB) ' A.
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Solution.

(a) A(I, + BA) = Al,, + ABA=1,A+ ABA = (I, + AB). Similar argument
for the second equality.

(b) Suppose I, + AB is invertible. Then postmultiplying the second equality
in (a) by —(I,, + AB)~1A to obtain —(I,, + BA)B(I,, + AB)"'A = —BA. Now
add I,, + BA to both sides to obtain

(I, + BA)[I, — B(I, + AB) *A] = I,

This says that I,, + BA is invertible and (I +n+ BA)~! = I, — B(I,+AB) A
[

Exercise 96
If A is invertible and k # 0 show that (kA)™" = $ A~1

Solution.
Suppose that A is invertible and k # 0. Then (kA)A~! = k(AA~1) = kI,,. This
implies (kA)(+ A™') = I,. Thus, kA is invertible with inverse equals to 1 A~! W

Exercise 97
Prove that if R is an n X n matriz in reduced row-echelon form and with no zero
rows then R = 1I,.

Solution.

Since R has no zero rows then RT has no zero rows as well. Since the first row
of R is nonzero then the leading 1 must be in the (1,1) position; otherwise,
the first column will be zero and this shows that R” has a zero row which is a
contradiction. By the definition of reduced row-echelon form all entries below
the leading entry in the first column must be 0 and all entries to the right of
the leading entry in the first row are 0. Now, we repeat this argument to the
(n—1) x (n — 1) matrix obtained by deleting the first row and the first column
of R and so on W

2.4 Elementary Matrices

In this section we introduce a special type of invertible matrices, the so-called
elementary matrices, and we discuss some of their properties. As we shall see,
elementary matrices will be used in the next section to develop an algorithm for
finding the inverse of a square matrix.

An n x n elementary matrix is a matrix obtained from the identity matrix
by performing one single elementary row operation.

Exercise 98
Show that the following matrices are elementary matrices

(a)

o O =
O = O
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(b)

o O =
= o O
o = O

(c)

(e
—_
(an]

Solution.

We list the operations that produce the given elementary matrices.
(a) r1 < 1ry.

(b) ro > r3.

(¢)ri7r1+3r; A

Exercise 99
Consider the matriz

1 0 2 3
A=12 -1 3 6
1 4 4 0

(a) Find the row equivalent matriz to A obtained by adding 3 times the first row
of A to the third row. Call the equivalent matriz B.

(b) Find the elementary matriz E corresponding to the above elementary row
operation.

(c) Compare EA and B.

Solution.
(a)
1 0 2 3
B = 2 -1 3 6
4 4 10 9
(b)
1 0 0
E = 0 1 0
3 01

(c) FA=Bn

The conclusion of the above exercise holds for any matrix of size m x n.

Theorem 17

If the elementary matrix E results from performing a certain row operations on
Ly, and if A is an m X n matriz, then the product of EA is the matriz that
results when this same row operation is performed on A.
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Proof.

We prove the theorem only for type II operations. Let E be the elementary
matrix of size m x m obtained by adding k times row p of I,,, to row q. Let
B be the matrix obtained from A by adding k times row p to row g. We must
show that B = FA. Let A = (aij). Then B = (bij)7 where bij = G4y for ¢ 7é q,
and by; = kap; + ag;. Let EA = (d;;). We will show that b;; = d;;. If ¢ # ¢
then d;; = (ith row of E)(jth column of A) = a;; = b;;. If i = g, then
dqgj = (qth row of E)(jth column of A) = kay; + aqj = bg;. It follows that
EA = B. Types I and III are left for the reader B

It follows from the above theorem that a matrix A is row equivalent to a ma-
trix B if and only if B= EyEy_1--- E1A, where E1, Es, - - -, Ej are elementary
matrices.

The above theorem is primarily of theoretical interest and will be used for de-
velopping some results about matrices and systems of linear equations. From a
computational point of view, it is preferred to perform row operations directly
rather than multiply on the left by an elementary matrix. Also, this theorem
says that an elementary row operation on A can be achieved by premultiplying
A by the corresponding elementary matrix F.

Given any elementary row operation, there is another row operation ( called its
inverse) that reverse the effect of the first operation. The inverses are described
in the following chart.

Type  Operation  Inverse operation

1
1 T < Cry T LTy
IT rjecri+r; T —crp +

111 T T T <> T

The following theorem gives an important property of elementary matrices.

Theorem 18
Every elementary matriz is invertible, and the inverse is an elementary matriz.

Proof.

Let A be any n xn matrix. Let E be an elementary matrix obtained by applying
a row elementary operation p on I,,. By Theorem 17, applying p on A produces
a matrix FA. Applying the inverse operation p~! to EA gives F(EA) where F
is the elementary matrix obtained from I,, by applying the operation p~!. Since
inverse row operations cancel the effect of each other, it follows that FEA = A.
Since A was arbitrary, we can choose A = I,. Hence, FE = I,. A similar
argument shows that EF = I,,. Hence E is invertible and E~' = F R

Exercise 100

Show the following

(a) A is row equivalent to A.

(b) If A is row equivalent to B then B is row equivalent to A.

(c) If A is row equivalent to B and B is row equivalent to C' then A is row
equivalent to C.
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Solution.

(a) Suppose that A is an m X n matrix. Then A = I, A. Since I,,, is an elemen-
tary matrix then A ~ A.

(b) Suppose that A and B are two matrices of sizes m x n. If A ~ B then B =
EvE;_1---E1A where Eq, Es,---, Ey are m X m elementary matrices. Since
these matrices are invertible elementary matrices then A = E;'E;"--- E;'B.
That is, B ~ A.

(c) Suppose that A ~ Band B~ C. Then B=E},---F1AandC = FiF;_1--- F1 B.
But then we have C = (F)IF;_1 - - F1ExEx_1--- F1A. That is, A~ C &

Exercise 101
Write down the inverses of the following elementary matrices:

010 1 00 105
Er=|10 0 |,Ea=|0 10 |,B3=([010
00 1 00 9 00 1
Solution.
(a) Byt = By
(b)
100
E;'=(0 10
00 3
(c)
1 0 -5
Es'=(01 0 |m
00 1

Exercise 102
If E is an elementary matriz show that ET is also an elementary matriz of the
same type.

Solution.

Suppose that E is the elementary matrix obtained by interchanging rows i and
j of I, with ¢ < j. This is equivalent to interchanging columns ¢ and j of I,,. But
then ET is obtained by interchanging rows i and j of I,, and so is an elementary
matrix. If F is obtained by multiplying the ith row of I,, by a nonzero constant
k then this is the same thing as multiplying the ith column of I, by k. Thus,
ET is obtained by multiplying the ith row of I,, by k and so is an elementary
matrix. Finally, if F is obtained by adding k times the ith row of I,, to the jth
row then E7 is obtained by adding k times the jth row of I,, to the ith row.
Note that if E is of Type I or Type III then ET = E

2.5 An Algorithm for Finding A~!

Before we establish the main results of this section, we recall the reader of the
following method of mathematical proofs. To say that statements py,po, -+, pn
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are all equivalent means that either they are all true or all false. To prove that
they are equivalent, one assumes p; to be true and proves that ps is true, then
assumes po to be true and proves that ps is true, continuing in this fashion,
assume that p,_1 is true and prove that p,, is true and finally, assume that p,, is
true and prove that p; is true. This is known as the proof by circular argument.
Now, back to our discussion of inverses. The following result establishes re-
lationships between square matrices and systems of linear equations. These
relationships are very important and will be used many times in later sections.

Theorem 19
If A is an n x n matrix then the following statements are equivalent.

(a) A is invertible.
(b) Ax = 0 has only the trivial solution.

(c) A is row equivalent to I,.
(d) rank(A) = n.

Proof.

(a) = (b) : Suppose that A is invertible and z is a solution to Az = 0. Then
Axzy = 0. Multiply both sides of this equation by A~' to obtain A=1Azy, =
A~10, that is o = 0. Hence, the trivial solution is the only solution.

(b) = (¢) : Suppose that Ax = 0 has only the trivial solution. Then the
reduced row-echelon form of the augmented matrix has no rows of zeros or free
variables. Hence it must look like

1 00 00
01 0 0 0
0 0 1 0 0
000 : 10

If we disregard the last column of the previous matrix we can conclude that A
can be reduced to I,, by a sequence of elementary row operations, i.e. A is row
equivalent to I,,.

(¢) = (d) : Suppose that A is row equivalent to I,. Then rank(A) = rank(I,) =
n.

(d) = (a) : Suppose that rank(A) = n. Then A is row equivalent to I,,. That is
I,, is obtained by a finite sequence of elementary row operations performed on
A. Then by Theorem 17, each of these operations can be accomplished by pre-
multiplying on the left by an appropriate elementary matrix. Hence, obtaining

EpEp i ... EoE1A =1,

where k is the necessary number of elementary row operations needed to reduce
A to I,,. Now, by Theorem 18 each E; is invertible. Hence, FxFEy_1 ... FoFq is
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invertible and A=! = ExEy_1...FsF1.

Using the definition, to show that an n x n matrix A is invertible we find a
matrix B of the same size such that AB = I,, and BA = I,,. The next theorem
shows that one of these equality is enough to assure invertibilty.

Theorem 20
If A and B are two square matrices of size nxn such that AB = I then BA =1,
and B~1 = A.

Proof

Suppose that Bx = 0. Multiply both sides by A to obtain ABx = 0. That
is, £ = 0. This shows that the homogenenous system Bx = 0 has only the
trivial solution so by Theorem 9 we see that B is invertible, say with inverse
C. Hence, C = I,C = (AB)C = A(BC) = Al, = A so that B~! = A. Thus,
BA=BB'=1,1

As an application of Theorem 19, we describe an algorithm for finding A~1.
We perform elementary row operations on A until we get I,,; say that the prod-
uct of the elementary matrices is FxFy_1 ... FoF1. Then we have

(BxEj_1 ... B2EN[AIL] = [(ExEx_1... B2E)A|(ExEp_y ... EsE1)I,)
= [L]A7Y]

We ask the reader to carry the above algorithm in solving the following problems.

Exercise 103
Find the inverse of

1 2 3
A= 2 5 3
1 0 8
Solution.
We first construct the matrix
123 | 100
253 1] 010
1 08 | 001

Applying the above algorithm to obtain

Step 1: 19 «— ro — 211 and r3 «— r3 — 11

1 2 3] 1 00
0 1 -3 | 210
0 -2 5 | =101



2.5. AN ALGORITHM FOR FINDING A~} 65

Step 2: r3 < r3 + 219

12 3 ] 1 00
01 -3 ] -2 10
00 -1 | =5 21
Step 3: 71 « 11 — 279
10 9 | 5 =20
01 -3 | -2 10
00 -1 | =5 2 1
Step 4: 19 < ro — 3r3 and rq < r1 + 973
10 0 | —-40 16 9
01 0 | 13 -5 -3
0 0 -1 | =5 2 1
Step 5: 13 «— —r3
1 0 0 | —40 16 9
010 ] 13 -5 -3
001 ] 5 -2 -1
It follows that
—40 16 9
Al = 13 -5 -3 |nm
5 -2 -1

Exercise 104
Show that the following homogeneous system has only the trivial solution.

Ty + 2x9 + 3x3 = 0
21’1 + 5582 + 31‘3 = 0
1 + 81’3 = 0.

Solution.
The coefficient matrix of the given system is invertible by the previous exercise.
Thus, by Theorem 19 the system has only the trivial solution l

The following result exhibit a criterion for checking the singularity of a square
matrix.

Theorem 21
If A is a square matriz with a row consisting entirely of zeros then A is singular.

Proof.

The reduced row-echelon form will have a row of zeros. So the rank of the co-
efficient matrix of the homogeneous system Ax = 0 is less than n. By Theorem
5, Az = 0 has a nontrivial solution and as a result of Theorem 19 the matrix A
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must be singular. Wl

How can we tell when a square matrix A is singular? i.e., when does the algo-
rithm of finding A~! fail? The answer is provided by the following theorem

Theorem 22
An n X n matriz A is singular if and only if A is row equivalent to a matriz B
that has a row of zeros.

Proof.

Suppose first that A is singular. Then by Theorem 19, A is not row equivalent
to I,,. Thus, A is row equivalent to a matrix B # I,, which is in reduced echelon
form. By Theorem 19, B must have a row of zeros.

Conversely, suppose that A is row equivalent to matrix B with a row con-
sisting entirely of zeros. Then B is singular by Theorem 251. Now, B =
EvEp ... E3E1A. If A is nonsingular then B is nonsingular, a contradiction.
Thus, A must be singular il

The following theorem establishes a result of the solvability of linear systems
using the concept of invertibility of matrices.

Theorem 23
An n X n square matriz A is invertible if and only if the linear system Ax = b
18 consistent for every n x 1 matriz b.

Proof.

Suppose first that A is invertible. Then for any n x 1 matrix b the linear system
Az = b has a unique solution, namely z = A~ !b.

Conversely, suppose that the system Ax = b is solvable for any n x 1 matrix b.
In particular, Ax; = e;,1 <1i < n, has a solution, where e; is the ith column of
I,,. Construct the matrix

C=(z1 x - xn)
Then
AC = ( Axy Aze --- Az, ):( e1 ey - ey ) =1,.
Hence, by Theorem 20, A is non-singular Wl

Exercise 105
Solve the following system by using the previous theorem

|
ot

T + 2.’E2 + 31’3
201 + S5r9 + 3x3 = 3
X1 + 8xrz3 = 17
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Solution.
Using Exercise 103 and Theorem 23 we have

71 —40 16 9 5
To = 13 -5 -3 3
5 5 -2 -1 17
1
= —1 [ ]
2

Exercise 106
If P is an n x n matriz suzh that PT P = I,, then the matrix H = I, — 2PPT is
called the Householder matrix. Show that H is symmetric and HT H = I,.

Solution.

Taking the transpose of H we have H = [T — 2(PT)TPT = H. That is, H is
symmetric. On the other hand, H'H = H? = (I, — 2PPT)? = I,, — 4PPT +
4(PPTY? =1, —4PPT + 4P(PTP)PT =1, —4PPT +4PPT =1, 1

Exercise 107
Let A and B be two square matrices. Show that AB is nonsingular if and only
if both A and B are nonsingular.

Solution.

Suppose that AB is nonsingular. Then (AB)"'AB = AB(AB)~! = I,,. Suppose
that A is singular. Then A has a row consisting of 0. Then AB has a row
consisting of 0 (Exercise 90) but then AB is singular according to Theorem 251,
a contradiction. Since (AB)~'AB = I,, then by Theorem 20, B is nonsingular.
The converse is just Theorem 15 (a) W

2.6 Review Problems

Exercise 108
Compute the matrix

Exercise 109
Find w,z,y, and z.

1 2 w 1 2 -1
2 z 4 |=12 -3 4
y —4 =z 0 —4 5
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Exercise 110
Determine two numbers s and t such that the following matriz is symmetric.

2 s t
A= 2s 0 s+t
3 3 t

Exercise 111
Let A be a 2 x 2 matriz. Show that

1 0 0 0 0
A_a<0 0)+b(0 >+( 0>+d( 1)
Exercise 112

LetA=[1 1 -1],B=[0 1 2],C=[3 0 1].IfrA+sB+tC=
0 show that s=r =1t =0.

O =
= O
o O

Exercise 113
Show that the product of two diagonal matrices is again a diagonal matrix.

Exercise 114

Let A be an arbitrary matriz. Under what conditions is the product AAT de-
fined?

Exercise 115
(a) Show that AB = BA if and only if (A — B)(A+ B) = A®> — B2
(b) Show that AB = BA if and only if (A+ B)? = A2 + 2AB + B2

Exercise 116
Let A be a matriz of size m X n. Denote the columns of A by C1,Cs,---,C,.

Let x© be the n x 1 matriz with entries x1,Ts, -, T,. Show that Ax = x1C1 +
29Cy + -+ + 2,Ch.

Exercise 117
Let A be an m X n matriz. Show that if yA =0 for all y € R™ then A =0.

Exercise 118
An n x n matriz A is said to be idempotent if A2 = A.

(a) Show that the matriz
171 1
A_2(11)
is idempotent

(b) Show that if A is idempotent then the matriz (I, — A) is also idempotent.
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Exercise 119
The purpose of this exercise is to show that the rule (ab)™ = a™b™ does not hold
with matriz multiplication. Consider the matrices

2 —4 3 2
(0 3)e-(50)
Show that (AB)? # A2B2.

Exercise 120
Show that AB = BA if and only if AT BT = BT AT,

Exercise 121

Suppose AB = BA and n is a non-negative integer.

(a) Use induction to show that AB™ = B"A.

(b) Use induction and (a) to show that (AB)™ = A™B™.

Exercise 122
Let A and B be symmetric matrices. Show that AB is symmetric if and only if
AB = BA.

Exercise 123
Show that tr(AAT) is the sum of the squares of all the entries of A.

Exercise 124
(a) Find two 2 x 2 singular matrices whose sum in nonsingular.
(b) Find two 2 x 2 nonsingular matrices whose sum is singular.

Exercise 125
Show that the matriz

b

Il
W DN =
Oy U
o OO

18 singular.

Exercise 126
Let

_ =

W N
N—

Find A=3.

Exercise 127
Let

Find A.
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Exercise 128
Let A and B be square matrices such that AB = 0. Show that if A is invertible
then B is the zero matriz.

Exercise 129
Find the inverse of the matriz

sinf cos@
A_( —cosf sin6 >
Exercise 130

Which of the following are elementary matrices?

(a)
110
00 1
010

(b)

(c)

O O =
O = O
= o O

(d)

OO O
o O = O
O = OO
_— o O N

Exercise 131

Let A be a 4 x3 matriz. Find the elementary matriz E, which as a premultiplier
of A, that is, as EA, performs the following elementary row operations on A :
(a) Multiplies the second row of A by -2.

(b) Adds 3 times the third row of A to the fourth row of A.

(c¢) Interchanges the first and third rows of A.

Exercise 132
For each of the following elementary matrices, describe the corresponding ele-
mentary row operation and write the inverse.

(¢)

=
I
= o O
O = O
S O =

(b)

&=

Il
O|>—l

[\
o = O
_ o O
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(c)

1 0 0
E=101 0
0 0 5
Exercise 133
Consider the matrices
3 4 1 8 1 5 3 4 1
A= 2 -7 -1 |,B=| 2 -7 -1 |,C= 2 -7 -1
8 1 5 3 4 1 2 -7 3

Find elementary matrices E1, Es, E3, and E4 such that
(a)ElA = B, (b)EQB == A, (C)EgA == C, (d)E4C = A.

Exercise 134
Determine if the following matriz is invertible.

1 6 4
2 4 -1
-1 2 5

Exercise 135
For what values of a does the following homogeneous system have a nontrivial
solution?
(a—1Dzxy + 2z =0
{ 211 + (a— 1)z

|
o

Exercise 136
Find the inverse of the matriz

ot O =
ot DN
— W

Exercise 137
What conditions must by, ba, bs satisfy in order for the following system to be
consistent?

X + X2 + 21’3 = bl
X1 + I3 = b2
2¢1 + wz2 + 3xz3 = bs

Exercise 138
Prove that if A is symmetric and nonsingular than A~ is symmetric.

Exercise 139

If
4 0 0
D=0 -2 0
0 0 3

find D~
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Exercise 140
Prove that a square matriz A is nonsingular if and only if A is a product of
elementary matrices.

Exercise 141
Prove that two m x n matrices A and B are row equivalent if and only if there
exists a nonsingular matriz P such that B = PA.

Exercise 142
Let A and B be two n X n matrices. Suppose A is row equivalent to B. Prove
that A is nonsingular if and only if B is nonsingular.

Exercise 143
Show that the product of two lower (resp. upper) triangular matrices is again
lower (resp. upper) triangular.

Exercise 144
Show that a 2 x 2 lower triangular matriz is invertible if and only if ay1a22 # 0
and in this case the inverse is also lower triangular.

Exercise 145

Let A be an n X n matriz and suppose that the system Ax = 0 has only the
trivial solution. Show that A¥x = 0 has only the trivial solution for any positive
integer k.

Exercise 146
Show that if A and B are two n X n matrices then A ~ B.

Exercise 147
Show that any n X n invertible matriz A satisfies the property (P): If AB = AC
then B = C.

Exercise 148
Show that an n X n matriz A is invertible if and only if the equation yA = 0
has only the trivial solution.

Exercise 149
Let A be an n X n matriz such that A™ = 0. Show that I,, — A is invertible and
find its inverse.

Exercise 150

Let A = (a;;(t)) be an m x n matriz whose entries are differentiable functions
of the variable t. We define % = (dgzj). Show that if the entries in A and B
are differentiable functions of t and the sizes of the matrices are such that the
stated operations can be performed, then

(a) %(kA) = k%.

(b)) L(A+B)=4 + 4B,

(c) L(AB) = 4B + A4B.
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Exercise 151
Let A be an n X n invertible matrixz with entries being differentiable functions of
t. Find a formula for ¢4

Exercise 152 (Sherman-Morrison formula)
Let A be an n x n invertible matrixz. Let u,v be n X 1 matrices such that
vT A 'u +1 #0. Show that
T
(a) (A+unT) (A = 4her) = I,
(b) Deduce from (a) that A is invertible.

Exercise 153
Let © = (21,22, Tm)T be an m x 1 matriz and y = (y1,Y2," -+, yn)" be an
n x n matriz. Construct the m x n matriz zy”.

Exercise 154
Show that a triangular matriz A with the property AT = A~ is always diagonal.
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Chapter 3

Determinants

With each square matrix we can associate a real number called the determi-
nant of the matrix. Determinants have important applications to the theory of
systems of linear equations. More specifically, determinants give us a method
(called Cramer’s method) for solving linear systems. Also, determinant tells us
whether or not a matrix is invertible.

3.1 Definition of the Determinant

Determinants can be used to find the inverse of a matrix and to determine if
a linear system has a unique solution. Throughout this chapter we use only
square matrices.

Let us first recall from probability theory the following important formula known
as the multiplication rule of counting: If a choice consists of k steps, of which
the first can be made in n; ways, for each of these the second step can be made
in ny ways, - - -, and for each of these the kth can be made in n; ways, then the
choice can be made in nins - - - ni ways.

Exercise 155
If a new-car buyer has the choice of four body styles, three engines, and ten
colors, in how many different ways can s/he order one of these cars?

Solution.
By the multiplication rule of counting, there are (4)(3)(10) = 120 choices R

A permutation of the set S = {1,2,...,n} is an arrangement of the ele-
ments of S in some order without omissions or repetitions. We write 0 =
(e()a(2)- - o(n)).

In terms of functions, a permutation is a function on S with range equals to
S. Thus, any o on S possesses an inverse 0!, that is coo ' =0 oo = id

(0]



76 CHAPTER 3. DETERMINANTS

where id = (123---n). So if 0 = (613452) then o~! = (263451).(Show that
coo l=0"1oo =id).

Exercise 156

Let 0 = (24513) and 7 = (41352) be permutations in Ss. Find
(a) o1 and T oo,

(b) oL,

Solution.

(a) Using the definition of composition of two functions we find, o(7(1)) =
o(4) = 1. A similar argument for o(7(2)), etc. Thus, o o 7 = (12534) and
Too = (15243).

(b) Since (4) = 1 then o~1(1) = 4. Similarly, 0=1(2) = 1, etc. Hence,
ol =(41523) m

Let S,, denote the set of all permutations on S. How many permutations are
there in S,,7 We have n positions to be filled by n numbers. For the first posi-
tion, there are n possibilities. For the second there are n — 1 possibilities, etc.
Thus, according to the multiplication rule of counting there are

nn—1)Mn-2)...21=n!
permutations.

Is there a way to list all the permutations of .S,,? The answer is yes and one can
find the permutations by using a permutation tree which we describe in the
following exercise

Exercise 157
List all the permutations of S = {1,2,3,4}.

Solution.

An inversion is said to occur whenever a larger integer precedes a smaller
one. If the number of inversions is even (resp. odd) then the permutation is
said to be even (resp. odd). We define the sign of a permutation to be a
function sgn with domain S,, and range {—1,1} such that sgn(c) = —1if o is
odd and sgn(o) = +1 if ¢ is even.

Exercise 158
Classify each of the permutations in Sg as even or odd.
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(i) (613452).

(ii) (2413).

(iii) (1234).

(iv) id = (123456).

Solution.

(i) sgn((613452)) = +1 since there are 8 inversions, namely, (61), (63), (64), (65),
(62),(32), (42), and (52).

(ii) sgn((2413)) = —1. The inversions are: (21), (41), (43).

(iii) sgn((1234)) = +1. There are 0 inversions.

(iv) sgn(id)=+1 1

The following two theorems are of theoretical interest.

Theorem 24
Let 7 and o be two elements of Sy,. Then sgn(t o o) = sgn(1)sgn(c). Hence,
the composition of two odd or even permutations is always even.

Proof.

Define the polynomial in n indeterminates g(x1, 2, -, 2,) = Wi (z; — ;).
For any permutation o € S, we define o(g) = ILi<j(2,(;) — To(j)). We will
show that for any o € S,, one has o(g) = sgn(o)g. Clearly, o(g) = (Il;;(x; —
z;)) s (x; — x;)). But for ¢ > j one can write x; — z; = —(z; — ;), with
(zj —x;) being a factor of g. Let k be the number of factors of the form (x; —z;)
with 4 > j. Then o(g) = (—1)*g. It follows that if k is even then o(g) = g and
if k is odd o(g) = —g.

Now, let 1 <14 < j <n be such that (i) > o(j). Since Range(o) = {1,2,---,n}
then there exit i*,j* € {1,2,---,n} such that o(i*) = ¢ and o(j*) = j. Since
i < j then o(j*) > o(i*). Thus for every pair (4,7) with ¢ < j and o (i) > o(j)
there is a factor of o(g) of the form (z4(;+) — Zo+)) With o(5*) > o(i*). If
o is even (resp. odd) then the number of (i,j) with the property ¢ < j and
o(i) > o(j) is even (resp. odd). This implies that & is even ( resp. odd). Thus,
o(g) =g if o is even and o(g) = —g¢ if o is odd.

Finally, for any o, 7 € S,, we have

sgn(o oT)g = (0 07)g = 0(7(9)) = a(sgn(7)g) = (sgn(o))(sgn(7))g.
Since g was arbitrary then sgn(o o 7) = sgn(o)sgn(7). This concludes a proof
of the theorem W

Theorem 25
For any o € S, we have sgn(c) = sgn(oc™1).

proof.
We have o o 0~! = id. By Theorem 24 we have sgn(c)sgn(oc=!) = 1 since id is
even. Hence, o and o~ ! are both even or both odd W

Let A be an n X n matrix. An elementary product from A is a product
of n entries from A, no two of which come from the same row or same column.
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Exercise 159
List all elementary products from the matrices

(a)

(b)

Solution.

(a) The only elementary products are ajiass, a12as1.

(b) An elementary product has the form a.ag.ass. Since no two factors come
from the same column, the column numbers have no repetitions; consequently
they must form a permutation of the set {1,2,3}. The 3! = 6 permutations yield
the following elementary products:

(11022033, 411023032, 12023031, A12021033, 313021032, A13a22031 W

Let A be an n x n matrix. Consider an elementary product of entries of A.
For the first factor, there are n possibilities for an entry from the first row.
Once selected, there are n — 1 possibilities for an entry from the second row for
the second factor. Continuing, we find that there are n! elementary products.
They are the products of the form ay,(1)a24(2) - - - @no(n), Where o is a permuta-
tion of {1,2,...,n}, i.e. a member of S,.

Let A be an n x n matrix. Then we define the determinant of A to be the
number

|A| = Z Sgn(a)ala(l)a20(2) -+ - Qno(n)

where the sum is over all permutations o of {1,2,...,n}.

Exercise 160
Find |A| if
(a)

a a
A— 11 12 ,
a21 A22
(b)
ail aiz2 ais

A= axn a2 ax
asi asy as3
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Solution.

By using the definition of a determinant and Exercise 159 we obtain

(a) Al = a11a22 — az1a12.

(b) |A\ = 11022033 — Q11023032 + 012023031 — G12021033 + 413021032 — 13022031

Exercise 161
Find all values of \ such that |A| = 0.

(a)
A:<)\Il A—_24>7

(b)

Solution.

(a) Using Exercise 160 (a) we find |A| = (A —3)(A —2) = 0. Therefore, A = 3 or
A=2.

(b) By Exercise 160 (b) we have |A| = (A —2)?(\ —6) = 0 and this yields A\ = 2
orA\=6M

Exercise 162
Prove that if a square matriz A has a row of zeros then |A| = 0.

Solution.

Suppose that the ith row of A consists of 0. By the definition of the determinant
each elementary product will have one factor belonging to the ith row. Thus,
each elementary product is zero and consequently |[A] =0 Bl

3.2 Evaluating Determinants by Row Reduction

In this section we provide a simple procedure for finding the determinant of a
matrix. The idea is to reduce the matrix into row-echelon form which in this
case is a triangular matrix. Recall that a matrix is said to be triangular if it is
upper triangular, lower triangular or diagonal. The following theorem provides
a formula for finding the determinant of a triangular matrix.

Theorem 26
If A is an n X n triangular matriz then |A| = a11a22 . . . Gpn.

Proof.
Assume that A is lower triangular. We will show that the only elementary
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product that appears in the formula of |A| is aj1az22 - - - @pp- To see this, consider
a typical elementary product

A15(1)025(2) ** " Ono(n)- (3.1)
Since a12 = a3 = --- = a1, = 0 then for the above product to appear we
must have o(1) = 1. But then o(2) # 1 since no two factors come from the
same column. Hence, 0(2) > 2. Further, since as3 = agq = -+ = ag, = 0 we

must have ¢(2) = 2 in order to have (3.1). Continuing in this fashion we obtain
o(3) =3,---,0(n) = n. That is, |A| = a11a22 - - anyn. The proof for an upper
triangular matrix is similar.lil

Exercise 163
Compute |A|.

(a)

1 2 3
A=|0 4 5 |,
00 6

(b)
100
A=|2 3 0|,
45 6

Solution.
(a) Since A is triangular then |A| = (1)(4)(6) = 24.
(b) Al = (1)B)(6) =18 m

Exercise 164
Compute the determinant of the identity matrix I,.

Solution.
Since the identity matrix is triangular with entries equal to 1 on the main diag-
onal then |I,| =11

The following theorem is of practical use. It provides a technique for evalu-
ating determinants by greatly reducing the labor involved. We shall show that
the determinant can be evaluated by reducing the matrix to row-echelon form.
Before proving the next theorem, we make the following remark. Let 7 be a
permutation that interchanges only two numbers ¢ and j with ¢ < j. That is,
T(k) =k if k #4,j and 7(¢) = j,7(j) = i. We call such a permutation a trans-
position. In this case, 7 = (12---j(i+1)(i+2)---(j —1)i(j + 1) - - - n). Hence,
there are 2(j — ¢ — 1) + 1 inversions, namely, (j,i+1),---, (4,5 — 1), (4,9), ( +
1,4), (i+2,7),---,(j—1,4). This means that 7 is odd. Now, for any permutation
o € S, we have sgn(t o o) = sgn(1)sgn(o) = —sgn(o).(See Theorem 24)
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Theorem 27

Let A be an n x n matrix.

(a) Let B be the matriz obtained from A by multiplying a row by a scalar c.
Then |B| = c|A|.

(b) Let B be the matriz obtained from A by interchanging two rows of A. Then
|B| = —JA|

(c) If a square matriz has two identical rows then its determinant is zero.

(d) Let B be the matriz obtained from A by adding ¢ times a row to another
row. Then |B| = |A]|.

Proof.

(a) Multiply row r of A = (a;;) by a scalar c¢. Let B = (b;;) be the resulting
matrix. Then b;; = a;; for ¢ # r and b,; = ca,;. Using the definition of a
determinant we have

|B| = ZaeSn sgn(0)b1o(1)b20(2) * * bro(r) * * bro(n)
= ZJESn Sgn(g)ala(l)a’Qa(Q) to c(ara(r)) T Qpo(n)
= € pes, S91(0)A15(1)A20(2) ** Aro(r) ** Ano(n) = C|Al.

(b) Interchange rows r and s of A with r < s. Let B = (b;;) be the resulting
matrix. Let 7 be the transposition that interchanges the numbers r and s. Then
bij = air(j)- Using the definition of determinant we have

|B| = ZUESn Sgn(a)bla(l)b20(2) T bno’(n)
desn Sgn(a)alToa(l)a2Toa(2) ** " Gproo(n)
- ZUES" Sgn(T © U)al‘roo(l)a2‘roo(2) * " Qprog(n)
— Y ses, Sgn(0)ais1)azs2) -+ Ansn) = —|Al-

Note that as ¢ runs through all the elements of S;,, 7 o ¢ runs through all the
elements of S, as well. This ends a proof of (b).

(c) Suppose that rows r and s of A are equal. Let B be the matrix obtained
from A by interchanging rows r and s. Then B = A so that |B| = |A|. But by
(b), |B] = —|A|. Hence, |A| = —|A[,2]|A| = 0 and hence |A| = 0.

(d) Let B = (b;) be obtained from A by adding to each element of the sth row
of A c times the corresponding element of the rth row of A. That is, b;; = a;; if
i # s and bs; = car; + asj. Then

|B| = Y ves, 891(0)b15(1)b20(2)  *  Dso(s) *  bno(n)
= ZUESn Sgn(a)alo'(l)G'QU(Z) T (Cara(s) + aso’(s)) ©Qpo(n)
= ZUGSW Sgn(a)ala(l)a2o(2) CQrg(r) Tt Qso(s) T Ano(n)
+ (Xes, $91(0)010(1)026(2) *** Gro(r) - Qra(s) * ** Ana(n))-

The first term in the last expression is |A|. The second is ¢ times the deter-
minant of a matrix with two identical rows, namely, rows r and s with entries
(ar1,ar2, +,am). By (c), this quantity is zero. Hence, |B| = |A|.R

Exercise 165
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Use Theorem 27 to evaluate the determinant of the following matriz

0 1 5
A= 3 -6 9
2 6 1
Solution.
We use Gaussian elimination as follows.
Step 1: 71 <> 7y
3 -6 9
0 1 5 |=-]4
2 6 1
Step 2: 11 «— 11 — 713
1 —-12 8
0 1 5 |=—]4]
2 6 1
Step 3: r3 «— r3 — 21
1 -12 8
0 1 5 | =—|A]
0 30 -15
Step 4: r3 «— r3 — 307
1 —12 8
0 1 5 = —|A]
0 0 -—165
Thus,
1 -12 8
[Al=—]0 1 5 = 1651
0 0 -165

Exercise 166
Show that if a square matrix has two proportional rows then its determinant is
zero.

Solution.
Suppose that A is a square matrix such that row j is k times row i with k& # 0.
By adding —%rj to r; then the ith row will consist of 0. By Thereom 27 (c),
[Al=0m

Exercise 167
Show that if A is an n x n matriz and c is a scalar then |cA| = c™|A|.

Solution.
The matrix cA is obtained from the matrix A by multiplying the rows of A by
¢ # 0. By mutliplying the first row of cA by < we obtain |B| = 1|cA| where B
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is obtained from the matrix A by multiplying all the rows of A, except the first
one, by c. Now, divide the second row of B by 1 to obtain |B’| = 1|B|, where
B’ is the matrix obtained from A by multiplying all the rows of A, except the
first and the second, by ¢. Thus, |B’| = %|cA|. Repeating this process, we find
|A| = L |cA| or |cAl = c"|A| B

Exercise 168

(a) Let Ey be the elementary matriz corresponding to type I elementary row
operation. Find |E|.

(b) Let E5 be the elementary matriz corresponding to type II elementary row
operation. Find |Fs].

(c) Let E3 be the elementary matriz corresponding to type III elementary row
operation. Find |E3].

Solution.

(a) The matrix E is obtained from the identity matrix by multiplying a row of
I,, by a nonzero scalar c. In this case,|E1| = c|I,,| = c.

(b) Es is obtained from I,, by adding a multiple of a row to another row. Thus,
|E2| = |In| =1L

(¢) The matrix Ej3 is obtained from the matrix I,, by interchanging two rows.
In this case, |E3| = —|I,|=—-11

Exercise 169
Find, by inspection, the determinant of the following matriz.

3 -1 4 -2
6 -2 5 2
4= 5 8 1 4
-9 3 -12 6

Solution.
Since the first and the fourth rows are proportional then the determinant is zero
by Exercise 166 B

3.3 Properties of the Determinant

In this section we shall derive some of the fundamental properties of the de-
terminant. One of the immediate consequences of these properties will be an
important determinant test for the invertibility of a square matrix.

Theorem 28
Let A = (ai;) be an n x n square matriz. Then |AT|=|A|.
Proof.

Since A = (a;;) then AT = (aj;). Using the definition of determinant we have

|AT‘ = desn Sgn(a)ao(l),laa(2)72 © Qo (n),n
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Now, since o is a permutation then a,(1),100(2),2 " * Go(n),n = O1k; O2ks *** Anky, s
where o(k;) = 4,1 < i <n. We claim that 7 = (k1ko -+ k,) = o~ 1. Indeed, let
7(i) = k; for 1 < i < n. Then (0 o7)(3) = o(7(2)) = o(k;) =i, i.e. coT =1id.
Hence, 7 = o L.

Next, by Theorem 25, sgn(7) = sgn(o) and therefore

|AT‘ ZUESn Sgn(T)a17T(1)a2,T(2) ©Qnor(n)

TES, Sgn<7—)al,7'(l)a2,7'(2) T an;r(n) = |A|

This ends a proof of the theorem W

It is worth noting here that Theorem 28 says that every property about de-
terminants that contains the word "row” in its statement is also true when the
word ”column” is substituted for "row”.

Exercise 170
Prove that if two columns of a square matriz are proportional then the matriz
has determinant equals to zero.

Solution.

If A is a square matrix with two proportional columns then A7 has two pro-
portional rows. By Exercise 166 and Theorem 28 we have |A| = |AT| = 0
]

Exercise 171
Show that if A is matriz with a column consisting of 0 then |A| = 0.

Solution.
If A has a column consisting entirely of 0 then A” has a row consisitng entirely
of 0. By Theorem 28 and Exercise 162 we have |[A| = |[AT| =01

Next, we prove that the determinant of the product of two matrices is the
product of determinants and that A is invertible if and only if A has nonzero
determinant. The next result relates the determinant of a product of a matrix
with an elementary matrix.

Theorem 29
If E is an elementary matriz then |EA| = |E||A]|.

Proof.

If F is an elementary matrix of type I then |E| = ¢ and by Theorem 27
|[EA| = ¢|A| = |E||A]. If E is an elementary matrix of type II, then |E| = 1
and |FA| = |A| = |E||A]. Finally, if F is an elementary matrix of type III then
|E| = -1 and |[EA| = —|A| = |E||AR

By induction one can extend the above result.
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Theorem 30
If B=FE\Ey---E, A, where Ey, Es,---, E, are elementary matrices, then |B| =
|E||Ea - - | Enl|Al

Proof.
This follows from Theorem 29. Indeed, |B| = |E1(Es - - - E, A)| = |E1||E2(E5 - - - B, A)| =
= |En||Eal - |ER]]Al R

Next we establish a condition for a matrix to be invertible.

Theorem 31
If A is an n x n matriz then A is nonsingular if and only if |A| # 0.

Proof

If A is nonsingular then A is row equivalent to I, (Theorem 19). That is,
A= EFEy_1---E1I,. By Theorem 30 we have |A| = |Ey|---|F1||I,| # 0 since
if E is of type I then |E| = ¢ # 0; if E is of type II then |E| = 1, and if E is of
type III then |E| = —1.

Now, suppose that |A| # 0. If A is singular then by Theorem 22, A is row
equivalent to a matrix B that has a row of zeros. Also, B = EyE,_1--- E1A.
By Theorem 30, 0 = |B| = |Eg||Ex-1]---|4| # 0, a contradiction. Hence, A
must be nonsingular. W

The following result follows from Theorems 19 and 31.

Theorem 32

The following statements are all equivalent:

(i) A is nonsingular.

(ii) |A] # 0.

(i1i) rank(A) = n.

(iv) A is row equivalent to I,.

(v) The homogeneous systen Az = 0 has only the trivial solution.

Exercise 172
Prove that |A| = 0 if and only if Ax =0 has a nontrivial solution.

Solution.

If |A] = 0 then according to Theorem 32 the homogeneous system Ax = 0 must
have a nontrivial solution. Conversely, if the homogeneous system Az = 0 has
a nontrivial solution then A must be singular by Theorem 32. By Theorem 32
(a), [A]=0m

Theorem 33
If A and B are n x n matrices then |AB| = |A||B|.

Proof.
If A is singular then AB is singular and therefore |AB| = 0 = |A||B| since |A| =
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0. So assume that A is nonsingular. Then by Theorem 32, A = EyFEy_--- Fr1,.
By Theorem 30 we have |A| = |Ey||Ex—1| - - - |E1|. Thus, |AB| = |ExEx—1--- E1B| =
|Ex||Ex—1]---|E1||B| = |Al|B|. &

Exercise 173
Is it true that |A + B| = |A| + |B|?

Solution.
No. Consider the following matrices.

1 0 -1 0
(o B)ee (00
Then |[A+ B| =0 =0and |[A|+|B|=-21

Exercise 174

Show that if A is invertible then |A~!| = TAT-

Solution.

If A is invertible then A='A = I,,. Taking the determinant of both sides we find
|A=Y|A| = 1. That is, |[A7}| = I%\\' Note that since A is invertible then |A| # 0
|

Exercise 175
Let A and B be two similar matrices, i.e. there exists a nonsingular matriz P
such that A= P~'BP. Show that |A| = |B].

Solution.
Using Theorem 33 and Exercise 174 we have, |A| = |P~*BP| = |P~!||B||P| =
ﬁ\B||P| = |B|. Note that since P is nonsingular then |P| # 0l

3.4 Finding A~! Using Cofactor Expansions

In Section 3.2 we discussed the row reduction method for computing the de-
terminant of a matrix. This method is well suited for computer evaluation of
determinants because it is systematic and easily programmed. In this section
we introduce a method for evaluating determinants that is useful for hand com-
putations and is important theoretically. Namely, we will obtain a formula for
the inverse of an invertible matrix as well as a formula for the solution of square
systems of linear equations.

Let A = (ai;) be an n x n matrix. Let M,; be the (n—1) x (n— 1) submatrix of
A obtained by deleting the ith row and the jth column of A. The determinant
of M;; is called the minor of the entry a;;. The number C;; = (—1)""7|M;;]|
is called the cofactor of the entry a;;.
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Exercise 176
Let

Find the minor and the cofactor of the entry azs = 4.

Solution.
The minor of the entry ags is

3 —4
M32_’2 6 ‘_26

and the cofactor is C3y = (—1)372|M3s| = —26 W
Note that the cofactor and the minor of an entry differ only in sign. A quick way

for determining whether to use the 4+ or — is to use the following checkboard
array

In order to prove the main result of this section, we first prove the following

Theorem 34
Let A = (a;;), A" = (a};), and A" = (aj}) be n x n matrices such that a;; =
ai; = aj; if i #r and a;; = ar; + ay.;. Then

|A"] = |A] + |A').
The same result holds for columns.

Proof.
Using the definition of determinant we have

|A”| = ZJGSW, Sgn(a—)a’ll/a(l)agcr@) T a{r‘/U(T’) Y a"/rio'(n)

>oves, S9U0)al, 1y a5, ) (Qror) + A1) A

= > oes, 59”(0)‘1/1/0(1)“12/0(2) ©Oro(r) T a%a(n)

+ >oves, SIO)a) (1) ay0) Ay A
= Y es, sgn(o)a}a(l)a?‘y@) e a,m(r) . a/na(n)
+ Zoesn Sgn(o.)alo(l)QQU(Q) T aT'O’(T‘) e ano(n)

Al + A,

Since |AT| = | A| the same result holds for columns. B
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Exercise 177
Prove the following identity without evaluating the determinants .

ar by ar+bi+a ar b <
ag b2 az + b2 + co = a9 bQ C2
a3 by az+bs+cs a3 bz c3

Solution.
By the previous theorem and Exercise 170 we have

ap b1 ar+bi+c ar b1 a; ap b b ap b ¢
az by ax+by+co = az by ay |[+| ax by by |[+]| ax by c
a3 by az+bz+c3 a3 bz a3 a3 by b3 a3 bz c3
ap b1 c
= az by c2 |
a3 by c3

The following result is known as the Laplace expansion of |A| along a row
(respectively a column).

Theorem 35
If a;; denotes the jth entry of A and C;j is the cofactor of the entry a;; then
the expansion along row i is
|A] = ai1Ciy + ai2Ciz + - - + ainCin
The expansion along column j is given by
|A‘ =a1;C1j + a2;Coj + - 4 an;Cpj.

Proof.

We prove the first formula. The second formula follows from the first because
of the fact that |[AT| = |A|. Let r1,72, -+, r, denote the rows of A. By Theorem
34 we have

™ ™
T2 T2
Al = Y aije; | 2= |,
Tn Tn

where e; is the 1 x n matrix with 1 at the jth position and zero elsewhere. We
will show that

T1
T2
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is just the cofactor of the entry a;;.
By Theorem 27 (d) we have

aip aiz -+ Qi - Qip ailr a2 0 A1n

a1 Q2 v+ Q2 cc d2g asy agx - 0 - agy,
0 0 1 0 o 0 0 1 0

an1 Ap2 *++ Apj - Opn Gn1  Qp2 " o - Ann

Now, move the ith row to the first row using (i — 1) successive row interchanges.
Then, move the jth column to the first using (j — 1) successive column inter-
changes. Thus, we have

T1
T2
: iy 1 0

= (-1 i+j 1x(n—1)
€; (=1) On—1)x1 M;;
Tn

where M;; is the (n — 1) x (n — 1) matrix obtained from A by deleting the ith

row and the jth column of A.

Let Eq, Es, - - -, By, be (n—1)x(n—1) elementary matrices such that EpEy_1 - - - E1M;; =
C;; is an upper triangular matrix. Then the matrices E{, Ej,---, E} are n x n
elementary matrices such that

1 0 _ 1 0 _
EE ... E 1x(n—1) > _ 1x(n—1)
‘ RRL ! < On—1)x1 M On—1)x1 Cij
where
1 0 _
E/: 1><(n 1) )
! ( On—1)x1 E;
Therefore,
1 01x(n-1) ‘ |Cis
= == MIL .
e 3 | R = Y
Hence,
1
T2

= (=1)"M|M;;| = Cy;

Tn




90

This ends a proof of the theorem W

Remark

CHAPTER 3.

DETERMINANTS

In general, the best strategy for evaluating a determinant by cofactor expansion
is to expand along a row or a column having the largest number of zeros.

Exercise 178

Find the determinant of each of the following matrices.

(¢)

(b)

Solution.

0 0

0 a3
azz2 a33
G42  A43

(a) Expanding along the first column we find

(b) Again, by expanding along the first column we obtain

Exercise 179

|A\ = —a31G022013.

a14
a24
a34
Q44

|A| = as1a32a23a3.0

Use cofactor expansion along the first column to find |A| where

Solution.

A:

3
1
2
3

5 -2 6
2 -1 1
4 1 5
7T 5 3

Expanding along the first column we find
3C11 + Ca1 + 2031 +3Cy

3| M| — |Mai| + 2| M3y | — 3| My |
3(—54) + 78 + 2(60) — 3(18) = —18H

Al =

If Ais an n X n square matrix and Cj; is the cofactor of the entry a;; then the

transpose of the matrix

is called the adjoint of A and is denoted by adj(A).

Cn
Co

Cn 1

Ci2
Ca2

Cn2

Cln
C?n

Cn n
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Exercise 180

Let
3 2 -1
A= 1 6 3 ,
2 —4 0
Find adj(A).
Solution.
We first find the matrix of cofactors of A.
Cu Ci2 Cis 12 6 -—16
021 022 023 = 4 2 16
C31 032 033 12 —10 16

The adjoint of A is the transpose of this cofactor matrix.

12 4 12
adj(A) = 6 2 -10 |m
~16 16 16

Our next goal is to find another method for finding the inverse of a nonsingular
square matrix. To this end, we need the following result.

Theorem 36
For i # j we have

ailC’jl + ai20j2 + ...+ CI,Z‘ann =0.

Proof.

Let B be the matrix obtained by replacing the jth row of A by the ith row
of A. Then B has two identical rows and therefore |B| = 0(See Theorem 27
(c¢)). Expand |B| along the jth row. The elements of the jth row of B are
@i1, @32, - - -, @in. The cofactors are Cji,Cja, ..., Cjp. Thus

0= |B| = aﬂle + aiQCjQ +...+ aijn
This concludes a proof of the theorem W

The following theorem states that the product A - adj(A) is a scalar matrix.
Theorem 37 If A is an n X n matriz then A - adj(A) = |A|I,.

Proof.

The (4,7) entry of the matrix
ai; a2 ... Qin Cni Cu ... Cn
az1 Q22 ... Q2n Cia Ca ... Cpo

A.adj(A) =

an1 aAp2 ... 0App Cin Cop ... Cpy
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is given by the sum
a;1Cj1 + a;i2Cjo + ... + ainCjp, = | 4]

if 1 =4 and 0 if ¢ # j. Hence,

Al 0 ... 0
0 |A]

Aadj(A)=| . . = |A|L,.
0 0 ... |4

This ends a proof of the theorem W

The following theorem provides a way for finding the inverse of a matrix us-
ing the notion of the adjoint.

Theorem 38 4
If |A| # 0 then A is invertible and A=1 = adleflA). Hence, adj(A) = A71|A.
Proof. A
By Theorem 37 we have that A(adj(A)) = |A|I,. If |A| # 0 then A(adféf)) =I,.
By Theorem 20, A is invertible with inverse A= = Lﬂf).
Exercise 181
Let

3 2 -1

A= 1 6 3
2 -4 0

Use Theorem 38 to find A~1.

Solution.
First we find the determinant of A given by |A| = 64. By Theorem 38

3 1 3
3 1 ST T T
Alzmadj(A): 33% % —%% [ |
T4 1 4

In the next theorem we discuss three properties of the adjoint matrix.

Theorem 39
Let A and B denote invertible n x n matrices. Then,

(a) adj(A~") = (adj(A))~".
(b) adj(AT) = (adj(A))".
(¢) adj(AB) = adj(B)adj(A).
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Proof.
(a) Since A(adj(A)) = |A|I, then adj(A) is invertible and (adj(A))~! = ﬁ =
(A™H7HAT = adj(A™).

(b) adj(AT) = (AT)"HAT| = (A7)T|A] = (adj(A))".

(¢) We have adj(AB) = (AB)~'|AB| = B-'A~1|A||B| = (B~|B|)(A~!|A|) =
adj(B)adj(A). B

Exercise 182
Show that if A is singular then A.adj(A) = 0.

Solution.
If A is singular then |A| = 0. But then A - adj(A) = |A|L, =01

3.5 Cramer’s Rule

Cramer’s rule is another method for solving a linear system of n equations in n
unknowns. This method is reasonable for inverting, for example, a 3 x 3 matrix
by hand; however, the inversion method discussed before is more efficient for
larger matrices.

Theorem 40
Let Az = b be a matriz equation with A = (a;;),x = (2;),b = (b;). Then we
have the following matriz equation

| Al | A
| Alxo | Az
|A|xn |An‘

where A; is the matriz obtained from A by replacing its ith column by b. It fol-
lows that
(1) If |A| # 0 then the above system has a unique solution given by

_ A
Al

€Ty

where 1 < ¢ < n.

(2) If |A| =0 and |A;] # 0 for some i then the system has no solution.

(3) If |A| = |A1| = ... = |An| = 0 then the system has an infinite number of
solutions.

Proof.
We have the following chain of equalities

Alz = |A|(Inz)
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(1An)x
= adj(A)Ax
adj(A)b

The ith entry of the vector |A|x is given by

[Alz; = b1C1; + b2Co + ... + 0, Cls.

DETERMINANTS

On the other hand by expanding |A;| along the ith column we find that

|A;| = C1ib1 4+ Coiba + . .. + Chriby,.

Hence

Now, (1), (2), and (3) follow easily. This ends a proof of the theorem B

Exercise 183
Use Cramer’s rule to solve

—2x1 4+ 3x9 — x3 = 1
Ty + 212 — ®m3 =
—2r1 — Ty + w3 = —3.

Solution.
By Cramer’s rule we have

-2 3 -1
A= 1 2 -1 |,|A]=-2.
-2 -1 1
1 3 -1
A = 4 2 -1 |,|Al =4
-3 -1 1
-2 1 -1
Ay = 1 4 -1 |,|A4z] =—6.
-2 -3 1
—2 3 1
As = 1 2 4 ,|As| = —8.
-2 -1 =3
Thus, x; = Il‘i‘l‘l =2,29 = ||1:2|| =3,x3 = % =41
Exercise 184
Use Cramer’s rule to solve
5.’E1 — 31’2 — 101’3 = -9
2r1  + 2z — 3x3 = 4

—3xr1 — x9 + Sry = 1.
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Solution.
By Cramer’s rule we have

5 -3 -10
A= 2 2 -3 |,|Al = -2
-3 -1 5
-9 -3 -10
A= 4 2 -3 |,|A1] = 66.
1 -1 5
5 -9 -10
Ay = 2 4 -3 |,|As] = —16.
-3 1 5
5 -3 -9
Az = 2 2 4 ,|As| = 36
-3 -1 1
Thus, 1 = “’i‘l“ = —-33,19 = ‘Iilf\l =8, 13 = |ﬁf|| =-181

Exercise 185

Let ABC be a triangle such that dist(A, B) = ¢, dist(A,C) = b,dist(B,C) = a,
the angle between AB and AC' is «, between BA and BC is (3, and that between
CA and CB s ~.

(a) Use trigonometry to show that

bcosy + ccosfB = a
ccosaa + acosy = b
acos3 + bcosa = ¢

(b) Use Cramer’s rule to express cos a, cos 3, and cos+y in terms of a,b, and c.

Solution.

(a) Let A; be the leg of the perpendicular to BC' through A. Then the triangles
A1AB and A1 AC are right triangles. In this case, we have cos 3 = w
or dist(B, A1) = ccos . Simlarly, dist(C, A1) = bcosy. But a = dist(B, A1) +
dist(C, A1) = bcos~y + ccos 8. Similar argument for the remaining two equali-
tites.

(b)

S
Il
=0 o
QOO0

b
a |,|A| = 2abc.
0

A = AL = a(® +b%) — d.

o o
QOO
o o
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0 a b
Ay =1 ¢ a |,|Az| =bla® +c*) - bP.
b ¢ O
0 ¢ a
A3: c 0 b |A3|—Ca +b2)
b a
Thus, cosa = “‘:1“ = %,wsﬁ: A = %ﬂ;b? cosy = ||AXI| = 7‘122151;‘32

3.6 Review Problems

Exercise 186
(a) Find the number of inversions in the permutation (41352).
(b) Is this permutation even or odd?

Exercise 187
FEvaluate the determinant of each of the following matrices

(¢)

(b)

-2 7 6
A= 5 1 =2
3 8 4

Exercise 188
Find all values of t for which the determinant of the following matriz is zero.

t—4 0
A= 0 t 0
0 3 t—1
Exercise 189
Solve for x
. 1 1 0 =3
=12 x -6
3 1—=x
1 3 z-5

Exercise 190
FEvaluate the determinant of the following matrix

1 2 3
A=1 4 5 6
0 0 O
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Exercise 191
Evaluate the determinant of the following matriz.

2 7 -3 8 3
0 -3 7 5 1
0 0 6 7 6
0o 0 0 9 8
0 0 0 0 4

Exercise 192
Use the row reduction technique to find the determinant of the following matrix.

2 5 =3 -2
-2 -3 2 =5
1 3 -2 2
-1 -6 4 3

A:

Exercise 193

Given that
a b c
d e f|=-6,
g h 1
find
(a)
d e f
g h i},
a b c
(b)
3a 3b 3c
—-d —e —f
4g 4h 4i
(c)
a+g b+h c+i
d e f
g h i
(d)
—3a —-3b —3c
d e f

g—4d h—4e i—A4f

Exercise 194
Determine by inspection the determinant of the following matriz.

1 2 3 4 5
6 7 8 9 10
11 12 13 14 15
16 17 18 19 20
2 4 6 8 10
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Exercise 195

Find the determinant of the 1 x 1 matriz A = (3).

Exercise 196

Let A be a 3 x 3 matriz such that |2A| = 6. Find |A|.

Exercise 197

CHAPTER 3.

Show that if n is any positive integer then |A™| = |A|™.

Exercise 198

DETERMINANTS

Show that if A is an n x n skew-symmetric and n is odd then |A| = 0.

Exercise 199

Show that if A is orthogonal, i.e. ATA = AAT = 1I,, then |A| = £1. Note that

Al = AT,

Exercise 200

If A is a nonsingular matriz such that A> = A, what is |A|?

Exercise 201
True or false: If

then rank(A) = 3. Justify your answer.

Exercise 202

A=

W = =

=N O

o O O

Find out, without solving the system, whether the following system has a non-

trivial solution

Exercise 203

I —
2.%'1 +
33’51 +

21’2
3!,1;‘2
T2

For which values of ¢ does the matrix

have an inverse.

Exercise 204

A:

-1
0

2c

T3
T3
21’3

—C

—4

If |A| =2 and |B| = 5, calculate |A>B~1AT B2|.

Exercise 205
Show that |AB| = |BA].

o
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Exercise 206
Show that |A + BT| = |AT + B| for any n x n matrices A and B.

Exercise 207
Let A = (a;5) be a triangular matriz. Show that |A| # 0 if and only if a;; # 0,
for1<i<n.

Exercise 208

Ezxpress
ar+b1 c1+ds
as +by co+ds

as a sum of four determinants whose entries contain no sums.

Exercise 209

Let
3 -2 1
A=\ 5 6 2
1 0 -3

(a) Find adj(A).
(b) Compute |A.

Exercise 210
Find the determinant of the matriz

A=

w o= O
— o N O

3
5
2
—6

Exercise 211
Find the determinant of the following Vandermonde matrix.

1 1 1
A= a b ¢
a2 b A

Exercise 212
Let A be an n x n matriz. Show that |adj(A)| = |A|" L.

Exercise 213

If
30 1
A7t=10 2 3
3 1 -1
find adj(A).

Exercise 214
If |Al =2, find |A_1 + adj(A)|.
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Exercise 215
Show that adj(aA) = o™ tadj(A), where n is a positive integer.

Exercise 216
Consider the matrix

1 2 3
A= 2 3 4
1 5 7
(a) Find |A|.
(b) Find adj(A).
(c) Find A~L.

Exercise 217
Prove that if A is symmetric then adj(A) is also symmetric.

Exercise 218
Prove that if A is a nonsingular triangular matriz then A=' is also triangular.

Exercise 219

Let A be an n x n matrix.

(a) Show that if A has integer entries and |A| = 1 then A™! has integer entries
as well.

(b) Let Ax = b. Show that if the entries of A and b are integers and |A] = 1
then the entries of x are also integers.

Exercise 220
Show that if A* = 0 for some positive integer k then A is singular.

Exercise 221
Use Cramer’s Rule to solve

X + 2x3 = 6
-3y + 4z + 6x3 = 30
—x1 — 2x9 + 33 = 8

Exercise 222
Use Cramer’s Rule to solve

51’1 + T2 — r3 = 4
9%1 + X2 - I3
xry — X2 + brg = 2

Il
-



Chapter 4

The Theory of Vector
Spaces

In Chapter 2, we saw that the operations of addition and scalar multiplication
on the set M,,,, of m X n matrices possess many of the same algebraic properties
as addition and scalar multiplication on the set IR of real numbers. In fact, there
are many other sets with operations that share these same properties. Instead
of studying these sets individually, we study them as a class.

In this chapter, we define vector spaces to be sets with algebraic operations
having the properties similar to those of addition and scalar multiplication on
IR and M,,,,. We then establish many important results that apply to all vector
spaces, not just R and M,,,.

4.1 Vectors in Two and Three Dimensional Spaces

Many Physical quantities are represented by vectors. For examples, the velocity
of a moving object, displacement, force of gravitation, etc. In this section we
discuss the geometry of vectors in two and three dimensional spaces, discuss
the arithmetic operations of vectors and study some of the properties of these
operations. As we shall see later in this chapter, the present section will provide
us with an example of a vector space, a concept that will be defined in the next
section, that can be illustrated geometrically.

A vector in space is a directed segment with a tail, called the initial point,
and a tip, called the terminal point. A vector will be denoted by ¢ and scalars
by greek letters «, (3, -+ Finally, we point out that most of the results of this
section hold for vectors in IR%.

Two vectors ¥ and W are said to be equivalent if they have the same length
and the same direction. We write ¥ = .

Since we can always draw a vector with initial point O that is equivalent to

101
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a given vector then from now on we assume that the vectors have all the same
initial point O unless indicated otherwise. The coordinates (z,y, z) of the ter-
minal point of a vector ¢ are called the components of ¢ and we write

U= (z,y,2).

In terms of components, two vectors ¥ = (z,y, z) and @ = (', 3/, z’) are equiv-
alent if and only if z = 2’,y =%/, and z = 2’.
Given two vectors ¥ = (21,y1,21) and @ = (22, Y2, 22), we define the sum ¢+ &
to be the vector

U+ = (21 + 22,Y1 + Y2, 21 + 22).
Geometrically, the v + w is the diagonal of the parallelogram with sides the

vectors ¢ and .
We define the negative vector —v to be the vector

—U = (_Ih_yla_zl)
and we define
U—wW =0+ (—wW) = (r1 — T2, 1 — Y2, 21 — 22).

Assuming that v and W have the same initial point, the vector v — « is the
vector with initial point the terminal point of w and its terminal point is the
terminal point of 7.

If « is a scalar we define a# to be the vector

av = (ax1, ayr, azy).

With the above definitions, every vector @ = (z,y,z) can be expressed as a
combination of the three vectors i = (1,0,0)75' = (0,1,0), and k= (0,0,1).
That is

U =zi+ yj + 2k.

Exercise 223

Given two points Py(x1,y1,21) and Pa(xa,y2, 22), find the components of the
——

vector P Ps.

Solution.

The vector Py P, is the difference of the vectors OP; and OP; so
PPy, =0P, — OP; = (22,92, 22) — (1,41, 21) = (X2 — T1,Y2 — Y1, 22 — 21) B

Exercise 224
Let i = (1,2,3),9=(2,-3,1), and @ = (3,2, —1).

(a) Find the components of the vector @ — 3v + 8.
(b) Find scalars c1, ca,c3 such that

Clﬁ+ 6217+ 6371_; = (6, 14, 72)
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Solution.

(a) @ — 30+ 85 = (1,2,3) — 3(2,—3,1) + 8(3,2,—1) = (1,2,3) — (6,—9,3) +
(24,16, —8) = (19,27, —8).

(b) We have (¢, 2¢1,3¢1)+(2¢2, —3c¢2, ¢2)+(3cs3, 2¢3, —c3) = (c1+2¢2+3¢3,2¢1 —
3co + 2¢3,3c¢1 + co — ¢3) = (6,14, —2). This yields the linear system

c1 + 2c 4+ 3¢5 = 6
2c1 — 3¢ + 2¢c3 = 14
3¢y, + ¢ — ¢ = -2

The augmented matrix of the system is

1 2 3 6
2 -3 2 14
3 1 -1 =2

The reduction of this matrix to row-echelon form is

Step 1: ro «— 79 — 21y and rg « r3 — 3y

1 2 3 6
0 -7 -4 2
0 -5 —-10 -20

Step 2: 1o «— 2r9 — 313

1 2 3 6
0 1 22 64
0 -5 —-10 —-20
Step 3: r3 < r3 + 519
1 2 3 6
0 1 22 064
0 0 100 300
Step 4: 13« 1573
1 2 3 6
0 1 22 64
00 1 3
The corresponding system is
C1 + 262 + 383 = 6
C2 + 2263 = 64
C3 = 3
Solving the above triangular system to obtain: ¢; = 1,c0 = —2,c3 =3 N

The basic properties of vector addition and scalar multiplication are collected
in the following theorem.
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Theorem 41
If 4, U, and W are vectors and o, B are scalars then the following properties hold.

(b) (@ +7)+ .
(¢) @+ 0 = i, where 0 = (0,0,0).

(d) @+ (—i) = 0.

(e) a(Bl) = (aB)i.

(f) a(t@ + ) = ati + o.

(9) (a+ B)d = ot + B.

(h) 1d = 4.

Proof.

The prove of this theorem uses the properties of addition and scalar multipli-
cation of real numbers. We prove (a). The remaining properties can be proved

easily. Suppose that @ = (x1,y1,21) and ¥ = (z2, Yo, 22). Then using the fact
that the addition of real numbers is commutative we have

U+7

(x1,91,21) + (72,92, 22)
(1 + @2, 91 + Y2, 21 + 22)
= (2 + 21,92 + Y1, 22 + 21)
(z2,Y2, 22) + (w1, Y1, 21)
= U+ U

This ends the proof of (a) B

Exercise 225
(a) Let @ = (1,41, 21). Show that the length of @, known as the norm of i, is

given by the expression
llall = /=t + 9t + 22

(b) Given two points Py(x1,y1,21) and Pa(z2,y2, 22) show that the distance be-
tween these points is given by the formula

[|PLPs]] = /(z2 — 21)2 + (y2 — y1)2 + (22 — 21)2.

Solution.
(a) Let 4@ = OP. Let Q be the orthogonal projection of P onto the xy-plane.
Then by the Pythagorean Theorem we have

10Q|? +||PQ||* = ||OP]|?
But |[OQ|[? = 3 + 4% and ||PQ||? = 22. Thus,
|Jd]|* = 2f +yi + 27

Now take the square root of both sides.
(b) By Exercise 223, P; P> = (z2 — x1,Y2 — Y1, 22 — 21). Hence, by part (a) we
have

|1PLPs|| = /(20 —21)2 + (y2 — y1)2 + (22 — 21)°M
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Exercise 226
Show that if ¥ is a non zero vector then the length of the vector HZfH is 1.

Solution.

If 4 = (z,y, 2) then ||g| = (H‘””, ”y‘ , Hfill)' Hence,
|

U
szl =
|||
Exercise 227

Suppose that an xyz—coordinate system is translated to obtain a new system
2'y'2 with origin the point O'(k,l,m). Let P be a point in the space. Suppose
that (x,y,2) are the coordinates of P in xyz—system and (a',y’,2') are the
coordinates of P in the x'y'z'— system. Show that v’ =z —k,y =y —1,2' =
z—m.

<1
1

\
22 Y2 52
—= + =5+t 755 = 11
all -l llal?

Solution.
By Exercise 223, O'P = (v —k,y—1l,z—m) = (2',y,2'). Thus, 2’ =2 —k,y' =
y—1,2=2z—miH

Next, we shall discuss a way for multiplying vectors. If @ and ¢ are two vectors
in the space and 6 is the angle between them we define the inner product
(sometimes called scalar product or dot product) of @ and ¥ to be the num-
ber

< U,V >=||d]|||V]|cos® 0<0<m.

The following theorem lists the most important properties of the dot product.

Theorem 42

Let @ = (x1,y1,21), U = (22,Y2, 22) and @& = (x3,y3,23) be vectors and « be a
scalar. Then

(a) < @, T >= z129 + Y1Y2 + 2122

(b) < @, >= ||l |>.

(c) < U,T>=<V,ud > .

(d) < @, T+ W >=< 4,0 >+ < tu,ad>.

(e) o < U, T >=< aii, ¥ >=< U, > .

(f) < it,@ >=0 if and only if @ = 0.

Proof.
(a) Let OP =i = (z1,y1,21) and 00 = = (z2,ya2,22). Let 6 be the angle
between them. Then J@ = (z2 — x1,Y2 — Y1, 22 — 21). By the law of cosines we

have
PG> |0P||? + ||OG||* — 2/|OP||||0G)|| cos ¢

= 1] ? + ||91|* — 2[]l|]|5]| cos 6.
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But ||PQ|| = ||@ — #]|. Hence,

<u,v> = |@]]]|7]| cos 6

) sUlal)? +11911? — [|@ — a1%)

T@+ i+ +ai i+ 25— (v — 1) — (y2—11)* — (22 — 21)?)
= T1%T2 + Y1Y2 + 2122.

(b) < @, >=||i]|*> = 23 + y} + 22.

(C) < U, U >=1xT120 + Y1Y2 + 2129 = Tax1 + Y2y1 + 2221 =< 17, > .

(d) < U, 04+ >= 21(x2 + 23) +y1(y2 + y3) + 21(22 + 23) = (v122 + Y1y2 +
leg) + ($1$3 + 1y1y3 + 2123) =< ’J, >+ < ﬂ,’LB > .

(e) a < U, T >= a(x1z2 + Y1y2 + 2122) = (az1)z2 + (ay1)y2 + (az1)22 =<
U, v > .

(f) If < @, @ >= 0 then 2% + 3% + 27 = 0 and this implies that 1 = y; = 27 = 0.
That is, 4 = 0. The converse is straightforward. W

Exercise 228
Consider the vectors @ = (2,—1,1) and ¥ = (1,1,2). Find < 4,0 > and the
angle 6 between these two vectors.

Solution.
Using the above theorem we find

<, 7 >=(2)(1) + (=1)(1) + (1)(2) = 3.
Also, ||i|| = ||7]| = v/6. Hence,

cos9:§:1
6 2

This implies that § = % radians. B

Exercise 229
Two vectors are said to be orthogonal if < 4, ¥ >= 0. Show that the two vectors
4=(2,-1,1) and ¥ = (1,1, —1) are orthogonal.

Solution.
Indeed, < @, 0 >= (2)()+ (-1)(1)+(1)(-1)=0m

Next, we discuss the decomposition of a vector into a sum of two vectors. To be
more precise, let « and @ be two vectors with the same initial point @ and with
w being horizontal. From the tip of @ drop a perpendicular to the line through
W, and construct the vector 4] from @ to the foot of this perpendicular. Next
form the vector uy = @ — u}. Clearly, ¥ = uj + u5, where u) is parallel to @ and
1y is perpendicular to @. We call 4] the orthogonal projection of @ on w
and we denote it by projgu.

The following theorem gives formulas for calculating u; and 5.
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Theorem 43
For any two vectors @ and W # 0 we have u =

Proof.
Since wj is parallel to @ then there is a scalar ¢ such that uj} = t. Thus,
< U, W >=< tf + 3, W >= t||w]|*+ < up, @ > . But u3 and @ are orthogonal

so that the second term on the above equality is zero. Hence, t = T%ﬁf LIt
follows that 4] = tf = <||ﬁwﬁ2> iy |

Exercise 230

Let @ = (2,-1,3) and & = (4,—1,2). Find v} and u3.

Solution.

We have: < @, >= 15 and [[@]|? = 21. Thus, 4y = (22,-3,12) and uj =

ﬁ_u_i = (_27_%7 7) |

Exercise 231

Given a vector U = (a,b,c) in R®. The angles o, 3,7 between T and the unit
vectors ;,;, and E, respectively, are called the direction angles of ¥ and the
numbers cos «, cos B, and cos~y are called the direction cosines of .

(a) Show that cos o = GIE

(b) Find cos 3 and cos~y.

(¢) Show that ﬁ = (cos a, cos (3, cos 7).

(d) Show that cos? a + cos? B + cos? y = 1.

Solution.

(a) cosa = <Pz _ e

1311111 el
(b) By repeating the arithmetic of part (a) one finds cos 8 = HTEI
IGiIN
7 b
(c e = (ﬁ, G ﬁ) = (cosc},cosﬂ, cos ).
(d) cosa? + cos 3% + cosy? = Hﬁ“z =1m

and cosy =

(e}

<

~

~—

Exercise 232
An interesting application of determinants and vectors is the construction of a
vector orthogonal to two given vectors.

(a) Given two vectors @ = (x1,y1,21) and T = (x2,y2, 22) then we define the
cross product of & and ¥ to be the vector

i j k
UXT=| 21 y1 2
T2 Y2 22

Find the components of the vector @ X U.

(b) Find @ x U, where @ = (1,2,—2),9 = (3,0, 1).
(c) Show that < @, 4 X U >=0 and < U,4 x ¥ >= 0. Hence, 4 X U is orthogonal
to both @ and U
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Solution.

(a) Evaluating the determinant defining @ x ¥ we find & X 0 = (y122 —y221, T221 —
T122,T1Y2 — $2y1)~

(b) Substituting in (a) we find @ x ¥ = (2, -7, —6).

(c) Indeed, < u, XU >= x1(y122 —y221) +¥1 (221 —2122) +21(T1y2 —2291) = 0.
Similarly, < ¥,4 x ¥ >=0 N

4.2 Vector Spaces, Subspaces, and Inner Prod-
uct Spaces

The properties listed in Theorem 41 of the previous section generalizes to IR"™,
the Euclidean space to be discussed below. Also, these properties hold for the
collection M,,,, of all m x n matrices with the operation of addition and scalar
multiplication. In fact there are other sets with operations satisfying the condi-
tions of Theorem 41. Thus, it make sense to study the group of sets with these
properties. In this section, we define vector spaces to be sets with algebraic
operations having the properties similar to those of addition and scalar multi-
plication on IR"™ and M,,,.

Let n be a positive integer. Let IR™ be the collection of elements of the form

(z1,22,...,2y), where the z;s are real numbers. Define the following operations
on R":

(a) Addition: (x1,z2,...,2n) + (Y1,¥2, -, Yn) = (T1 + Y1, .-+, Tp + Yn)
(b) Multiplication of a vector by a scalar:

a1, 29, ..., 2y) = (ax1, Qg ..., 0Ly).

The basic properties of addition and scalar multiplication of vectors in IR" are
listed in the following theorem.

Theorem 44
The following properties hold, for u,v,w in R"™ and «, 3 scalars:

(a) u+v=v+u
(b)u+w4+w)=(u+v)+w
(¢)u+0=0+u=u where 0= (0,0,...,0)
(d) u+(—u)=0

(e) a(u+v) = au+ av

(7) (@ + B)u = au+ fu

(9) a(Bu) = (af)u

(h) 1u = u.

Proof.
This is just a generalization of Theorem 41 B
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The set IR™ with the above operations and properties is called the Euclidean
space.

A vector space is a set V together with the following operations:

(i) Addition: If u,v € V then u + v € V. We say that V is closed under
addition.

(ii) Multiplication of an element by a scalar: If o € IR and u € V then au € V.
That is, V is closed under scalar multiplication.

(iii) These operations satisfy the properties (a) - (h) of Theorem 44.

Exercise 233
Let F(IR) be the set of functions f: R — IR. Define the operations

(f +9)(@) = f(z) +g(z)

and
(af)(z) = af(z).

Show that F(IR) is a vector space under these operations.

Solution.

The proof is based on the properties of the vector space IR.

(@) (f +9)(z) = f(z) + g(z) = g(z) + f(z) = (9 + f)(z) where we have used
the fact that the addition of real numbers is commutative.

(d) [(f +9) +h](z) = (f +9)(@) +h(z) = (f(z) +9(z)) + h(z) = f(z)+ (9(z) +
Mz)) = f(z) + (g + h)(z) = [f + (g + W)](@).

(c) Let O be the zero function. Then for any f € F(IR) we have (f + 0)(z) =
f(x) +0(z) = f(z) = (0+ f)(z).

() [f + (=H)l(@) = f(z) + (= f(2)) = f(2) = f(z) = 0 = O(x).
() [a(f + 9)l(z) = a(f + 9)(2) = af (2) + ag(z) = (af + ag)(z).
(f) [(a+ﬁ)f]( ) = (a+B)f(x) = af(z) + 6f(x) = (af + Bf)(z).
(&) [a(BN)(x) = a(Bf)(x) = (af) f(z) = [(aB) f](x)

(h)(1f)(x) = 1f(x) = f ().

Thus, F(IR) is a vector space B

Exercise 234
Let M, be the collection of all m x n matrices. Show that My, is a vector
space using matriz addition and scalar multiplication.

Solution.
This follows from Theorem 8 B

Exercise 235
Let V = {(z,y) : « > 0,y > 0}. Show that the set V fails to be a vector space
under the standard operations on IR?.
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Solution.
For any (x,y) € V with z,y > 0 we have —(z,y) ¢ V. Thus, V is not a vector
space R

The following theorem exhibits some properties which follow directly from the
axioms of the definition of a vector space and therefore hold for every vector
space.

Theorem 45
Let V' be a vector space, u a vector in V and « is a scalar. Then the following
properties hold:

(a) Ou = 0.

(b) a0 =0

(c) (—1)u=—-u

(d) If au =0 then o =0 or u = 0.

Proof.

(a) For any scalar a € IR we have Ou = (a + (—a))u = au + (—a)u =
ou + (—(au)) = 0.

(b) Let w € V. Then a0 = a(u + (—u)) = au + a(—u) = au + (—(au)) = 0.

(¢c) u+ (—u) =u+ (—1)u = 0. So that —u = (—1)u.

(d) Suppose au = 0. If @ # 0 then a™! exists and u = 1lu = (o la)u =
aHau)=a"10=0.1

Now, it is possible that a vector space in contained in a larger vector space.
A subset W of a vector space V is called a subspace of V if the following two
properties are satisfied:

(i) If u,v are in W then u + v is also in W.
(ii) If o is a scalar and w is in W then ou is also in W.

Every vector space V has at least two subspaces:V itself and the subspace
consisting of the zero vector of V. These are called the trivial subspaces of V.

Exercise 236
Show that a subspace of a vector space is itself a vector space.

Solution.
All the axioms of a vector space hold for the elements of a subspace B

The following exercise provides a criterion for deciding whether a subset S of a
vector space V' is a subspace of V.

Exercise 237
Show that W is a subspace of V' if and only if au+v € W for allu,v € W and
a € R.
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Solution.

Suppose that W is a subspace of V. If u,v € W and « € IR then au € W and
therefore au + v € W. Conversely, suppose that for all u,v € W and a € R
we have au + v € IR. In particular, if « = 1 then w4+ v € W. If v = 0 then
au+v = au € W. Hence, W is a subspace B

Exercise 238
Let Moy be the collection of 2 X 2 matrices. Show that the set W of all 2 x 2
matrices having zeros on the main diagonal is a subspace of Mas.

Solution.
The set W is the set

vo{(5)meen)

Clearly, the 2 x 2 zero matrix belongs to W. Also,

0 a 0 o\ 0 aa + d
O‘(b 0)+(b’ 0)_<ab+b’ 0 >€W
Thus, W is a subspace of My R

Exercise 239
Let D(Ja,b]) be the collection of all differentiable functions on [a,b]. Show that
D([a, b)) is a subspace of the vector space of all functions defined on [a, b].

Solution.

We know from calculus that if f,g are differentiable functions on [a,b] and
a € IR then af 4 ¢ is also differentiable on [a, b]. Hence, D([a, b]) is a subspace
of F([a,b]) W

Exercise 240
Let A be an m x n matriz. Show that the set S = {x € R" : Ax = 0} is a
subspace of IR™.

Solution.
See Exercise 67 (a) W

Vector spaces are important in defining spaces with some kind of geometry.
For example, the Euclidean space IR". Such spaces are called inner product
spaces, a notion that we discuss next.

Recall that if @ = (z1,y1,21) and ¥ = (z2,ya, 22) are two vectors in R? then
the inner product of @ and v is given by the formula

< U, T >= 122 + Y1y2 + 2122.

We have seen that the inner product satisfies the following axioms:
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(I1) < @,7 >=< 7,4 > (symmetry axiom)

(12) < @, 04+ W >=< U, ¥ > + < @, w > (additivity axiom)
(13) < ati, ¥ >= a < @, > (homogeneity axiom)

(14) < @,% >> 0 and < @,% >= 0 if and only if @ = 0.

We say that IR® with the inner product operation is an inner product space. In
general, a vector space with a binary operation that satisfies axioms (I1) - (I4)
is called an inner product space.

Some important properties of inner products are listed in the following theorem.

Theorem 46
In an inner product space the following properties hold:

(a) < 0,u >=<u,0 >=0.
b)) <utv,w>=<u,w>+<v,w>.
(c) <u,av >=a < u,v>.

Proof.

(a) < 0,u >=< u+ (—u),u >=< u,u + (—u) >=< u,u > + < u,—u >=<
u,u >+ < —u,u >=< u,u > — < u,u >= 0. Similarly, < u,0 >= 0.

b) <u+v,w>=<w,u+v>=<w,u>+ < w,v>=< u,w >+ < v,w>.
(¢) <u,av >=< av,u >=a<v,u>=a<u,v> .1

We shall now prove a result that will enable us to give a definition for the
cosine of an angle between two nonzero vectors in an inner product space. This
result has many applications in mathematics.

Theorem 47
If uw and v are vectors in an inner product space then

<u,v>i<<uu>< v,v >,
This is known as the Cauchy-Schwarz inequality.

Proof.

If < uy,u >= 0 or < v,v >= 0 then either u = 0 or v 0. In this case,

< u,v >= 0 and the inequality holds. So suppose that < u,u ># 0 and
<wv,v>#0. Then < iy, o >< 1. Since, |||l = [[ o/l = 1 then it suffices
to show that < u,v ><'1 for all u,v of norm 1.
We have,

0 <u—v,u—v>

I IA

<u,u >4+ <v,0>-2<uv>
This implies that 2 < u,v >< [|ul|* +|[v[|* =141 =2. That is, < u,v >< 1. R
Exercise 241 (Normed Vector Spaces)

Let V be an inner product space. For u in V define ||u]|] =< u,u >2 . Show
that the norm function ||.|| satisfies the following axioms:
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(a) [[ul[ = 0.
(b) ||lul| =0 if and only if u = 0.
(¢) lleul| = |al||ul]-

(d) |lu+v|| < ||ul| + ||v]]. (Triangle Inequality)

Solution.

(a) Follows from I4.

(b) Follows from I4.

(¢) lau||> =< au,ou >= a® < u,u > and therefore |jou|| = |a| < u,u >2=
| [fu]].

(@A) flu+v|]? =< u+vu+v>=<uu>+2<uv>+<v,0><< uu>
+2 < uu >3< 0,0 >3 + < v,0 >= [ful 2+ 2ul|[o]] + ([0l = (ful| + [v]]).
Now take the square root of both sides B

Exercise 242
The purpose of this exercise is to provide a matriz formula for the dot product
i IR™. Let

U1 U1
U2 V2
_ _
U= ,U =
Unp Un

be two vectors in R™. Show that < 4,7V >= v 4.

Solution.
On one hand, we have < 4, ¥ >= ujv; + ugve + - - - upv,. On the other hand,

Uy

T Uz

vu:(v1 vy - vn) . = u1vy + ugvy + - - - + upv, M
Unp

Exercise 243
Show that < A,B >= tr(ABT), where tr is the trace function, is an inner
product in M.

Solution.

(a) < A, A >= sum of the squares of the entries of A and therefore is non-
negative.

(b) < A,A >= 0 if and only if Y7 | > 7_, a? = 0 and this is equivalent to
A=0.

(c) < A, B >=tr(ABT) = tr(ABT)T) = tr(BA") =< B, A > .

(d) < A, B+C >=tr(A(B+C)T) = tr(ABT + ACT) = tr(ABT) +tr(ACT) =<
A B>+ <AC>.

(e) < aA, B >=tr(aABT) = atr(ABT) = a < A, B > . Thus, M,,, is an inner
product space B
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Exercise 244
Show that < p,q >= agbg + a1b1 + - -+ + a,b, defines an inner product in P,
the vector space of all polynomials of degree n.

Solution.

(a) <p,p>=ad+al+--+a2>0.

(b) < p,p >= 0 if and only if a3 + a? + --- + a2 = 0 and this is equivalent to
ag=a,=---=ap=0.

(¢) < p,q >=agbg + a1by + - -+ + apb, = bpap +bray + -+ + bpa, =< q,p > .
(d) < ap,q >= aagbg + aarby + -+ + aapb, = alagby + a1by + -+ + axb,) =
a<p,q>.

(e) <p,g+1r>=ag(bo+co)+ar(bi+c1)+ -+ an(by + ¢n) = apbo + apco +
a1by +arc1 + -+ anby + ancn, =< pg >+ <p,r>.

Therefore, P, is an inner product space

4.3 Linear Independence

The concepts of linear combination, spanning set, and basis for a vector space
play a major role in the investigation of the structure of any vector space. In
this section we introduce and discuss the first two concepts and the third one
will be treated in the next section.

The concept of linear combination will allow us to generate vector spaces from
a given set of vectors in a vector space .

Let V be a vector space and vy, vs, -+, v, be vectors in V. A vector w € V is
called a linear combination of the vectors vy, vs, ..., v, if it can be written in
the form

W = V1 + Vg + ...+ pU,

for some scalars aq, as, ..., ay.

Exercise 245
Show that the vector @ = (9,2,7) is a linear combination of the vectors i =
(1,2,—1) and ¥ = (6,4, 2) whereas the vector w' = (4,—1,8) is not.

Solution.
We must find numbers s and ¢ such that

(93 27 7) = S(]_, 27 _1) + t(67 43 2)

This leads to the system

s + 66 = 9
2s + 4t = 2
-5 4+ 2t = 7
Solving the first two equations one finds s = —3 and ¢t = 2 both values satisfy

the third equation.
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Turning to (4, —1,8), the question is whether s and ¢ can be found such that
(4,-1,8) = s(1,2,-1) + t(6,4, 2). Equating components gives

s 4+ 6t = 4
2s + 4t = -1
-s + 2t = 8
Solving the first two equations one finds s = —% and t = % and these values

do not satisfy the third equation. That is the system is inconsistent W

The process of forming linear combinations leads to a method of constructing
subspaces, as follows.

Theorem 48
Let W = {v1,va,...,0,} be a subset of a vector space V. Let span(W) be the col-

lection of all linear combinations of elements of W. Then span(W) is a subspace
of V.

Proof.
Let u,v € W. Then there exist scalar aj, s, -, o, and B, 32, -, [, such
that v = ajv; + asve + -+ + auv, and v = Gyvy + Bove + - -+ Bpvy,. Thus,
u+v = (a1 + 1)v1 + (ag + Ba)va + -+ + (an + Bn)vn € span(W) and au =
(ar)vr + (a2)ve + - - - + (aay,)v, € Span(W). Thus, span(WV) is a subspace
of V.1

Exercise 246
Show that P, = span{l,z,z2,--- 2"}.

Solution.
If p(x) € P, then there are scalars ag, a; - -, a, such that p(z) = ag + a1z +
<ot ana™ € spanf{l,z,---, 2"} A

Exercise 247
Show that R™ = span{ei,ea, -, ey} where e; is the vector with 1 in the ith
component and 0 otherwise.

Solution.
We must show that if u € IR" then v is a linear combination of the e}s. Indeed,
if u=(z1,22, -+, 2,) € R" then

U =2x1€1 + Toeo2 + -+ Tpey
Hence u lies in span{ey,ea, -, e,} A
If every element of V' can be written as a linear combination of elements of

W then we have V = span(W) and in this case we say that W is a span of V
or W generates V.
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Exercise 248

(a)Determine whether v = (1,1,2),v3 = (1,0,1) and v = (2,1,3) span R®.
(b) Show that the vectors i = (1,0,0),j = (0,1,0), and k = (0,0,1) span IR®.
Solution.

(a) We must show that an arbitrary vector 7 = (a,b,c) in IR® is a linear com-
bination of the vectors v1,v3, and v3. That is ¥ = sv7 + tvy + wvs. Expressing
this equation in terms of components gives

s + t 4+ 2w = a
s + + w = b
2s + t 4+ 3w = ¢

The problem is reduced of showing that the above system is consistent. This
system will be consistent if and only if the coefficient matrix A

11 2
A=11 0 1
21 3
is invertible. Since |A|] = 0 then the system is inconsistent and therefore

R? # span{uvi, 05, 73}
(b) See Exercise 247 B

As you have noticed by now, to show that n vectors in IR" span IR" it suf-
fices to show that the matrix whose columns are the given vectors is invertible.

Exercise 249
Show that P, the vector space of all polynomials, cannot be spanned by a finite
set of polynomials.

Solution.

Suppose that P = span{l,z,22,---,2"} for some positive integer n. But then
the polynomial p(x) = 1+ 2 + 22 + -+ + 2" + 2"*! is in P but not in
span{l,x, 2% - 2"}, a contradiction. Thus, P cannot be spanned by a finite

set of polynomials l

Exercise 250

Show that span{0,v1,va, -+, v,} = span{vy,va, -, v, }.

Solution.

If v € span{0,v1,v9,-+,v,} then v = a0 + ayv; + -+ + @V, = v +
Ve + -+ -+ apvy, € span{vy,va, -+, v, }. Conversely, if v € span{vy,va, -+, v, }

then v = ajv; + agvg + -+ + apv, = 1(0) + a1v; + agve + -+ + U, €
span{0,vi,ve, -, v,} A

Next, we introduce a concept which guarantees that any vector in the span
of a set S has only one representation as a linear combination of vectors in S.
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Spanning sets with this property play a fundamental role in the study of vector
spaces as we shall see in the next section.
If v1,v9,...,v, are vectors in a vector space with the property that

a1 + agvs + ...+ apv, =0

holds only for a; = ag = ... = a,, = 0 then the vectors are said to be linearly
independent. If there are scalars not all 0 such that the above equation holds
then the vectors are called linearly dependent.

Exercise 251
Show that the set S = {1,x,2% - 2"} is a linearly independent set in P,.

Solution.

Suppose that ag+a1z+agx?+---+a,z" = 0 for all z € IR. By the Fundamental
Theorem of Algebra, a polynomial of degree n has at most n roots. But by the
above equation, every real number is a root of the equation. This forces the
numbers ag,ay, -, a, to be 0 W

Exercise 252
Let u be a nonzero vector. Show that {u} is linearly independent.

Solution.
Suppose that au = 0. If o # 0 then we can multiply both sides by a~
obtain w = 0. But this contradicts the fact that u is a nonzero vector l

L and

Exercise 253

(a) Show that the vectors vi = (1,0,1,2),v5 = (0,1,1,2), and v3 = (1,1,1,3)
are linearly independent.

(b) Show that the vectors v1 = (1,2, —1),v3 = (1,2, —1), and v3 = (1,—2,1) are
linearly dependent.

Solution.
(a) Suppose that s,t, and w are real numbers such that sv; = tv3 + wv3 = 0.
Then equating components gives

s + w = 0
t + w =0

s + t 4+ w =0

2s 4+ 2t + 3w = 0

The second and third equation leads to s = 0. The first equation gives w = 0 and
the second equation gives ¢t = 0. Thus, the given vectors are linearly independent.
(b) These vectors are linearly dependent since 07 + 03 — 203 =0

Exercise 254
Show that the polynomials p1(x) = 1 — x,pa(x) = 5 + 3z — 222, and p3(r) =
14 32 — 22 are linearly dependent vectors in Ps.



118 CHAPTER 4. THE THEORY OF VECTOR SPACES

Solution.
Indeed, 3p;(z) — p2(z) + 2ps(z) =0 M

Exercise 255

Show that the unit vectors ey, es, -, e, in IR are linearly independent.
Solution.

Suppose that z1e1 + xoea + -+ + xpe, = (0,0,--+,0). Then (x1,z2, -, z,) =
(0,0,---,0) and this leads to 1 = 23 = --- = z, = 0. Hence the vectors
e1,69,- -+, e, are linearly independent W

The following theorem provides us with a criterion for deciding whether a set
of vectors is linearly dependent.

Theorem 49
The vectors vy, va, ..., v, are linearly dependent if and only if there is at least
one vector that is a linear combination of the remaining vectors.

Proof.
Suppose that vy, v, - - -, v, are linearly dependent then there exist scalars oy, as,
-+, ay not all zeros such that ayvi +asve +- - -+, v, = 0. Suppose that a; # 0.

]O?ividing through by this scalar we get v; = —%vl — = O‘;:

Vi—1— %Uiﬂ -
a; "

Conversely, suppose that one of the vectors vy, vs, - - -, v, is a linear combination
of the remaining vectors. Say, v; = a1v1+- - +ai—1V;—1 + Qi1 1Vi41+ - -+ QpU,.
Then ayv1 + -+ - + aj—1v;—1 + (—=1)v; + - - - + apv, = 0 with the coefficient of v;
being —1. Thus, the vectors vy, vs, -+, v, are linearly dependent. This ends a
proof of the theorem B

Exercise 256
Let S = {v1,va,...,0,} be a set of vectors in a vector space V. Show that if one
of the vectors is zero, then the set is linearly dependent.

Solution.
Suppose for the sake of argument that vy = 0. Then 1v; +Ovy + -+ + Ov, =0
with coefficients of vy, v, -+, v, not all 0. Thus, the set {vy,va,---,v,} is lin-

early dependent Wl

A criterion for linear independence is established in the following theorem.

Theorem 50
Nonzero vectors vy, va, - - -, vy are linearly independent if and only if one of them,
say v;, is a linear combination of the preceding vectors:

Vi = QU1 + Qoo + -+ + 1V 1. (41)
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Proof.

Suppose that (4.1) holds. Then ajvy + agva + -+ a;—1v;—1 + (=1)v; + Ov; 1 +
-+« + O0v, = 0. Thus, vy, v, - -, v, are linearly dependent.

Conversely, suppose that vy, vs,- -+, v, are linearly dependent. Then there ex-

ist scalars not all zero such that ajvy + asvy + -+ + a,v, = 0. Let ¢ be the

largest index such that a; # 0. Then, ajvi + asvs + -+ + a;v; = 0. Thus,
_ i=1 ay

Vi = — Zk:l o, Uk ]

We conclude this section with a theorem which will found to be very useful
in later sections.

Theorem 51
Let S1 and Ss be finite subsets of a vector space V' such that Sy is a subset of So.

(a) If Sy is linearly dependent then so is So.
(b) If Sy is linearly independent then so is S.

Proof.
Without loss of generality we may assume that S; = {vy,v9,--,v,} and Sy =
{v1,v2, ", U, Upt1}-
(a) Suppose that S is a linearly dependent set. We want to show that S is also
linearly dependent. By the assumption on Sy there exist scalars oy, g, -, ay,
not all 0 such that

a1V + asvg + - - 4+ apv, = 0.

But this implies that
Q1V1 + QU + -+ - + Uy + O’l)n+1 =0

with «; # 0 for some 4. That is, S5 is linearly dependent.
(b) Now, suppose that Sy is a linearly independent set. We want to show that
S1 is also linearly independent. Indeed, if

o101 + aovy + -+ o+ =0
then
a1v1 + aave + -+ + apy + Ovpg; = 0.

Since S5 is linearly independent then a; = as = --- = «a,, = 0. But this shows
that S; is linearly independent. B

Exercise 257
Let A be an n X m matriz in reduced row-echelon form. Prove that the nonzero
rows of A, viewed as vectors in R™, form a linearly independent set of vectors.

Solution.
Let S; = {v1,v9, -+, v} be the set of nonzero rows of a reduced row-echelon
n X m matrix A. Then Sy C {e1,ea--,en}. Since the set {ej,ea, -, e} is

linearly independent then by Theorem 51 (b), S is linearly independent B
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4.4 Basis and Dimension

In this section we continue the study of the structure of a vector space by de-
termining a set of vectors that completely describes the vector space.

Let S = {v1,v2,...,v,} be a subset of a vector space V. We say that S is a
basis for V if

(i) S is linearly independent set.
(ii) V = span(S).

Exercise 258

Let e; be the vector of IR™ whose ith component is 1 and zero otherwise. Show
that the set S = {e1,ea,...,e,} is a basis for R"™. This is called the standard
basis of R".

Solution.

By Exercise 247, we have IR™ = span{ei,eq, -, e,}. By Exercise 255, the
vectors e, ea, -+, e, are linearly independent. Thus {e1,es,--,e,} is a basis
of R W

Exercise 259
Show that {1,z,22%,---, 2"} is a basis of P,.

Solution.
By Exercise 246, P, = span{l,z,22,---,2"} and by Exercise 251, the set
S ={1,x,2% - 2"} is linearly independent. Thus, S is a basis of P, B

If S = {vy,va,...,v,} is a basis for V then we say that V is a finite dimen-
sional space of dimension n. We write dim (V') = n. A vector space which is not
finite dimensional is said to be infinite dimensional vector space. We define
the zero vector space to have dimension zero. The vector spaces M,,,,,, IR", and
P, are finite-dimensional spaces whereas the space P of all polynomials and the
vector space of all real-valued functions defined on IR are inifinite dimensional
vector spaces.

Unless otherwise specified, the term vector space shall always mean a finite-
dimensional vector space.

Exercise 260
Determine a basis and the dimension for the solution space of the homogeneous
system

21‘1 —+ 21’2 — I3 —+ + T5 = 0
—x1 — X2 + 23 — 3x4 + x5 = 0
TG 4+ x2 — 2x3 — x5 = 0
r3 + x4 + xz = 0
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Solution.

By Exercise 38, we found that x1 = —s — t,29 = s,x3 = —t,x4 = 0,25 = t.

So if S is the vector space of the solutions to the given system then S =
{(-s—t,s,—t,0,t) : s,t € R} = {s(—1,1,0,0,0)4+¢(—1,0,—1,0,1) : s,t e R} =
span{(-1,1,0,0,0),(—1,0,—1,0,1)}. Moreover, if s(—1,1,0,0,0)+¢(—1,0,—1,0,1) =
(0,0,0,0,0) then s =t = 0. Thus the set {(—1,1,0,0,0),(—1,0,—1,0,1)} is a
basis for the solution space of the homogeneous system Wl

The following theorem will indicate the importance of the concept of a basis
in investigating the structure of vector spaces. In fact, a basis for a vector space
V' determines the representation of each vector in V' in terms of the vectors in
that basis.

Theorem 52
If S = {v1,ve,...,v,} is a basis for V then any element of V' can be written in
one and only one way as a linear combination of the vectors in S.

Proof.

Suppose v € V has the following two representations v = ayv1+asve+- - -+, v,
and v = fyvy + Bovg + - - + Bpvu,. We want to show that a; = 5; for 1 < ¢ < n.
But this follows from (a1 — f1)v1 + (ag — B2)va + - - - + (, — Bn) v, = 0 and the
fact that S is a linearly independent set. B

We wish to emphasize that if a spanning set for a vector space is not a ba-

sis then a vector may have different representations in terms of the vectors in
the spanning set. For example let

={G) ()G
(1)

has the following two different representations

(1)=5(5)=5(1)(4)
(1)==5(2)5(0)-(5)

The following theorem indicates how large a linearly independent set can be in
a finite-dimensional vector space.

then the vector

and

Theorem 53
If S = {v1,va,...,0,} is a basis for a vector space V then every set with more
than n vectors of V is linearly dependent.
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Proof.
Let S' = {wy,wa,...,w,} be any subset of V with m > n vectors. Since S is
a basis then we can write

Wi = Q101 + G2V2 + ... + QinUn,
where 1 < ¢ < m. Now, suppose that
w1 + aows + ... + appwy, = 0.

Then this implies

(ara11 + agagr + -+ + amami)v1 + (1a12 + @2a22 + -+ - + QG2 V2
44 (alaln + aga9, + ...+ OémCLmTL)Un = 0.

Since S is linearly independent then we have

Q1011 +  asaoy + ...+ amamr = 0
aja1e + asazs + ...+ amame = 0
a1, + Qgaz, + ...+ QmGmnp = 0

But the above homogeneous system has more unknowns then equations and
therefore it has nontrivial solutions (Theorem 6). Thus, S’ is linearly depen-
dent W

An immediate consequence of the above theorem is the following

Theorem 54
Suppose that V' is a vector space of dimension n. If S is a subset of V of m
linearly independent vectors then m < n.

Proof.
If not, i.e. m > n then by Theorem 53 S is linearly dependent which is a con-
tradiction. W

We wish to emphasize here that a basis (when it exists) needs not be unique.

Exercise 261
Show that

is a basis of IR%.

Solution.
Suppose that
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Then this leads to the equations s+ 3t = 0 and —s+ 2t = 0. Solving this system
we find s = ¢ = 0. Thus, we have shown that S is linearly independent. Next, we
show that every vector in IR? lies in the span of S. Indeed, if v = (a,b)” € IR?
we must show that there exist scalars s and ¢ such that

(5)(5)=(3)

That is the coefficient matrix of this system

=(43)

is invertible. Since |A| = 5 then the given system is consistent. This shows that
IR? = spanS. Hence, S is a basis of IR%. Thus, we have found a basis for IR?
which is different than the standard basis B

A vector space can have different bases; however, all of them have the same
number of elements as indicated by the following theorem.

Theorem 55

LetV be a finite dimensionsl space. If S = {v1,va, -, v,} and S" = {wy, -, wn}
are two bases of V' then n = m. That is, any two bases for a finite dimensional
vector space have the same number of vectors.

Proof.

Since S is a basis of V and S’ is a linearly independent susbet of V' then by
Theorem 53 we must have m < n. Now interchange the roles of S and S’ to
obtain n < m. Hence, m =n R

Next, we consider the following problem: If S is a span of a finite dimensional
vector space then is it possible to find a subset of S that is a basis of V7 The
answer to this problem is given by the following theorem.

Theorem 56
If S = {v1,v9, -, un} spans a vector space V then S contains a basis of V and
dim(V) < n.

Proof.

Either S is linearly independent or linearly dependent. If S is linearly indepen-
dent then we are finished. So assume that S is linearly dependent. Then there is
a vector v; which is a linear combination of the preceding vectors in S (Theorem
50). Thus, V = spanS = spanS; where S1 = {v1,v2, "+, Vi—1,Vit1, "+, Un}.
Now we repeat the argument. If S; is linearly independent then S is a basis of
V. Otherwise delete a vector of S7 which is a linear combination of the preceding
vectors and obtain a subset Sy of S; that spans V. Continue this process. If a
basis is encountered at some stage, we are finished. If not, we ultimately reach
V = span{v;} for some I. Since {v;} is also linearly independent then {v;} is a
basis of V. R
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Exercise 262
Let S ={(1,2),(2,4),(2,1),(3,3),(4,5)}

(a) Show that IR* = spans.
(b) Find a subset S’ of S such that S is a basis of R?.

Solution.

(a) Note that (2,4) = (1,2) and (3,3) = (2,1)+(1,2) and (4,5) = (2,1)+2(1,2).
Thus, spanS = span{(1,2),(2,1)}. Now, for any vector (z,y) € IR* we must
show the existence of two numbers @ and b such that (z,y) = a(1,2) + b(2,1).
This is equivalent to showing that the system

a + 20 = =z
2¢ + b =y

is consistent. The coefficient matrix of the system is

(1)

This matrix is invertible since |A| = —3. Thus the system is consistent and
therefore IR? = span.S.

(b) 8" ={(1,2),(21)} m

We now prove a theorem that we shall have occasion to use several times in
constructing a basis containing a given set of linearly independent vectors.

Theorem 57
If S = {v1,v9,...,v.} is a set of r linearly independent vectors in a n-dimensional
vector space V and r < n then there exist n — r vectors vy41,- -,V such that

the enlarged set 8" = S U {vpy1,--+,vn} a basis for V.

Proof.

Since V is of dimension n and S is a linearly independent set then r < n by The-
orem 57. If span(S) = V then S is a basis of V' and by Theorem 55, » = n. So
suppose span(S) # V, i.e. r < n. Then,, there is a vector v,11 € V which is not
a linear combination of the vectors of S. In this case, the set {vy,va, -, vy, g1}
is linearly independent. As long as span{vi,ve,- -+, vy, vp11} # V we continue
the expansion as above. But the number of linearly independent vectors in the
expansion of S can not exceed n according to Theorem 58. That is, the process
will terminate in a finite number of steps W

It follows from the above theorem that a finite-dimensional nonzero vector space
always has a finite basis.

Exercise 263
Construct a basis for R® that contains the vector (1,2,3).
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Solution.

Since the vector (1,0,0) is not a multiple of the vector (1,2,3) then the set
{(1,2,3),(1,0,0)} is linearly independent. Since dim(IR®) = 3 then this set is
not a basis of IR® and therefore cannot span IR>. Next, we see that the vector
(0,1,0) is not a linear combination of {(1,2,3),(1,0,0)}. That is, (0,1,0) =
s(1,2,3) 4+ t(1,0,0) for some scalars s,t € IR. This leads to the system

s + t =0
2s = 1
3s = 0

Because of the last two equations this system is inconsistent. Thus the set
S'=1{(1,2,3),(1,0,0),(0,1,0)} is linearly independent. By Theorem 58 below,
S’ is a basis of IR® W

In general, to show that a set of vectors S is a basis for a vector space V
we must show that S spans V and S is linearly independent. However, if we
happen to know that V has dimension equals to the number of elements in S
then it suffices to check that either linear independence or spanning- the re-
maining condition will hold automatically. This is the content of the following
two theorems.

Theorem 58
If S = {v1,va,...,u,} is a set of n linearly independent vectors in a n-dimensional
vector space V, then S is a basis for V.

Proof.

Since S is a linearly independent set then by Theorem 57 we can extend S to a
basis W of V. By Theorem 55, W must have n vectors. Thus, S = W and so S
is a basis of V. R

Theorem 59
If S = {v1,ve,...,v,} is a set of n vectors that spans an n-dimensional vector
space V, then S is a basis for V.

Proof.

Suppose that V is of dimension n and S is a span of V. If S is linearly independent
then S is a basis and we are done. So, suppose that S is linearly dependent.
Then by Theorem 49 there is a vector in S which can be written as a linear
combination of the remaining vectors. By rearrangement, we can assume that
v, is a linear combination of vy, vs,---,v,—1. Hence, span{vi,va, -, v,} =
span{vi, v, -+, v,—1}. Now, we repeat this process until the spanning set is
linearly independent. But in this case the basis will have a number of elements
< n and this contradicts Theorem 55 W

Exercise 264
Show that if V' is a finite dimensional vector space and W is a subspace of V
then dim(W) < dim(V).
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Solution.

If W = {0} then dim(W) =0 < dim(V'). So suppose that W # {0} and let 0 #
up € W. If W = span{u;} then dim(W) = 1 If W # span{u;} then there exists
a vector us € W and u & span{u }. In this case, {uy, us} is linearly independent.
If W = span{uy,us} then dim(W) = 2. If not, repeat the process to find uz € W
and us & span{ui,us}. Then {us,us,us} is linearly independent. Continue in
this way. The process must terminate because the vector space cannot have
more than dim(V) linearly independent vectors. Hence W has a basis of at
most dim(V') vectors B

Exercise 265
Show that if W is a subspace of a finite dimensional vector space V. and dim(W) =
dim(V) then W = V.

Solution.

Suppose dim(W) = dim(V) = m. Then any basis {uy,ws, -+, un,} of W is an
independent set of m vectors in V and so is a basis of V' by Theorem 59. In
particular V' = span{ui,ug, -, um} =W R

Next, we discuss an example of an infinite dimensional vector space. We have
stated previously that the vector space F(IR) is an infinite dimensional vector
space. We are now in a position to prove this statement. We must show that
every finite subset of F(IR) fails to be a spanning set of F(IR). We prove this
by contradiction.

Suppose that S = {f1, fo, -+, fn} spans F(IR). Without loss of generality we
may assume that 0 ¢ S. By Theorem 56 there exists a subset S’ of S such that
S’ is a basis of F(IR). Hence, dim(S’") < n. The set {1,z,---,2"} is contained
in F(IR) and is linearly independent and contains n 4 1 elements. This violates
Theorem 53.

In the remainder of this section we consider inner product spaces.
A set of vectors {v1,va,...,v,} of an inner product space is said to be or-
thonormal if the following two conditions are met

(i) < v, v >=0, for i # j.
(ii) < v,v; >=1for 1 <i<n.

Exercise 266

(a) Show that the vectors v; = (0,1,0), 03 = (%707 %),v_{g = (%70, —%) form

an orthonormal set in R® with the Buclidean inner product.

(b) If S = {v1,va,...,v,} is a basis of an inner product space and S is orthonor-
mal then S is called an orthonormal basis. Show that if S is an orthonormal
basis and u is any vector then

U=<u,v; >0+ <UuUvy>v3+ ...+ < UVy > Up.

(¢) Show that if S = {v1,va,...,v,} s an orthogonal set of nonzero vectors in
an inner product space then S is linearly independent.
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(d) Use part (b) to show that if S = {vy,ve, -+, v,} s an orthonormal basis of
an inner product space V' then every vector u can be written in the form

U = wy + wsy

where wy belongs to the span of S and wy is orthogonal to the span of S. wy
1s called the orthogonal projection of u on the span of S and is denoted by

projspan(S)u = wsq.

Solution.

(a) Tt is easy to check that < vi,v7 >=< 03,05 >=< 03,03 >= 0 and <
U1, 03 >=< 01,03 >=< 03,03 >= 0. Thus, {v1,v3,v3} is an orthonormal set.
(b) Since S is a basis of an inner product V. For v € V' we have u = ajv1 +
Qo9 + - - -+ ay,v,. For 1 <4 <n we have < u,v; >= «; since S is orthonormal.
(¢) We must show that if ajv1 +agve+-- 4 a,v, =0thenay =ay =+ =a, =
0. Then for 1 <1i < n we have 0 =< v;,0 >=< v;, ¥ V1 + QoV2 + - - - + @V, >=
a1 < V1,0 >+t ooy < ULU-1 > oy < UL0 > e+ o < U, Uy >=
a;||vi]|?. Since v; # 0 then ||v;|| > 0. Hence. o; = 0.

(d) Indeed, if u € V then v = w; + wy where w1 =< u,v; > v+ < U, vy >
vo+ o+ < u,v, > v, € span(S) and we = u — wy. Moreover, < way,v; >=<
U — Wi, v >=< U,v; > — < wy,v; >=< u,v; > — < u,v; >= 0,1 <1 < n.
Thus wy is orthogonal to span(S) W

Exercise 267 (Gram-Schmidt)
The purpose of this exercise is to show that every nonzero finite dimensional
inner product space with basis {uy,us,...,uy} has an orthonormal basis.

(a) Let vy =

Tury- Show that [lo1]] = 1.

ua ]

(b) Let W1 = span{vi}. Recall that projw,us =< wug,v1 > vi. Let vy =
% Show that ||vz2]| =1 and < vy,v9 >=0.

(c) Let Wy = span{vi,va} and projw,us =< us,v; > vi+ < ug,vy > 0.

Let
uz— < uz,v1 > v1— < U3,vV2 > U2

V3 = .
||’LL3— <uz,v; >v1— < ug,vy > 7.)2”

Show that ||vs]| =1 and < v1,v3 >=< v9,v3 >=0.

Solution. )
w2 e o _w o <upur>  Jullt
@) [l maqll” =< mam ma >= Tt = e = -
(b) The proof that ||v|| = 1is similar to (a). On the other hand, < v1,vy >=<<
Uy —<Ug,V1 >V o <usui>? <uswi >
ug, v > U1, [|uz—<uz,v1>vi]] >= ug—<ug,v1>v1 ug—<u,v1>vV1 0.

(c) Similar to (c) W

Continuing the process of the above exercise we obtain an orthonormal set of
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vectors {vy,va, ..., v, }. By the previous exercise this set is linearly independent.
By Theorem 58, {v1,va,...,v,} is a basis of V and consequently an othonormal
basis.

4.5 Transition Matrices and Change of Basis

In this section we introduce the concept of coordinate vector in a given basis
and then find the relationship between two coordinate vectors of the same vector
with respect to two different bases.

From Theorem 52, it follows that if S = {vy,vs,...,v,} is a basis for a vector
space V and wu is a vector in V' then u can be written uniquely in the form

U = Qv + V2 + ...+ apUy.

The scalars aq,as,...,a, are called the coordinates of u relative to the
basis S and we call the matrix

o

[uls =

Qnp

the coordinate matrix of u relative to S.

Exercise 268
Let u and v be two vectors in V. and S = {vy,va,--+,v,} be a basis of V. Show
that

(a) [u+vls = [u]s + [v]s.
(b) [au]s = afu]s, where « is a scalar.

Solution.
(a) Let u = aqvy + agvg + -+ - + apu, and v = Brug + Bove + -+ - + Brvy. Then
u+v =" (a1 + f1)v1 + (ag + B2)ve + - - - + (an, + Bn)vn. It follows that

ap + B fa%] B1
ag + B2 Qo B2
[u+v]s = : = : + : = [u]s + [v]s
(b) Since au = aqiv1 + aagvy + -+ - + aayv, then
[6705] a1
(6767} (6%)
[au]s = : =« : = afulsll
ooy, o,

Exercise 269
Let S = {v1,va,-,v,} be a basis of V. Define the function T : V — R" given
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by Tv = [v]s.

(a) Show that T(au + v) = aTu + Tv.

(b) Show that if Tu = Tv then u = v.

(¢) Show that for any w € R™ there exists a v € V such that Tv = w.

Solution.

(a) T(au+v) = [au + v]s = [au]s + [v]s = afu]ls + [v]s = aTu + Tw.

(b) Suppose that u = ayv; +agva+- - -+ a,v, and v = B1v1 + Bava+- - -+ Brvp.
If Tu =Twv then o; = §; for 1 < i < n. Hence, u = v.

(c¢) If w € R™ then w = (a1, a9, -, ). Let u = a1v1 + ague + -+ v, €V
and Tu=w R

If ' = {uq,us,...,u,} is another basis for V then we can write
) b) b)
uy = C11U1 + C12V2 + e C1nUn
u = Co1V1 + Co2V2 + e ConUn
Up = Cpil1 + Cp2U2 + ... CpnpUp.

The matrix

Ci1  C21 Cnl
0 C12  C22 Cn2
Cin Con . Cnn

is called the transition matrix from S’ to S. Note that the jth column of @ is
just [u;]s.

Exercise 270

Let vi = (Oa 170)Tvv_é = (_%»07 %)Tvv_é = (%7 Qa %)T

(a) Show that S = {v},v3, 03} is a basis of IR3.

(b) Find the coordinate matriz of the vector i = (1,1,1)T relative to the basis

S.

Solution.

By Theorem 58, it suffices to show that S is linearly independent. This can
be accomplished by showing that the determinant of the matrix with columns
V1, U3, ¥3 is invertible. Indeed,

S = O
AU O ey
ks Oulw

I
—

(b) We have @ = v — 203 + %1?3. Therefore,

—_

[U]s = —Z% |
5
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Exercise 271
Consider the following two bases of Py: S ={x—1,x+1} and S’ = {z,z — 2}.
Find the transition matriz from S to S'.

Solution.
Writing the elements of S in terms of the elements of S’ we find z — 1 =
L+ 2(x—2) and 2+ 1 = $x — $(z — 2). Hence, the transition matrix from S

to S’ is the matrix

|

P ( )u

The next theorem provides a relationship between the coordinate matrices of a
vector with respect to two different bases.

o=

Theorem 60

With the above notation we have [u]s = Qu]s

Proof.

Suppose
b1
fa

[uls = | .

B

That is, u = B1uy + Bous + - - - + Bru,. Now, writting the u; in terms of the v; we
find that u = (Bic11 + facar + - - - + Bncnr)v1 + (Biciz + Bacaz + - -+ Bucnz)va +
B (5161n + 526271 -+ Cnn)’l)n. That iS, [U}S = Q[u]s/ N |

Exercise 272

Consider the vectors vi = (1,0)T, 05 = (0,1)T,u1 = (1,1)T, and u3 = (2,1)7.
(a) Show that S = {01,035} and S’ = {4}, >} are bases of R

(b) Find the transition matriz Q from S’ to S.

(¢) Find [0)s given that
s =( 3
Solution.

(a) Since dim(IR?) = 2 then it suffices to show that S and S’ are linearly
independent. Indeed, finding the determinant of the matrix with columns v
and v3 we get

10
o

0 ’1

Thus, S is linearly independent. Similar proof for S’.
(b) It is easy to check that 4j = v7 + v and 4y = 207 + v3. Thus, the transition
matrix  from S’ to S is the matrix

(1)
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(c) By Theorem 60 we have []s = Q[ils: — ( - ) ( 2 ) — ( : )l

We next show that @ is nonsingular and its inverse is the transition P ma-
trix from S to S’.

Theorem 61
The matriz Q is invertible and its inverse is the transition matriz from S to S’.

Proof.

Let P be the transition matrix from S to S’. Then by Theorem 60 we have
[u]sr = Plu]s. Since [u]s = Qlu]ss then [u]s = QPJu]s. Let x € IR". Then
x = [u]g for some vector u € V. Thus, QPx = z, i.e. (QP —I,)r = 0. Since this
is true for arbitrary « then by Exercise 84 we must have QP = I,,. By Theorem
20, Q is invertible and Q' = P. B

Exercise 273

Consider the two bases S = {v1,v3} and S" = {u}, uz} where v; =

(?),m_(}),and@_(f).

(a) Find the transition matriz P from S to S'.
(b) Find the transition matriz Q from S’ to S.

1
0 )

Solution.
(a) Expressing the vectors of S in terms of the vectors of S’ we find v1 = —uj +u3
and v3 = 2u] — us. Thus the transition matrix from S to S’ is the matrix

-1 2
()
(b) We have already found the matrix @ in the previous exercise B

The next theorem shows that the transition matrix from one orthonormal basis
to another has the property PT = P~!. That is, PPT = PTP = I,. In this
case we call P an orthogonal matrix.

Theorem 62
If P is the transition matriz from one orthonormal basis S to another orthonor-
mal basis S’ for an inner product space V then P~ = PT.

Proof.
Suppose P = (b;;) is the transition matrix from the orthonormal basis S =
{ui,ug, -, u,} to the orthonormal basis S’ = {v1,vs, -, v,}. We will show

that PPT = I,,. Indeed, for 1 < i < n we have

vi = bjur + biguz + - + binun.
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ThllS, <v,v; >=< biiui + bjgus + -+ + bmun, bjlul + ij'LLQ + -4 bjnun >=
bi1bj1 + biobjo + - - - + binbj, since S is an orthonormal set. Thus, < v, v; >=<
¢iyc; > where ¢, ca, - - -, ¢, are the columns of P. On the other hand, if PPT =
(d;;) then d;; =< v;,v; > . Since vy, va, - - -, vy, are orthonormal then PPT = T,,.
That is P is orthogonal W

The following result provides a tool for proving that a matrix is orthogonal.

Theorem 63

Let A be an n x n matriz. Then the following are equivalent:
(a) A is orthogonal.

(b) The rows of A form an orthonormal set.

(¢) The columns of A form an orthonormal set.

Proof.
Let {ri,ro, -, rn},{c1,¢a, -+, c,} denote the rows ond columns of A respec-
tively.
(a) < (b): We will show that if AAT = (b;;) then b;; =< r;,7; > . Indeed, from
the definition of matrix multiplication we have

bij (ith row of A)(jth column of AT)
= ;1051 + Q2652 + -+ + AinQjn
= <Ti T >

AAT = I, if and only if b;; = 0if i # j and b; = 1. That is, AAT =T, if and
only if < ry,r; >=0for i # j and < r;,r; >=1.

(a) & (c): If ATA = (d;;) then one can easily show that d;; =< c¢;,¢; > . Thus,
AT A = I, if and only if di; = 0 for i # j and dj; = 1. Hence, AT A = I, if and
only if < ¢j,¢; >=0fori# j and <c¢;,¢; >=1. 1

Exercise 274
Show that the matriz

1 1 -1
=17
s orthogonal.

Solution.
We will show that this matrix is orthogonal by using the definition. Indeed,

using matrix multiplication we find
2 ) = I
Exercise 275

(a) Show that if A is orthogonal then AT is also orthogonal.
(b) Show that if A is orthogonal then |A| = £1.

b S

b

H
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4.6. THE RANK OF A MATRIX 133

Solution.

(a)Suppose that A is orthogonal. Then AT = A~!. Taking the transpose of
both sides of this equality we find (AT)T = (A=H)T = (AT)~L. That is, AT is
orthogonal.

(b) Since A is orthogonal then AAT = I,,. Taking the determinant of both sides
of this equality to obtain |[AAT| = |A||AT| = |A|?> = 1 since |AT| = |A| and
|I,] = 1. Hence, |[A|=+1 1

4.6 The Rank of a matrix

In this section we study certain vector spaces associated with matrices. We shall
also attach a unique number to a matrix that gives us information about the
solvability of linear systems and the invertibility of matrices.

Let A = (ai;) be an m x n matrix. For 1 < ¢ < m, the ith row of A is the 1 xn
matrix

Ty = (aila a2, - . - 7am)

and for 1 < j < n the jth column of A is the m x 1 matrix

aij
az;
Cj = .
Qmj
The subspace span{ry,ra,...,rm} of IR" is called the row space of A and the
subspace span{ci,ca,...,c,} of R™ is called the column space of A.

The following theorem will lead to techniques for computing bases for the row
and column spaces of a matrix.

Theorem 64
Elementary row operations do not change the row space of a matriz. That is,
the row spaces of two equivalent matrices are equal.

Proof.
It suffices to show that if B is the matrix obtained from A by applying a row
operation then

/ ! /
spand{ri,ra,...,rm} = span{ri,ro,...,r,}
where r{,75,...,7}, are the rows of B.

If the row operation is a row interchange then A and B have the same rows and
consequently the above equality holds.

If the row operation is multiplication of a row by a nonzero scalar, for in-
stance, 7; = ar; then we get r; = r; for j # i. Hence, 1} is an element of
span{ri,re,...,rm} for j #i. . Moreover, r; = Ory 4+ ...0r;—1 + ar; + 011 +
...+ 0ry, is also an element of span{ry,ra,...,r.,}. Hence, span{ri,ry, ... ,rl.}
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is a subset of span{ri,ra,...,7,}. On the other hand, for j # i we have r; = 7’
and therefore r; € span{ri,r5,...,r}. But r; = 0ry +0r5 + ...+ 0r,_; +
Lyl +0rl,y 4+ ... 4 0r), which is an element of span{r{,r},...,r,,}. Hence,
span{ri,re, ..., m} is contained in span{ri,rh, ..., 7 }.

Similar argument holds when the elementary row operation is an addition of a
multiple of one row to another W

It follows from the above theorem that the row space of a matrix A is not
changed by reducing the matrix to a row-echelon form B. It turns out that
the nonzero rows of B form a basis of the row space of A as indicated by the
following theorem.

Theorem 65
The nonzero row vectors in a row-echelon form of a matriz form a basis for the
row space of A.

Proof.

If B is the matrix in echelon form that is equivalent to A. Then by Theorem 64,
span{ry,ro, -+, rm} = span{ry,ry,---,r,} where ry,r5, -+, 7, are the nonzero
rows of B with p < m. We will show that S = {ry,r5,---,7,} is a linearly
independent set. Suppose not, i.e. S = {r},,7,_q,---,r1} is linearly dependent.
Then by Theorem 50, one of the rows, say r, is a linear combination of the

preceding rows:

TP = QT+ Qigariyy + o anr, (4.2)
Suppose that the leading 1 of 7} occurs at the jth column. Since the matrix
is in echelon form, the jth component of 7 7, ,,---,r; are all 0 and so the

jth component of (4.2) is a; 4110 + j420 + - - + a,0 = 0. But this contradicts
the assumption that the jth component of r; is 1. Thus, S must be linearly
independent W

Exercise 276
Find a basis for the space spanned by the vectors v; = (1,-2,0,0,3),v9 =
(2,-5,-3,-2,6),v3 = (0,5,15,10,0), and vy = (2,6, 18,8, 6).

Solution.
The space spanned by the given vectors is the row space of the matrix

1 -2 0 0 3
2 -5 -3 -2 6
0 5 15 10 O
2 6 18 8 6

The reduction of this matrix to row-echelon form is as follows.

Step 1: 19 «— 179 — 2ry and ryq « 14 — 27

1 -2 0 0
0 -1 -3 -2
0 5 15 10
0 10 18 8

OO O W
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Step 2: r3 < r3 + 5r9 and rq «— 14 + 1075

1 -2 0 0
0o -1 -3 =2
0 0 0 0
0o 0 -12 -12

O OO W

. 1
Step 3: 7o «— —rp and r3 < —551y

1 -2 0 0 3
0o 1 3 2 0
0 0 1 10
0 0 0 0 O

Thus, the vectors (1,-2,0,0,3),(0,1,3,2,0), and (0,0,1,1,0) form a basis of
the vector space spanned by the given vectors B

Exercise 277
Find a basis for the row space of the matrix

1 2 0 00 2

-1 -2 1 3 0 -1

A= 4 1 3 1 9
1 2 1 30 3

Solution.
The reduction of this matrix to row-echelon form is as follows.

Step 1: 7o «—ro+ 1y, r3 < r3—2r; and rq «— 14 — 11

1 2 0 0 0 2
001 3 01
A= 001 3 15
001 3 01
Step 2: r3 «— 13 — 19 and rq4 «— 14 — 19
1 2 0 0 0 2
001 3 01
A= 00 0 0 1 4
00 0 0 O0O0

Thus a basis for the vector spanned by the rows of the given matrix consists of
the vectors (1,2,0,0,0,2),(0,0,1,3,0,1), and (0,0,0,0,1,4) &

In the next theorem we list some of the properties of the row and column
spaces.
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Theorem 66

Let A be an m x n matriz, U a p X m matriz, and V an n x ¢ matriz. Then
(a) the row space of UA is a subset of the row space of A. The two spaces are
equal whenever U is nonsingular.

(b) The column space of AV is contained in the solumn space of A. Equality
holds when V is nonsingular.

Proof.
(a) Let U; = (ui1, Wi, - -+, Ui ) denote the ith row of U. If 1,79, -+, denote
the rows of A then the ith row of UA is

T1
T2
UiA = (wir, wiz, s uim) |7 | = wiar + wiora + -+ + timr,

T'm

This shows that each row of U A is in the row space of A. Hence, the row space
of UA is contained in the row space of A. If U is invertible then the row space
of A is equal to the row space of U~ (U A) which in turn is a subset of the row
space of UA. This ends a proof of (a).

(b) Similar to (a) W

Next, we will show that a matrix A is row equivalent to a unique reduced
row-echelon matrix. First, we prove the following

Theorem 67
If A and B are two reduced row-echelon matrices with the same row space then
the leading 1 of A and B occur in the same position.

Proof.

Suppose that the leading 1 of the first row of A occurs in column j; and that
of B in column k;. We will show that j; = k;. Suppose j1 < ki. Then the
jith column of B is zero. Since the first row of A is in the span of the rows
of B then the (1,j1)th entry of A is a linear combination of the entries of
the jith column of B. Hence, 1 = ai1bij, + aobaj, + -+ + by, = 0 since
bij, = baj, = -+ = byj, = 0. (Remember that the j;th column of B is zero).
But this is a contradiction. Hence, j; > k;. Interchanging the roles of A and B
to obtain ki > j;. Hence, j; = kj.

Next, let A’ be the matrix obtained by deleting the first row of A and B’ the
matrix obtained by deleting the first row of B. Then clearly A’ and B’ are in
reduced echelon form. We will show that A’ and B’ have the same row space.
Let Ry, Ry, -+, R, denote the rows of B. Let r = (a1, a9, -+, ay,) be any row
of A’. Since r is also a row of A then we can find scalars di,ds,"--,d,, such
that r = diRy + doRy + -+ - + dy, Ry, Since A is in reduced row echelon form
and 7 is not the first row of A then aj, = ag, = 0. Furthermore, since B is in
reduced row echelon form all the entries of the kith column of B are zero except
b1k, = 1. Thus,

0 = a/ktl = dlblkll + d2b2k?1 + e + dmbmkl
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That is, d; = 0. Hence, r is in the row space of B’. Since r was arbitrary then
the row space of A’ is contained in the row space of B’. Interchanging the roles
of A’ and B’ to obtain that the row space of B’ is contained in the row space
of A’. Hence, A’ and B’ have the same row space. Repeating the argument
earlier, we see that the leading 1 in the first row of A’ and the leading 1 in the
first row of B’ have the same position. Now, the theorem follows by induction

Theorem 68

Reduced row-echelon matrices have the same row space if and only if they have
the same monzero rows. Hence, every matriz is row equivalent to a unique
reduced row-echelon matriz.

Proof.

Let A = (a;;) and B = (b;;) be two reduced row-echelon matrices. If A and B
have the same nonzero rows then they have the same row space.

Conversely, suppose that A and B have the same row space. Let ry,79, -+, 75
be the nonzero rows of B. Let R; be the ith nonzero row of A. Then there exist
scalars aq, s, - - -, ag such that

R; = aqry + aorg + -+ - + a1 (4.3)

We will show that R; = r; or equivalently a; = 1 and o = 0 for k # i. Suppose
that the leading 1 of R; occurs at the j; column. Then by (4.3) we have

1= O‘lblji + Olgbgjqr + 4 asbsji- (44)

By Theorem 67, b;;, = 1 and by, = 0 for k # ¢. Hence, a; = 1.
It remains to show that ap = 0 for & # 7. So suppose that k # i. Suppose the
leading 1 of Ry occurs in the jith column. By (4.3) we have

ajy, = a1bij, + aoboj, + -+ asby;, . (4.5)

Since B is in reduced row-echelon form then byj;, = 1 and b;;, = 0 for i # k.
Hence, aj = a;j, . Since, the leading 1 of Ry occurs at the j; column then by
Theorem 67 we have ay;, = 1 and a;5, = 0 for ¢ # k. Hence, oy, = 0, for k # i.
|

Remark

A procedure for finding a basis for the column space of a matrix A is described
as follows: From A we construct the matrix A”. Since the rows of AT are the
columns of A, then the row space of AT and the column space of A are identical.
Thus, a basis for the row space of AT will yield a basis for the column space of
A. We transform A7 into a row-reduced echelon matrix B. The nonzero rows
of B form a basis for the row space of A”. Finally, the nonzero columns of B”
form a basis for the column space of A.
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Exercise 278
Find a basis for the column space of the matrix

1 2 0 00 2

-1 -2 1 3 0 -1

A= 4 1 3 1 9
1 2 1 3 0 3

Solution.
The columns of A are the rows of the transpose matrix.

-1
—2
1

N OO O N
w

© =W = A

WO W N

-1
The reduction of this matrix to row-echelon form is as follows.

Step 1: 19 <« 19 — 2r1 and rg « rg — 21

1 -1 2 1
0 0 00
0 1 1 1
0 3 3 3
0 0 1 0
0 1 5 1
Step 2: 19 <> 14
1 -1 2 1
0 1 5 1
0 1 1 1
0 3 3 3
0 0 1 0
0 0 00

Step 3: r3 «— 13 —1r9 and rq «— 174 — 379

1 -1 2 1
0 1 5 1
0 O -4 0
0 0 -12 0
0 O 1 0
0 0 0 O
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Step 4: r4 < 14 +12r5 and r3 — —1

1 -1 2 1
0 1 5 1
0 0 1 o0
0O 0 0 O
0 0 1 0
0O 0 0 O
Step b: 15 «— r5 — 13
1 -1 2 1
0 1 5 1
0O 0 1 0
0O 0 0 O
0O 0 0 O
0O 0 0 O

thusS {(1,-1,2,1),(0,1,5,1),(0,0,1,0)} is a basis for the row space of AT, and

1 0 0
-1 1 0
2 B T I
1 1 0

is a basis for the column space of A R

Next, we shall establish the relationship between the dimensions of the row
space and the column space of a matrix.

Theorem 69
If A is any m X n matriz, then the row space and the column space of A have
the same dimenston.

Proof.
Let r1,79,...,7,, be the row vectors of A where
i = (@1, A2, - - - Qin)-
Let r be the dimension of the row space. Suppose that {vy,vs,...,v,} is a basis

for the row space of A where
v = (bﬂ, big, ey bin)-

By definition of a basis we have

T c11v1 + civ2 + ... C1pUp
T2 = Co1V1 -+ C22U2 -+ e CorUp

Tm = CmiV1 + Cm2U2 + ... Cm;pUr.
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Equating entries of these vector equations to obtain

a;; = cnubyy 4+ cieby; 4+ ... cinbyy
az; = caby; 4+ caaby; + ... carbyy
Amj = leblj + Cmgbgj + ... Cmrbrj-

or equivalently

aij C11 C12 Cir

az; C21 C22 Cor
:blj . +b2j . ++br]

Amj Cm1 Cm?2 Cmr

where 1 < j < n. It follows that the columns of A are linear combinations of
r vectors and consequently the dimension of the column space is less than or
equal to the dimension of the row space. Now interchanging row and column we
get that the dimension of the row space is less than or equal to the dimension
of the column space. B

The dimension of the row space or the column space of a matrix A is called
the rank of A and is denoted by rank(A). It follows from Theorem 69 that
rank(A) = rank(AT). Also, by Theorem 65 the rank of A is equal to the num-
ber of nonzero rows in the row-echelon matrix equivalent to A.

Remark

Recall that in Section 1.6 it was asserted that no matter how a matrix is reduced
(by row operations) to a matrix R in row-echelon form, the number of nonzero
rows of R is always the same (and was called the rank of A.) Theorem 69 shows
that this assertion is true and that the two notions of rank agree.

Exercise 279
Find the rank of the matrix

1 01 1
A=13 2 5 1
0 4 4 —4

Solution.
The transpose of the matrix A is the matrix

1 3 0
0 2 4
1 5 4
1 1 -4

The reduction of this matrix to row-echelon form is as follows.



4.6. THE RANK OF A MATRIX 141

Step 1: r3 «—rg—ryand rqy <« rqy — 1

1 3 0
0 2 4
0 2 4
0 -2 4
Step 2: 74 «— 1y + 1o and 73 «— r3 — 1o
1 3 0
0 2 4
0 0 O
0 0 O

Step 3: 1o — 219

o O O
OO =W
O O N O

Thus {(1,3,0),(0,1,2)} form a basis for the row space of AT or equivalently

1 0
3], (1
0 2

form a basis for the column space of A and hence rank(A) =2 R

Theorem 70
If A is an m x n matriz U and V invertible matrices of size m X m and n X n
respectively. Then rank(A) = rank(UA) = rank(AV).

Proof.
Follows from the definition of rank and Theorem 66 W

The following theorem shades information about the invertibility of a square
matrix as well as the question of existence of solutions to linear systems.

Theorem 71
If A is an n X n matriz then the following statements are equivalent

(a) A is row equivalent to I,,.

(b) rank(A) = n.

(¢) The rows of A are linearly independent.
(d) The columns of A are linearly independent.

Proof.
(a) = (b) : Since A is row equivalent to I,, and I, is a matrix in reduced echelon
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form then the rows of I,, are linearly independent . Since the row space of A
is the span of n vectors then the row space is n-dimensional vector space and
consequently rank(A4) = n.

(b) = (c¢) : Since rank(A) = n then the dimension of the row space is n.
Hence, by Theorem 58 the rows of A are linearly independent.

(¢) = (d) : Assume that the row vectors of A are linearly independent then
the dimension of row space is n and consequently the dimension of the column
space is n. By Theorem 58, the columns of A are linearly independent.

(d) = (a) : Assume the columns of A are linearly independent. Then the
dimension of the row space of A is n. Thus, the reduced row echelon form of
A has n non-zero rows. Since A is a square matrix the reduced echelon matrix
must be the identity matrix. Hence A is row equivalent to I,,. ll

Now consider a system of linear equations Ax = b or equivalently

X C
a1 ai2 A1m 1 1
a21 ag9 e Q2m T2 o C2
Qa a a
nl n2 nm T Cn
This implies
a11%1 + a122 + ... + Q1T by
a921x1 + a922X2 4+ ...+ A2mLm b2
an1T1 + ap2%2 + ... + GnmTm by
or
ain a2 a1m b1
azi as a2m ba
X1 . + Z2 . + ...+, . =
an1 an2 Gnm bn

Exercise 280
Show that a system of linear equations Ax = b is consistent if and only if b is
in the column space of A.

Solution.
If b is in the column space of A then there exist scalars x1, 2, - -z, such that

ail ai2 Q1m by

a21 a22 a2m, bo
X1 . + 2 . +...tTy

an1 an2 Apm by
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But this is equivalent to Az = b. Hence, the system Ax = b is consistent. The
converse is similar W

Let A be an n x n matrix. The set ker(A) = {x € R" : Az = 0} is a subspace
of IR™ called the nullspace. The dimension of this vector space is called the
nullity of A.

Exercise 281
Find a basis for the nullspace of

Solution.
By Exercise 38 we found that

ker(A) = span{(-1,1,0,0,0),(-1,0,—1,0,1)}
Thus, nullity(A) =2 1

The following theorem establishes an important relationship between the rank
and nullity of a matrix.

Theorem 72
For any m X n matrix we have

rank(A) + nullity(A) = n. (4.6)

Proof.

Since A has n columns then the system Az = 0 has n unknowns. These fall
into two categories: the leading (or dependent) variables and the independent
variables. Thus,

[number of leading variables] + [number of independent variables] = n.

But the number of leading variables is the same as the number of nonzero rows
of the reduced row-echelon form of A, and this is just the rank of A. On the
other hand, the number of independent variables is the same as the number of
parameters in the general solution which is the same as the dimension of ker(A).
Now (4.6) follows W

Exercise 282
Find the number of parameters in the solution set of the system Ax =0 if A is
a 5 x 7 matriz and rank(A) = 3.
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Solution.

The proof of the foregoing theorem asserts that rank(A) gives the number of
leading variables that occur in solving the system AX = 0 whereas nullity(A)
gives the number of free variables. In our case, rank(A) = 3 so by the previous
theorem nullity(A) =7 —rank(A) =41

The following theorem ties together all the major topics we have studied so
far.

Theorem 73
If A is an n X n matriz, then all the following are equivalent.

(a) A is invertible.

(b) 4] £ 0.

(¢) Ax =0 has only the trivial solution.

(d) nullity(A) = 0.

(e) A is row equivalent to I,.

(f) Az = b is consistent for all n x 1 matriz b.
(g) rank(A) = n.

(h) The rows of A are linearly independent.
(i) The columns of A are linearly independent.

4.7 Review Problems

Exercise 283
Show that the midpoint of P(x1,y1,21) and Q(x1,ya, 22) is the point

T1+ T2 Y1 +Y2 21+ 29

M .
(2’2’2)

Exercise 284

(a) Let i = (a,b,c) be a vector orthogonal to a plane P. Suppose Py(Zo, Yo, 20)
s a point in the plane. Write the equation of the plane.

(b) Find an equation of the plane passing through the point (3,—1,7) and per-
pendicular to the vector it = (4,2, —5).

Exercise 285
Find the equation of the plane through the points Pi(1,2,—1), P»(2,3,1) and
Py(3,-1,2).

Exercise 286
Find the parametric equations of the line passing through a point Py(zo, Yo, 20)
and parallel to a vector ¥ = (a,b,c).

Exercise 287
Compute < @, > when @ = (2,—1,3) and ¥ = (1,4, —1).
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Exercise 288
Compute the angle between the vectors & = (—1,1,2) and v = (2,1, —1).

Exercise 289
For any vectors i and ¥ we have

1@ = al]* = J|al]?||4]]*~ < @7 >*.

Exercise 290
Show that |4 x V|| is the area of the parallelogram with sides @ and .

Exercise 291

Let P be the collection of polynomials in the indeterminate x. Let p(x) = ag +
ay+asx®+- -+ and q(x) = bg+b1z+box?+c. .. be two polynomials in P. Define
the operations:

(a) Addition: p(x) + q(x) = ag + by + (a1 + b1)x + (ag + by)ax? + - -

(b) Multiplication by a scalar: ap(x) = aag + (aay)z + (aa)x® +---.

Show that P is a vector space.

Exercise 292

Define on IR? the following operations:

(i) (z,y) + (@' y) = (@ + 2",y +y,);

(ii) a(z,y) = (ay, ax).

Show that R? with the above operations is not a vector space.

Exercise 293
Let U = {p(x) € P : p(3) = 0}. Show that U is a subspace of P.

Exercise 294
Let P,, denote the collection of all polynomials of degree n. Show that P, is a
subspace of P.

Exercise 295
Show that < f,g >= ff f(z)g(x)dx is an inner product on the space C(la,b])
of continuous functions.

Exercise 296
Show that if u and v are two orthogonal vectors of an inner product space, i.e.
< wu,v >=0, then

[lu +olf* = [ul|* + [o] >,

Exercise 297

(a) Prove that a line through the origin in R? is a subspace of R® under the
standard operations.

(b) Prove that a line not through the origin in IR? in not a subspace of IR>.

Exercise 298
Show that the set S = {(x,y) : © < 0} is not a vector space of IR* under the
usual operations of IR2.
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Exercise 299
Show that the collection C([a,b]) of all continuous functions on [a,b] with the
operations:

(f+9)(=@) = flz)+g()
(af)(@) = af(z)

18 a vector space.

Exercise 300
Let S = {(a,b,a +b) : a,b € R}. Show that S is a subspace of R® under the
usual operations.

Exercise 301
Let V' be a vector space. Show that if u,v,w € V are such that u+v = u+ w
then v = w.

Exercise 302

Let H and K be subspaces of a vector space V.

(a) The intersection of H and K, denoted by H N K, is the subset of V that
consists of elements that belong to both H and K. Show that HNV is a subspace
of V.

(b) The union of H and K, denoted by H U K, is the susbet of V' that consists
of all elements that belong to either H or K. Give, an example of two subspaces
of V such that H U K is not a subspace.

(¢) Show that if H C K or K C H then H U K is a subspace of V.

Exercise 303
Let u and v be vectors in an inner product vector space. Show that

[lw =+ ol + [Ju = ol = 2(][ul|* + [[v]]*).

Exercise 304
Let u and v be vectors in an inner product vector space. Show that

lJu+ol> = Ju—v|? =4 <u,v>.

Exercise 305
(a) Use Cauchy -Schwarz’s inequality to show that if u = (x1,x2, -, x,) € R"
and v = (y1,Y2, -, yn) € R" then

(Tiy1 + @oyo + -+ Tnyn)’ < (@l + 23+ )WL+ Y5+ +Yh).

(b) Use (a) to show

1
n® <(ag4ag+-+apn)(—+— 4+ —)
aq a9 Qp

where a; > 0 for 1 <i<n.
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Exercise 306
Let C([0,1]) be the vector space of continuous functions on [0,1]. Define

1
< fig>= / f(@)g(z)dz

(a) Show that < .,. > is an inner product on C([0,1]).
(b) Show that

[ ] <[ sorae [ o]

This inequality is known as Holder’s inequality.
(¢) Show that

[ ssora] [ o]+ o]

This inequality is known as Minkowski’s inequality.

Exercise 307

Let W = span{vy,va, -+, v,}, where v1,va, -+, v, are vectors in V. Show that
any subspace U of V' containing the vectors vy,va, - -+, v, must contain W, i.e.
W C U. That is, W is the smallest subspace of V' containing vy, va, -, Up.

Exercise 308
Ezpress the vector @ = (—9,—7,—15) as a linear combination of the vectors
’U_i = (27 174)7 ’U_é = (17 _1a 3)71}_2;) = (3a 2a 5)

Exercise 309

(a) Show that the vectors v; = (2,2,2),v3 = (0,0,3), and v3 = (0,1,1) span IR3.
(b) Show that the vectors vi = (2,—1,3),03 = (4,1,2), and v3 = (8,—1,8) do
not span IR>.

Exercise 310
Show that

s =sant(5 5 ) (00 )-(10) (01 )

Exercise 311

(a) Show that the vectors v; = (2,—1,0,3),v5 = (1,2,5,—1), and v3 = (7,—1,5,8)
are linearly dependent.

(b) Show that the vectors v1 = (4,—1,2) and vy = (—4,10,2) are linearly inde-
pendent.

Exercise 312
Show that the {u,v} is linearly dependent if and only if one is a scalar multiple
of the other.
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Exercise 313
Let V' be the vector of all real-valued functions with domain IR. If f,g,h are
twice differentiable functions then we define w(x) by the determinant

flx)  g(z)  h(z)
w(z)=| f(z) ¢(x) W)
f'(@) ¢"(x) h'(z)

We call w(x) the Wronskian of f, g, and h. Prove that f, g, and h are linearly
independent if and only if w(x) # 0.

Exercise 314
Use the Wronskian to show that the functions e®, xe®”
dent.

2e% are linearly indepen-

Exercise 315
Show that {1+ x,3z + 22,2 + x — 22} is linearly independent in P;.

Exercise 316
Show that {1+ x,3x + 22,2 + x — 22} is a basis for P,.

Exercise 317
Find a basis of P3 containing the linearly independent set {1 + x,1 + x°}.

Exercise 318
Let v; = (1,2,1),05 = (2,9,0),v3 = (3,3,4). Show that S = {01, 03,03} is a
basis for R3.

Exercise 319
Let S be a subset of R™ with n+ 1 vectors. Is S linearly independent or linearly
dependent?

Exercise 320
Find a basis for the vector space Mas of 2 X 2 matrices.

Exercise 321

(a) Let U, W be subspaces of a vector space V. Show that the set U + W =
{u+w:ueUand we W} is a subspace of V.

(b) Let May be the collection of 2x 2 matrices. Let U be the collection of matrices
i Msy whose second row is zero, and W be the collection of matrices in Mao
whose second colummn is zero. Find U + W.

Exercise 322
Let S = {(1,1)7,(2,3)7} and 8" = {(1,2)7,(0,1)T} be two bases of R?. Let
@=(1,5)T and 7= (5,4)T.

(a) Find the coordinate vectors of @ and U with respect to the basis S.
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(b) What is the transition matriz P from S to S'?
(¢) Find the coordinate vectors of 4 and U with respect to S’ using P.
(d) Find the coordinate vectors of @ and U with respect to S" directly.
(e) What is the transition matriz Q from S’ to S?
(f) Find the coordinate vectors of @ and U with respect to S using Q.

Exercise 323
Suppose that S’ = {u},uy,u3} is a basis of R, where uj = (1,0,1),15 =
(1,1,0),u3 = (0,0,1). Let S = {v1,v3,v03}. Suppose that the transition matriz
from S to S’ is

1
1

Determine S.

Exercise 324
Show that if A is not a square matrix then either the row vectors of A or the
column vectors of A are linearly dependent.

Exercise 325
Prove that the row vectors of an n X n invertible matriz A form a basis for IR™.

Exercise 326
Compute the rank of the matriz

1 2 2 -1
A=13 6 5 0
1 21 2

and find a basis for the row space of A.

Exercise 327

Let U and W be subspaces of a vector space V. We say that V is the direct sum
of U and W if and only if V=U~+W and UNW = {0}. We write V. =U dW.
Show that V is the direct sum of U and W if and only if every vector v in V
can be written uniquely in the form v = u + w.

Exercise 328

Let V be an inner product space and W is a subspace of V. Let W+ = {u €
Vi<u,w>=0,Yw e W}.

(a) Show that W+ is a subspace of V.

(b) Show that V. =W @ W+,

Exercise 329
Let U and W be subspaces of a vector space V. Show that dim(U + W) =
dim(U) + dim(W) — dim(U N W).
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Exercise 330
Show that cos 2z € span{cos® x,sin® x}.

Exercise 331
If X and Y are subsets of a vector space V and if X CY, show that spanX C
spany.

Exercise 332
Show that the vector space F(IR) of all real-valued functions defined on IR is an
infinite-dimensional vector space.

Exercise 333
Show that {sinx, cosz} is linearly independent in the vector space F(]0,27]).

Exercise 334
Find a basis for the vector space V' of all 2 X 2 symmetric matrices.

Exercise 335
Find the dimension of the vector space My, of all m X n matrices.

Exercise 336
Let A be an n X n matriz. Show that there exist scalars ag,ay,az, -, a2 not
all 0 such that

aol, + a1 A+ as A2 + -+ anzA”2 =0. (4.7)

Exercise 337
Show that if A is an n X n invertible skew-symmetric matriz then n must be
even.



Chapter 5

Eigenvalues and
Diagonalization

Eigenvalues and eigenvectors arise in many physical applications such as the
study of vibrations, electrical systems, genetics, chemical reactions, quantum
mechanics, economics, etc. In this chapter we introduce these two concepts
and we show how to find them. Eigenvalues and eigenvectors are used in a
diagonalization process of a square matrix that we discuss in Section 5.2

5.1 Eigenvalues and Eigenvectors of a Matrix
If A is an n X n matrix and z is a nonzero vector in IR"™ such that Az = Az
for some real number A then we call x an eigenvector corresponding to the

eigenvalue \.

Exercise 338
1

Show that x = is an eigenvector of the matrix

2
3 0
(0 4)
corresponding to the eigenvalue \ = 3.

Solution.
The value A = 4 is an eigenvalue of A with eigenvector x since

(2 8)()- ()

Eigenvalues can be either real numbers or complex numbers. In this book an
eigenvalue is always assumed to be a real number.

151
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To find the eigenvalues of a square matrix A we rewrite the equation Ax = Az
as
Azr = M, x

or equivalently

(A, — A)z =0.
For A to be an eigenvalue, there must be a nonzero solution to the above homo-
geneous system. But, the above system has a nontrivial solution if and only if
the coefficient matrix (A, — A) is singular (Exercise 172), that is , if and only
if

|\, — A| = 0.

This equation is called the characteristic equation of A.

Exercise 339
Find the characteristic equation of the matriz

0o 1 0
A=10 0 1
4 —-17 8

Solution.
The characteristic equation of A is the equation

A -1 0
0 A -1 | =0
-4 17 X-8

That is, the equation: A\> —8A\2 +17A—4=0N1

Theorem 74
p(A) = |M, — 4| is a polynomial function in X of degree n and leading coefficient
1. This is called the characteristic polynomial of A.

Proof.

One of the elementary product will contain all the entries on the main diago-
nal,i.e. will be the product (A —a11)((A—a22) - - - (A —an,). This is a polynomial
of degree n and leading coefficient 1. Any other elementary product will contain
at most n — 2 factors of the form A — a;;. Thus,

P(A) = A" — (a11 + Gz + - + Q)N + terms of lower degree  (5.1)
This ends a proof of the theorem W

Exercise 340
Find the characteristic polynomial of the matriz

) 8 16
A= 4 1 8
-4 -4 -11
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Solution.
The characteristic polynomial of A is

A-5 -8  —16
PN =] —4 A-1 -8
4 4 A+11

Expanding this determinant we obtain p(A) = (A+3)(\2+2X—3) = (A\+3)3(A—
Hm

Exercise 341
Show that the coefficient of A"~ ! is the negative of the trace of A.

Solution.
This follows from (5.1) W

Exercise 342
Show that the constant term in the characteristic polynomial of a matriz A is

(=1D)"Al

Solution.
The constant term of the polynomial p(\) corresponds to p(0). It follows that
p(0) = constant term = | — A = (—1)"|A| A

Exercise 343
Find the eigenvalues of the matrices

(a)

(3
(b)

=(5 )
Solution.

(a) The characteristic equation of A is given by

A—3 -2
PN
Expanding the determinant and simplifying, we obtain
A —3X+2=0

or

(A—1)(A—2) =0.
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Thus, the eigenvalues of A are A =2 and A = 1.

(b) The characteristic equation of the matrix B is

A2 1|
‘ 5 )\—2‘0

Expanding the determinant and simplifying, we obtain
A —-9=0
and the eigenvalues are A = £3 i

Exercise 344
Find the eigenvalues of the matrix

0 1 0
A= 0 0 1
4 —-17 8
Solution.
According to Exercise 339 the characteristic equation of A is A3 —8A24+17\—4 =

0. Using the rational root test we find that A = 4 is a solution to this equation.
Using synthetic division of polynomials we find

A=4) (N =4 +1)=0.

The eigenvalues of the matrix A are the solutions to this equation, namely,
A=4)2=24+V3,and A=2—-V3 R

Next, we turn to the problem of finding the eigenvectors of a square ma-
trix. Recall that an eigenvector is a nontrivial solution to the matrix equation
(M, — A)z =0.

Theorem 75

The set of eigenvectors of a matriz corresponding to an eigenvalue \, together
with the zero vector, is a subspace of R™. This subspace is called the eigenspace
of A corresponding to A and will be denoted by V).

Proof.

Let Vy = {z € R" : Ax = Az}. We will show that V) U{0} is a subspace of R".
Let v,w € V) and @ € IR. Then A(v + w) = Av + Aw = dv + dw = A\(v + w).
That is v + w € V). Also, A(aw) = aAv = A(av) so av € V). Hence, V) is a
subspace of IR". H

By the above theorem, determining the eigenspaces of a square matrix is re-
duced to two problems: First find the eigenvalues of the matrix, and then find
the corresponding eigenvectors which are solutions to linear homogeneous sys-
tems.
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Exercise 345
Find the eigenspaces of the matriz

w

A= -

[\]

-2
3
0

jan}
o O O

Solution.
The characteristic equation of the matrix A is

A—3 2 0
2 A—=3 0
0 0 A=5

Expanding the determinant and simplifying we obtain
A=5)*\—1)=0.

The eigenvalues of A are A =5 and A = 1.
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A vector x = (x1,22,73)T is an eigenvector corresponding to an eigenvalue \ if

and only if x is a solution to the homogeneous system

()\ - 3)%1 + 2£U2 = 0
2$1 + ()\ - 3).’172 = 0
()\ — 5)I3 = 0
If A =1, then (5.2) becomes
—2x1 4+ 2x9 = 0
21,‘1 — 2$2 = 0
- 4173 = 0

Solving this system yields
T =8,T9 =8,x3=0
The eigenspace corresponding to A =1 is

= s | :seR p =span
0

O =

If A =5, then (5.2) becomes

221 + 2xo = 0
21 + 2z =0
0:63 =0

Solving this system yields

Ty =—t, 9 =1,3 =5
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The eigenspace corresponding to A = 5 is

—t
Vs = t seR
S
-1 0
= t 1 +s| 0 |:steR
0 1
-1 0
= span 1 ,1 O [ |
0 1
Exercise 346
Find bases for the eigenspaces of the matriz
0 0 -2
A= 1 2 1
1 0 3
Solution.
The characteristic equation of the matrix A is
A 0 2
-1 Ax=-2 -1

-1 0 A—3
Expanding the determinant and simplifying we obtain
A—=22(\—1)=0.

The eigenvalues of A are A =2 and A = 1.
A vector x = (z1,22,73)T is an eigenvector corresponding to an eigenvalue \ if
and only if x is a solution to the homogeneous system

)\.’El + 21’3 = 0
—z1 + (A—=2)zy — x3 =
— + A=3)z3 = 0

If A =1, then (5.5) becomes

|
o
—~
ot
(@34
—

I + 21’3 = 0

—r1 — X2 — I3 = 0 (56)

—T1 — 2333 = 0
Solving this system yields

T = —28,L0 = 8,3 =S5
The eigenspace corresponding to A =1 is
—9g -2
Vi = S :se€ R} = span 1
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and (—2,1,1)7 is a basis for V5.

If A = 2, then (5.5) becomes

214 + 223 = 0
—I1 - T3 = 0 (57)
—I1 — I3 = 0

Solving this system yields
ry = —822=1,T3=235§

The eigenspace corresponding to A = 2 is

—s
Vo = t :se R
s
-1 0
= S 0 +tl 1 :s,t€R
1 0
-1 0
= span 0 1 1
1 0

One can easily check that the vectors (—1,0,1)” and (0,1,0)7 are linearly in-
dependent and therefore these vectors form a basis for Vo W

Exercise 347
Show that A = 0 is an eigenvalue of a matriz A if and only if A is singular.

Solution.

If A =0 is an eigenvalue of A then it must satisfy |0, — A| = | — A| = 0. That
is |A| = 0 and this implies that A is singular. Conversely, if A is singular then
0=|A| =10I, — A| and therefore 0 is an eigenvalue of A W

Exercise 348

(a) Show that the eigenvalues of a triangular matriz are the entries on the main
diagonal.

(b) Find the eigenvalues of the matrix

i 0 0
A=| -1 2 0
5 -8 -1

Solution.
(a) Suppose that A is upper triangular n X n matrix. Then the matrix A\, — A
is also upper triangular with entries on the main diagonal are A — ay1, A —
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@22,y Apy. Since the determinant of a triangular matrix is just the product
of the entries of the main diaginal then the characteristic equation of A is

(A=a11)(A—aa) - (A—an,) =0.

Hence, the eigenvalues of A are aj1,a92, -+, Gpn-

(b) Using (a), the eigenvalues of A are A\ =2, A=2 and A\=—1 &

Wl

Exercise 349
Show that A and AT have the same characteristic polynomial and hence the
same eigenvalues.

Solution.
We use the fact that a matrix and its transpose have the same determinant
(Theorem 28). Hence,

AL, — AT‘ = |(\, — A)T| = |\, — Al.
Thus, A and AT have the same characteristic equation and therefore the same

eigenvalues B

The algebraic multiplicity of an eigenvalue A of a matrix A is the multi-
plicity of A\ as a root of the characteristic polynomial, and the dimension of the
eigenspace corresponding to A is called the geometric multiplicity of .

Exercise 350
Find the algebraic and the geometric multiplicity of the eigenvalues of the matriz

Solution.
The characteristic equation of the matrix A is

A—2 -1 0

Expanding the determinant and simplifying we obtain
A=22(\=1)=0.

The eigenvalues of A are A = 2 (of algebraic multiplicity 2) and A = 1 (of
algebraic multiplicity 1).

A vector z = (1,72, 23)T is an eigenvector corresponding to an eigenvalue \ if
and only if x is a solution to the homogeneous system

()\ — 2).%'1 — i) = 0

()\ — 2)372 =
—21‘1 - 3$2 + (/\ - 1)333 = 0

o

(5.8)
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If A =1, then (5.8) becomes

—x1 — To = 0
— i) = 0 (59)
72%1 — 31’2 0

Solving this system yields
r1=0,20 =0,23 = s

The eigenspace corresponding to A =1 is

0 0
= 0 | :s€eR ) =span 0
s 1

and (0,0,1)7 is a basis for V;. The geometric multiplicity of A =1 is 1.

If A =2, then (5.8) becomes

o

(5.10)

— 2 -
—2xr1 — 3x9 4+ x3 = 0
Solving this system yields

xlzis,xgzo,xgzs

The eigenspace corresponding to A = 2 is

1
55
Vo = 0 :seR
S
1
2
= span 0
1

and the vector (%, 0,1)7 is a basis for V so that the geometric multiplicity of
A=2is1m

There are many matrices with real entries but with no real eigenvalues. An
example is given in the next exercise.

Exercise 351
Show that the following matrix has no real eigenvalues.

=(50)
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Solution.
The characteristic equation of the matrix A is

A -1
1A
Expanding the determinant we obtain

A +1=0.

The solutions to this equation are the imaginary complex numbers A = ¢ and
A = —i, and since we are assuming in this chapter that all our scalars are real
numbers, A has no real eigenvalues B

Symmetric matrices with real entries have always real eigenvalues. In order
to prove this statement we recall the reader of the following definition. A com-
plex number is any number of the form z = a + bi where i = /—1 is the
imaginary root. The number a is called the real part of z and b is called the
imaginary part. Also, recall that a + bi = o’ + V'i if and only if @ = a’ and
b=1"b.

Theorem 76
If X = a + bi is an eigenvalue of a real symmetric n X n matriz A then b = 0,
that is \ is real.

Proof.
Since A = a + bi is an eigenvalue of A then A satisfies the equation

[(a+ bi) I, — Al(u+ vi) = 0 + 0i,

where u, v, are vectors in IR" not both equal to zero and 0 is the zero vector of
IR™. The above equation can be rewritten in the following form

(alpu — Au — bl v) + (al,v + bl,u — Av)i =0+ 04
Setting the real and imaginary parts equal to zero, we have
al,u— Au—bl,v =0

and
al,v+bl,u— Av =0.

These equations yield the following equalities
<wv,alpu— Au —blv >=<v,0>=0

and
< al,v+bl,u— Av,u >=<0,u >=0
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or equivalently

a<v,lyau>—<v,Au>-b<v,lpv> = 0 (5.11)
a< Lyvu>—<Av,u>4+b< lu,u> = 0. (5.12)

But < Lyv,u >= ul (I,v) = (I,u)Tv =< v, [,u > and < Av,u >= ul'(Av) =
ul(ATv) = (u? At = (Au)Tv =< v, Au >, where < .,. > is the inner product

inIR". Subtracting the two equations in (5.11), we now get

—b<wv, Ipv>-b<luu>=0

or
—b[< u,u>—+ <wv,v>]=0.

Since u and v not both the zero vector, then either < u,u >> 0 or < v,v >> 0.
From the previous equation we conclude that b = 0. R

We next introduce a concept for square matrices that will be fundamental in
the next section. We say that two n x n matrices A and B are similar if there
exists a nonsingular matrix P such that B = P 1AP. We write A ~ B. The
matrix P is not unique. For example, if A = B = [, then any invertible matrix
P will satisfy the definition.

Exercise 352

Show that ~ is an equivalence relation on the collection M,,, of square matrices.
That is, show the following:

(a) A~ A (~ is reflexive).

(b) If A~ B then B~ A (~ is symmetric).

(c) If A~ B and B ~ C then A ~ C (~ is transitive).

Solution.

(a) Since A = I;1AIL, then A ~ A.

(b) Suppose that A ~ B. Then there is an invertible matrix P such that
B = P~ 'AP. By premultiplying by P and postmultiplying by P~ we find
A=PBP ! =Q 'BQ, where Q = P~!. Hence, B ~ A.

(c) Suppose that A ~ B and B ~ C then there exist invertible matric P and
Q such that B = P"'AP and C = Q~'BQ. It follows that C = Q7 'BQ =
Q7 'P1APQ = (PQ)'A(PQ) = R'AR, with R = PQ. This says that
A~CH

Exercise 353

Let A and B be similar matrices. Show the following:
(a) |4] = |B].

(b) tr(A) = tr(B).

(c) rank(A) = rank(B).

(d) M, — A| = |\, — B|.
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Solution.
Since A ~ B then there exists an invertible matrix P such that B = P~1AP.

(a) |B| = [PLAP| = |P~1|A|[P| = |A] since [P=| = |P|L,
(b) tr(B) = tr(P~YAP) = tr(PP~1A) = tr(A) (See Exercise 88 (a)).

(c¢) By Theorem 70, we have rank(B) = rank(PA) = rank(A).

(d) Indeed, |\, — B| = |\, — P"YAP| = |P~Y(\I,)P| = |\l — A|. It follows
that two similar matrices have the same eigenvalues B

Exercise 354
Show that the following matrices are not similar.

1 2 1 1
a=(51)e=(1 1)
Solution.

The eigenvalues of A are A = 3 and A = —1. The eigenvalues of B are A = 0 and
A = 2. According to Exercise 353 (d), these two matrices cannot be similar W

Exercise 355
Let A be an n x n matrix with eigenvalues A1, Az, -+, Ap including repetitions.
Show the following.

(a)tr(A) :)\1+>\2++)\n
(0) Al = MiAz - Ap.

Solution.
Factoring the characteristic polynomial of A we find

p(A) = A=A)A=A2) - (A= Ap)
= A=A+ X+ )T N A,
(a) By Exercise 341, tr(A) = A + A2 + -+ + M.
(b) [Al =p(0) = MA2---An B

We end this section with the following important result of linear algebra.

Theorem 77 (Cayley-Hamilton)
Every square matriz is the zero of its characteristic polynomial.

Proof.

Let p(A) = A"+a,_1 A" "1+ -+a; A +ag be the characteristic polynomial corre-
sponding to A. We will show that p(A) = 0. The cofactors of A are polynomials
in A of degree at most n — 1. Thus,

adj()\ln - A) = Bn_l)\nil + -+ BlA + BO
where the B; are n x n matrices with entries independent of . Hence,

(M, — A)adj( M, — A) = |\, — AlI,.
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That is
Bn—1>\n + (Bn—Q - len—l)Ani1 + (Bn—B
—~AB, _9)A""2 4 -+ (By — AB))\ — ABy =
In)\nil + anflIn/\ni1 + an72In)\n72 + - al-[n)\ + aOIn~

Equating coefficients of corresponding powers of A,

B, 1 = I,
B, 2 — ABn—l = an-1ln
B, 3—AB, 2 = anp-2ly

By — AB; = arl,

—ABO = a()[n

Multiplying the above matrix equations by A", A"~ ... A I, respectively and
adding the resulting matrix equations to obtain

0=A" + an,lA”_l + -+ alA + a()In.

In other words, p(A) =01

Exercise 356

Let A be an n x n matriz whose characteristic polynomial is p(\) = A" +
Ap_1 A" 4 -+ a1\ + ag. Show that if A is invertible then its inverse can
be found by means of the formula

1
A7t = —a—(A”*1 tan 1A 4t aldy)
0

Solution.
By the Cayley-Hamilton theorem p(A) = 0. that is

A"+ a, A"+ 4+ a A+ apl, = 0.
Multiplying both sides by A~! to obtain
a0A71 = —An71 — (lnflAn72 — = alfn.

Since A is invertible then |A| = ag # 0. Divide both sides of the last equality
by ag to obtain

1
AT = _;(A"*1 +ap 1 A" 2+t agl,)R
0
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5.2 Diagonalization of a Matrix

In this section we shall discuss a method for finding a basis of IR" consisting
of eigenvectors of a given n x n matrix A. It turns out that this is equivalent
to finding an invertible matrix P such that P~1AP is a diagonal matrix. The
latter statement suggests the following terminology.

A square matrix A is called diagonalizable if A is similar to a diagonal matrix.
That is, there exists an invertible matrix P such that P~'AP = D is a diagonal
matrix. The next theorem gives a characterization of diagonalizable matrices
and tells how to construct a suitable characterization. In fact, it supports our
statement mentioned at the begining of this section that the problem of finding
a basis of IR™ consisting of eigenvectors of A is equivalent to diagonalizing A.

Theorem 78

If A is an n X n square matriz, then the following statements are all equivalent.
(a) A is diagonalizable.

(b) A has n linearly independent eigenvectors.

Proof.
(a) = (b) : Suppose A is diagonalizable. Then there are an invertible matrix P
and a diagonal matrix D such that A = PDP~!. That is

P11 P12 ... DPin A0 0 ... 0
P21 P22 ... P2n 0 X 0 ... 0
AP =PD = . . . .
Pnl DPn2 --- Dnn 0O 0 0 ... X\,
For 1 <i<n, let
DP1i
D2i
bi = .
Pni

Then the columns of AP are A\1p1, Aapa, ..., Anpn. But AP = [Apy, Apo, ..., Apy].
Hence, Ap; = \;p;, for 1 < i < n. Since P is invertible its column vectors are
linearly independent and hence are all nonzero vectors (Theorem 71). Thus
A1, A2, ..., Ay are eigenvalues of A and p1, ps, - . ., p, are the corresponding eigen-
vectors. Hence, A has n linearly independent eigenvectors.

(b) = (a) : Suppose that A has n linearly independent eigenvectors p1, pa, . .., Dn

with corresponding eigenvalues A1, Aa, ..., \,. Let
P11 P12 --- Pin
P21 P22 .- P2n

P= . .

Pn1 Pn2 .-+ DPnn
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Then the columns of AP are Apy, Apo, ..., Ap,. But Apy = Aip1, Aps = Aapa, ..., Ap, =
Anpn- Hence

Apir A2Di2 ... ApPin
AipP21 A2D22 ... ApPon
AP = . )
)\lpnl /\2pn2 cee )\npnn
P11 P12 ... Pin A 0 O ... O
P21 P22 ... DP2n 0 X 0 ... 0
= . . . =PD
pnl p’ﬂ2 e pnn 0 0 0 o )\n

Since the column vectors of P ar linearly independent, P is invertible. Hence
A= PDP~! that is A is similar to a diagonal matrix Wl

From the above proof we obtain the following procedure for diagonalizing a
diagonalizable matrix.

Step 1. Find n linearly independent eigenvectors of A, say p1,p2, -+, Pn-
Step 2. Form the matrix P having pi,p2, -, P, as its column vectors.

Step 3. The matrix P~'AP will then be diagonal with A1, \a,..., A\, as its
diagonal entries, where )\; is the eigenvalue corresponding to p;, 1 <17 < n.

Exercise 357
Find a matriz P that diagonalizes

3 -2 0
A= -2 3 0
0 0 5

Solution.
From Exercise 345 of the previous section the eigenspaces corresponding to the
eigenvalues A =1 and A = 5 are

] 1
= S :se€ R = span 1
0 0

and
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Let o1 = (1,1,0)T, 95 = (~1,1,0), and 63 = (0,0,1)7. It is easy to verify that
these vectors are linearly independent. The matrices

1 -1 0
P = 1 1 0
0 0 1
and
1 0 0

!
I
oo
o o
oo

satisfy AP =PDor D =P 'AP R

Exercise 358
Show that the matriz

s not diagonalizable.

Solution.
The characteristic equation of the matrix A is

A+3 -2
2 A—1
Expanding the determinant and simplifying we obtain
(A+1)2=0.

The only eigenvalue of A is A = —1.
A vector = (r1,22)7 is an eigenvector corresponding to an eigenvalue \ if and
only if x is a solution to the homogeneous system

()\ + 3).1'1 — 2o = 0
{ 233‘1 + (/\ - 1)372 = 0 (513)
If A = —1, then (5.13) becomes
23?1 — 2332 = 0

Solving this system yields 1 = s,29 = s. Hence the eigenspace corresponding

fo A= —1is V_ﬁ{(g):sem}:”“”{“)}

Since dim(V_1) = 1, A does not have two linearly independent eigenvectors and
is therefore not diagonalizable B

In many applications one is concerned only with knowing whether a matrix
is diagonalizable without the need of finding the matrix P. In order to establish
this result we first need the following theorem.
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Theorem 79
If v1,va,...,v, are nonzero eigenvectors that correspond to distinct eigenvalues
A1, A2, ..., Ay then the set {v1,va,...,v,} is linearly indepedent.

Proof.
The proof is by induction on n. If n = 1 then {v; } is linearly independent (Exer-
cise 252). So assume that the vectors {vy, v, - - -, v,_1} are linearly independent.

Suppose that
a1v1 + Qovg + -y, = 0. (5.15)
Apply A to both sides of (5.15) and using the fact that Av; = A\;v; to obtain
1A V1 F+ aaaVs + - - ap AU, = 0. (5.16)

Now, multiplying (5.15) by A, and subtracting the resulting equation from
(5.16) we obtain

a1(A1 — Ap)vr + ae(Aa — Ap)ve + - - ap—1(An—1 — Ap)vp—1 = 0. (5.17)

By the induction hypothesis, all the coefficients must be zero. Since the \; are

distinct, i.e. \; — A, # 0 for i # n then, oy = a = -+ = a1 = 0. Substi-
tuting this into (5.15) to obtain «,v, = 0, and hence a,, = 0. This shows that
{v1,v2, -, v,} is linearly indepedent. W

As a consquence of the above theorem we have the following useful result.

Theorem 80
If A is an n x n matriz with n distinct eigenvalues then A is diagonalizable.

Proof.
If v1, v, -+, v, are nonzero eigenvectors corresponding to the distinct eigenval-
ues A1, Ao, -+ A, then by Theorem 79, vy, vs,---,v, are linearly independent

vectors. Thus, A is diagonalizable by Theorem 78H

Exercise 359
Show that the following matrix is diagonalizable.

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

Solution.
The characteristic equation of the matrix A is

A—1 0 0
-1 X=2 3
-1 1 A
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Expanding the determinant and simplifying we obtain
A=1DA=3)(A+1)=0
The eigenvalues are 1,3 and —1, so A is diagonalizable by Theorem 78 R

The converse of Theorem 80 is false. That is, an n X n matrix A may be
diagonalizable even if it does not have n distinct eigenvalues.

Exercise 360
Show that the matriz

is diagonalizable with only one eigenvalue.

Solution.
The characteristic equation of the matrix A is

A—3 0
0 A—3
Expanding the determinant and simplifying we obtain

A=3)2=0.

The only eigenvalue of A is A = 3. By letting P = I, and D = A we see that
D = P71AP, ie. Ais diagonalizable B

Next we turn our attention to the study of symmetric matrices since they
arise in many applications. The interesting fact about symmetric matrices is
that they are always diagonalizable. This follows from Theorem 76 and Theo-
rem 80.Moreover, the diagonalizing matrix P has some noteworthy properties,
namely, PT = P~!, ie. P is orthogonal. More properties are listed in the
next theorem.

Theorem 81

The following are all equivalent:

(a) A is diagonalizable by an orthogonal matrix.
(b) A has an orthonormal set of n eigenvectors.
(c) A is symmetric.

Proof.

(a) = (b): Since A is diagonalizable by an orthogonal matrix P then there exist
an orthogonal matrix P and a diagonal matrix D such that P~"*AP = D. As
shown in the proof of Theorem 78, the column vectors of P are the n eigen-
vectors of A. Since P is orthogonal then these vectors form an orthonormal set
according to Theorem 63.



5.2. DIAGONALIZATION OF A MATRIX 169

(b) = (c): Suppose that A has an orthonormal set of n eigenvectors of A. As
shown in the proof of Theorem 78 the matrix P with columns the eigenvectors
of A diagonalizes A and P~'!AP = D. Since the columns of P are orthonor-
mal then PPT = I,,. By Theorem 20 P~! = PT. Thus, AT = (PDP~ 1T =
(P~H)TDTPT = (PT)"1DTPT = PDP~! = A. This says that A is symmetric.
(c) = (a): Suppose that A is symmetric. We proceed by induction on n. If n = 1,
A is already doagonal. Suppose that (¢) implies (a) for all (n — 1) x (n — 1)
symmetric matrices. Let A1 be a real eigenvalue of A and let z; be a corre-
sponding eigenvector with ||z1]| = 1. Using the Gram-schmidt algorithm we can
extend x; to a orthonormal basis {x1,x9, -, x,} basis of IR". Let P; be the
matrix whose columns are x1, o, - -, x, respectively. Then P; is orthogonal by

Theorem 63. Moreover
T (A X
Pl AP, = < 0 A

Since A is symmetric then P AP is also symmetric so that X = 0 and 4; is an

(n—1) x (n— 1) symmetric matrix. By the induction hypothesis, there exist an
orthogonal matrix @ and a diagonal matrix D; such that Q7 A,@Q = D;. Hence,

the matrix
1 0
r=(0 o)

(P,P)TA(P,P) = PI(PLAP)P,

is orthogonal and

is diagonal. Let T'= Py P,. Then one can easily check that P; P is orthogonal.
This ends a proof of the theorem W

Exercise 361
Let A be an m X n matriz. Show that the matriz AT A has an orthonormal set
of n eigenvectors.

Solution.
The matrix AT A is of size n x n and is symmetric. By Theorem 81, AT A has
an orthonormal set of n eigenvectors W

We now turn to the problem of finding an orthogonal matrix P to diagonal-
ize a symmetric matrix. The key is the following theorem.

Theorem 82
If A is a symmetric matrix then the eigenvectors corresponding to distinct eigen-
values are orthogonal.
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Proof.
Let A be an n x n symmetric matrix and «,( be two distinct eigenvalues
of A. Let v = (v1,v2,--+,v,) and w = (w1, wa, -, w,) be two eigenvectors

corresponding to « and 3. We want to show that < v,w >= 0. That is,
viwy + vawsg + -+ - + vywy, = 0. But this is the same thing as the matrix multi-
plication vTw = 0. Since v is an eigenvector corresponding to o then Av = aw.
Taking transpose of both sides to obtain v7 AT = av”. Since A is symmetric,
ie. AT = A then vTA = aw”. Multiply this equation from the right by w to
obtian v Aw = avTw. Hence, fvTw = avTw. That is, (a — B)vTw = 0. By
Exercise 79 we conclude that vTw = 0. B

As a consequence of this theorem we obtain the following procedure for di-
agonalizing a matrix by an orthogonal matrix P.

Step 1. Find a basis for each eigenspace of A.

Step 2. Apply the Gram-Schmidt process to each of these bases to obtain an
orthonormal basis for each eigenspace.

Step 3. Form the matrix P whose columns are the basis vectors constructed in
Step 2. This matrix is orthogonal.

Exercise 362
Consider the matrix

1 0 -1
A= 0o 1 2
-1 2 5

(a) Show that A is symmetric.
(b) Find an orthogonal matriz P and a diagonal matriz D such that P"1AP =
D.

Solution.

(a) One can either check that AT = A or by noticing that mirror images of
entries across the main diagonal are equal.

(b) The characteristic equation of the matrix A is

Expanding the determinant and simplifying we obtain
AA=-1)(A—=6)=0
The eigenvalues are 0,1 and 6. One can eaily check the following

1
Vo = span —2
1
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2
V1 = span 1
0
-1
Vo = span 2
5

Let v7 = %(1,—271)71,1)3 = %(Z,I,O)T, and U3 = \/%(—172,5)71. One can
easily check that these vectors form an orthonormal set so that the matrix P

with columns the vectors v, 03, v3 is orthogonal and

0 0 O
P'AP=| 0 1 0 |=Dnm
0 0 6
5.3 Review Problems
Exercise 363
Show that A = —3 is an eigenvalue of the matrix
5 8 16
A= 4 1 8
-4 —4 -11

and then find the corresponding eigenspace V_s.

Exercise 364
Find the eigenspaces of the matriz

3 0
a=(3 )
Exercise 365

Find the characteristic polynomial, eigenvalues, and eigenspaces of the matriz

2 1 1
A= 2 1 =2
-1 0 -2

Exercise 366
Find the bases of the eigenspaces of the matrix

-2 0 1
A= -6 -2 0
19 5 -4
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Exercise 367
Show that if A is a nonzero eigenvalue of an invertible matriz A then % s an
eigenvalue of A~1.

Exercise 368
Show that if X is an eigenvalue of a matriz A then \™ is an eigenvalue of A™
for any positive integer m.

Exercise 369

(a) Show that if D is a diagonal matriz then D*, where k is a positive integer,
1s a diagonal matriz whose entries are the entries of D raised to the power k.
(b) Show that if A is similar to a diagonal matriz D then A* is similar to D*.

Exercise 370
Show that the identity matriz I, has exactly one eigenvalue. Find the corre-
sponding eigenspace.

Exercise 371

Show that if A ~ B then
(a) AT ~ BT.

(b) A=t ~ B7L.

Exercise 372
If A is invertible show that AB ~ BA for all B.

Exercise 373
Let A be an n x n nilpotent matriz, i.e. A¥ =0 for some positive ineteger k.

(a) Show that A = 0 is the only eigenvalue of A.
(b) Show that p(\) = A\™.

Exercise 374

Suppose that A and B are n x n similar matrices and B = P~ AP. Show that if
A is an eigenvalue of A with corresponding eigenvector x then X\ is an eigenvalue
of B with corresponding eigenvector Pz,

Exercise 375
Let A be an nxn matrix with n odd. Show that A has at least one real eigenvalue.

Exercise 376
Consider the following n X n matrix

0 1 0 0

0 0 1 0
0 0 1

—agp —a; —az —as

Show that the characterisitc polynomial of A is given by p(A\) = A\* + az\® +
asA? + a1\ + ag. Hence, every monic polynomial (i.e. the coefficient of the
highest power of X is 1) is the characteristic polynomial of some matriz. A is
called the companion matrix of p(X).
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Exercise 377
Find a matriz P that diagonalizes

0 0 -2
A= 1 2 1
1 0 3
Exercise 378
Show that the matriz A is diagonalizable.
0 1 0
A= 0 0 1
4 —17 8
Exercise 379
Show that the matriz A is not diagonalizable.
2 1 1
A= 2 1 =2
-1 0 -2

Exercise 380
Show that if A is diagonalizable then the rank of A is the number of nonzero
eigenvalues of A.

Exercise 381
Show that A is diagonalizable if and only if AT is diagonalizable.

Exercise 382
Show that if A and B are similar then A is diagonalizable if and only if B is
diagonalizable.

Exercise 383
Give an example of two diagonalizable matrices A and B such that A+ B is not
diagonalizable.

Exercise 384

Show that the following are equivalent for a symmetric matriz A.
(a) A is orthogonal.

(b) A% = I,.

(c) All eigenvalues of A are 1.

Exercise 385

A matriz that we obtain from the identity matriz by writing its rows in a different
order is called permutation matrix. Show that every permutation matrix is
orthogonal.

Exercise 386

Let A be an n X n skew symmetric matriz. Show that
(a) I, + A is nonsingular.

(b) P = (I, — A)(I, + A)~! is orthogonal.
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Exercise 387
We call square matriz E o projection matrix if E> = E = ET.

(a) If E is a projection matriz, show that P = I, — 2E is orthogonal and

symmetric.
(b) If P is orthogonal and symmetric, show that E = %(In — P) is a projection
matriz.



Chapter 6

Linear Transformations

In this chapter we shall discuss a special class of functions whose domains and
ranges are vector spaces. Such functions are referred to as linear transforma-
tions, a concept to be defined in Section 6.1. Linear transformations play an
important role in many areas of mathematics, the physical and social sciences,
engineering, and economics.

6.1 Definition and Elementary Properties

A linear transformation T from a vector space V' to a vector space W is a
function T': V' — W that satisfies the following two conditions

(i) T(u+v) =T(u) + T(v), for all u,v in V.
(ii) T(ou) = T (u) for all w in V and scalar a.

If W = 1R then we call T' a linear functional on V.
It is important to keep in mind that the addition in w4 v refers to the addition

operation in V whereas that in T'(u) + T'(v) refers to the addition operation in
W. Similar remark for the scalar multiplication.

Exercise 388
Show that T : R* — IR? defined by

T(l’,y) :(:c,x—i-y,x—y)

s a linear transformation.

Solution.
We verify the two conditions of the definition. Given (z1,y1) and (z2,y2) in

175
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IR?, compute

T((w1,91) + (22, 92)) = T(x1+ w2, 91 + ¥2)
(1 + 22,01 + T2 +y1 + Y2, 01 + T2 — Y1 — ¥Y2)
= (z1,x1+y1, 21 —y1) + (@2, T2 + Y2, T2 — Y2)
= T(z1,91) + T(x2,y2)

This proves the first condition. For the second condition, we let a € IR and
compute

T(a(z,y)) = T(ax,ay) = (ax,ar+ oy, ar —ay) = oz, v +y,x—y) = oT(z,y)
Hence T is a linear transformation W

Exercise 389
Let T : R* — R® be given by T(x,y) = (x,y,1). Show that T is not linear.

Solution.
We show that the first condition of the definition is violated. Indeed, for any
two vectors (z1,y1) and (z2,y2) we have

T((x1,y1) + (z2,92)) =  T(x1+ 22,91 +y2) = (21 + 22,91 + ¥2,1)
7é ($17y1a1)+(x27y271) :T(xl7y1)+T(m25y2)

Hence the given transformation is not linear W

Exercise 390
Show that an m X n matriz defines a linear transforamtion from IR™ to IR™.

Solution.
Given z and y in IR and « € IR, matrix arithmetic yields T'(z+y) = A(z+y) =
Az + Ay =Tz + Ty and T(azx) = A(ax) = aAz = oTz. Thus, T is linear B

Exercise 391
Consider the matrices

(1) = (5 V) oo 1)

(a) Show that the transformation Tg(x,y) = (y,x) is linear. This transforma-
tion is a reflection in the line y = x.

(b) Show that Tr(z,y) = (ax,y) is linear. Such a transformation is called an
expansion if a > 1 and a compression if a < 1.

(c) Show that Tg(z,y) = (x + y,y) is linear. This transformation is called a
shear

Solution.
(a) Given (z1,y1) and (z2,%2) is IR? and o € IR we find

Te((x1,y1) + (22,92)) = Te(®r+ 22,91 +y2) = (11 + y2, 21 + 22)
= (y1,71) + (Y2, 22) = Te(21,91) + TE(22,92)
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and
TE(Ot(LU, y)) = TE(Oé.Z‘, ay) = (ay, Ot.’L') = Oé(y, 3?) = OéTE(.’)S,y)

Hence, Tg is linear.
(b) Given (z1,y1) and (z2,y2) is IR? and § € R we find

Tr((z1,91) + (v2,92)) = Tr(w1+ 22,91 +y2) = (@1 + 22),y1 + Y2)
= (axy,y1) + (w2, y2) = Tr(z1,91) + Tr(x2,y2)

and
Tr(B(z,y)) = Tr(Bz, By) = (Bax, By) = Blax,y) = BTr(z,y)

Hence, TF is linear.
(¢) Given (z1,y1) and (z2,y2) is R? and a € IR we find

To((x1,51) + (22,92)) =  Ta(ri+x2,y1 +92) = (x1 + 22 +y1 + Y2, 91 +42)
= (x1+y1,0)+ (22 +y2,22) =Ta(z1, 1) + Ta(xe, y2)

and

Te(o(z,y)) = To(az, ay) = (a(z +y), ay) = oz +y,y) = oTa(z,y)
Hence, T is linear. W

Exercise 392

(a) Show that the identity transformation defined by I(v) =v for allv €V is a
linear transformation.

(b) Show that the zero transformation is linear.

Solution.

(a) For all u,v € V and @ € IR we have I(u +v) = u+v = Tu+ Iv and
I(au) = au = alu. So I is linear.

(b) For all u,v € V and o € IR we have O(u + v) = 0 = Ou + Ov and
0(au) = 0 = alu. So 0 is linear W

The next theorem collects four useful properties of all linear transformations.

Theorem 83
If T :V — W is a linear transformation then

(b) T(=u) = T((~1)u) = (~1)T(u) .
(¢) T(u—w) = T(u-+(~w)) = T(u) + T(~w) = T(u) + (~T(w)) = T(u) =T (w).
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(d) Use induction W

The following theorem provides a criterion for showing that a transformation is
linear.

Theorem 84
A function T : V. — W is linear if and only if T(ou +v) = oT (u) + T(v) for
allu,v €V and o € R.

Proof.

Suppose first that T is linear. Let u,v € V and a € IR. Then au € V. Since T
is linear we have T'(au + v) = T(au) + T(v) = o1 (u) + T(v).

Conversely, suppose that T'(cu+v) = oI (u) +T(v) for all u,v € V and « € R.
In particular, letting o = 1 we see that T'(u+v) = T'(u) +T'(v) for all u,v € V.
Now, letting v = 0 we see that T'(cu) = oT'(u). Thus, T is linear

Exercise 393

Let M,,, denote the vector space of all m X n matrices.

(a) Show that T : My, — My defined by T(A) = AT is a linear transforma-
tion.

(b) Show that T : M, — IR defined by T(A) = tr(A) is a linear functional.

Solution.

(a) For any A,B € M, and o € R we find T(aA + B) = (A + B)T =
aAT + BT = oT(A) + T(B). Hence, T is a linear transformation.

(b) For any A,B € M,,, and o € IR we have T(a@A + b) = tr(cA + B) =
atr(A) +tr(B) = oT(A) + T(B) so T is a linear functional W

Exercise 394
Let V' be an inner product space and vg be any fized vector in V. Let T : V — IR
be the transformation T'(v) =< v,vg > . Show that T is linear functional.

Solution

Indeed, for u,v € V and @ € IR we find T(au+v) =< au+v,vy >=< au, vy >
+ < v,v >=a < u,vy >+ < v,v9 >= aT'(u) + T(v). Hence, T is a linear
functional W

Exercise 395

Let {v1,va,...,v,} be a basis for a vector space V and let T : V. — W be a
linear transformation. Show that if T(v1) = T(ve) = ... = T(v,) = 0 then
T(v) =0 for any vector v in V.

Solution.
Let v € V. Then there exist scalars aq, as, - -+, a,, such that v = ayv1 + asve +
“++ 4 @y Since T is linear then T'(v) = aTvy + aTvs + -+ ap,Tv, =0 W
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Exercise 396

Let S : V. — W and T : V. — W be two linear transformations. Show the
following:

(a) S+ T and S — T are linear transformations.

(b) T is a linear transformation where o denotes a scalar.

Solution.
(a) Let u,v € V and @ € R then

(S+T)(lau+v) = S(au+v) £ T(au + v)
= aS(u)+ Sw) £ (aT(u) +T(v))
= a(S(u)£T(uw)+ (S(v)£T(v))
= a(SET)(u) +(SET)(v)

(b) Let u,v € V and 8 € IR then

(@) (Bu+wv) = (aT)(Bu
=  afT(u
= BaT(u
= BaT)(u

+ (aT)(v)
+ aT'(v)
)+ aT (v
+ (aT)(v)

~— — — —

Hence, oT is a linear transformation W

The following theorem shows that two linear transformations defined on V' are
equal whenever they have the same effect on a basis of the vector space V.

Theorem 85
Let V. = span{vy,va, - v }. If T and S are two linear transformations from
V into a vector space W such that T(v;) = S(v;) for each i then T = S.

Proof.

Let v = aqvy + agve + - - - + apv, € V. Then
T(v) T(oqvy + vy + -+ - + apvy)

a1 T(v1) + asT(ve) + -+ - + a,T(vy)

= a1S(v1) + a2S(v2) + -+ + apS(vy)

= S(a1v1 + ague + -+ + ayu,) = S(v)

Since this is true for any v € V then T = S. R

The following very useful theorem tells us that once we say what a linear trans-
formation does to a basis for V, then we have completely specified T.

Theorem 86
Let V' be an n-dimensional vector space with basis {vy,ve, -, oo}t If T :V —

W is a linear transformation then for any v € V., Tv is completely determined
by {Tvy, Tva, -, Tv,}.
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Proof.

For v € V we can find scalars aq, a9, - -, «a, such that v = ajv1 + agvs + -+ - +
QpUy. Since T is linear then Tv = a;Tvy + agTvy + - - - + e, Tv,. This says that
Tv is completely determined by the vectors Tvy, Tvs, -+, Tv, R

Theorem 87
Let V. and W be two vector spaces and {ey,ea,---,en} be a basis of V. Given
any vectors wi,ws,- -+, wy, in W, there exists a unique linear transformation

T:V — W such that T(e;) = w; for each i.

Proof.

Let v € V. Then v can be represented uniquely in the form v = aje; + agses +
<o+ apey. Define T : V — W by T(v) = aqwy + agws + - - - + apw,. Clearly,
T'(e;) = w; for each 3. One can easily show that T is linear. Now the uniqueness
of T follows from Theorem 85 W

Exercise 397

Let T : IR"™ — IR™ be a linear transformation. Write vectors in R"™ as columns.
Show that there exists an m x n matriz A such that T'(x) = Az for all x € R".
The matriz A is called the standard matrix of T.

Solution.
Consider the standard basis of IR™, {e1,e2,---,en}. Let @ = (z1,29,---,2,)7 €
IR". Then x = xz1e1 + wge3 + - -+ + T,e,. Thus,

T(z) =x1T(e1) + 2T (e2) + - - + x, T (en) = Ax
where A=[ T(e1) T(ea) -+ Tlen) | N

Exercise 398
Find the standard matriz of T : R® — IR? defined by

x oy 4+
7| :(x Y z)
T—z

Solution.
Indeed, by simple inspection one finds that

x T
1 -2 1
T\ :<1 0 _1) y ||
z z

6.2 Kernel and Range of a Linear Transforma-
tion

In this section we discuss two important subspaces associated with a linear
transformation 7', namely the kernel of T" and the range of T. Also, we discuss
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some further properties of T' as a function such as, the concepts of one-one, onto
and the inverse of T. Let T': V' — W be a linear transformation. The kernel of
T (denoted by ker(T)) and the range of T' (denoted by R(T')) are defined by

ker(T) = {r eV :T(v) =0}
RT) = {weW:Tw)=w,veV}

The following theorem asserts that ker(T") and R(T") are subspaces.

Theorem 88

Let T :V — W be a linear transformation. Then
(a) ker(T) is a subspace of V.

(b) R(T) is a subspace of W.

Proof.

(a) Let v1,v9 € ker(T) and a € IR. Then T(awvy + v3) = aTvy + Tve = 0. That
is, awvy + vo € ker(T). This proves that ker(T) is a subspace of V.

(b) Let w1, ws € R(T). Then there exist vy,v2 € V such that Tv; = w; and
Tves = we. Let @ € R. Then T'(avy + va) = aTwv1 + Twve = cw; + wy. Hence,
aw; +wg € R(T'). This shows that R(T) is a subspace of W R

Exercise 399
If T : R®* — R? is defined by T(x,y,2) = (x — vy, 2,y — z), find ker(T) and
R(T).

Solution.
If (x,y,2) € ker(T) then (0,0,0) = T(x,y,2) = (x — y, 2,y — x). This leads to
the system

r -y = 0
-r + y = 0
z = 0

The general solution is given by (s, s,0) and therefore ker(T') = span{(1,1,0)}.
Now, let (u,v,w) € R(T) be given. Then there is a vector (z,y,z) € IR® such
that T'(z,y, z) = (u,v,w). This yields the following system

8
+
S
|
< & g

and the solution is given by (u,v, —u). Hence,
R(T) = Span{(17 07 _1)7 (07 1a 0)}.

Exercise 400
Let T :IR" — IR™ be given by Tx = Azx. Find ker(T) and R(T).
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Solution.
We have
ker(T) ={x € R" : Az = 0} = null(A)

and
R(T)={Az:z € R"}m

Exercise 401
Let V' be any vector space and o be a scalar. Let T : V — V be the transforma-
tion defined by T'(v) = awv.

(a) Show that T is linear.
(b) What is the kernel of T?
(c) What is the range of T?

Solution.

(a) Let u,v € V and 8 € IR. Then T(Bu + v) = a(fu +v) = afu+ av =
BT (u) + T(v). Hence, T is linear

(b) If v € ker(T') then 0 = T'(v) = awv. If & = 0 then ker(T) = V. If a # 0 then
ker(T) = {0}.

(c) If a = 0 then R(T) = {0}. If a # 0 then R(T) =V since T(1v) = v for all
velVnl

Since the kernel and the range of a linear transformation are subspaces of given
vector spaces, we may speak of their dimensions. The dimension of the kernel
is called the nullity of T' (denoted nullity(T)) and the dimension of the range
of T is called the rank of T' (denoted rank(T)).

Exercise 402
Let T : IR?* — R? be given by T(z,y) = (z,2 +y,y).

(a) Show that T is linear.
(b) Find nullity(T) and rank(T).

Solution.
(a) Let (x1,91) and (29, y2) be two vectors in IR?. Then for any o € IR we have

T(a(x1,y1) + (22,92)) = T(axy + 22, 091 + y2)

= (awy + 22,021 + 22 + Y1 + Y2, Y1 + Y2)
= (axy,a(zr + 1), ay1) + (z2, 22 + Y2, 92)
= aT(z1,y1) + T(w2,y2)

(b) Let (z,y) € ker(T). Then (0,0,0) = T'(z,y) = (z,z + y,y) and this leads
to ker(T) = {(0,0)}. Hence, nullity(T') = 0. Now, let (u,v,w) € R(T). Then
there exists (z,7) € IR? such that (z,z + y,y) = T(z,y) = (u,v,w). Hence,
R(T) ={(z,z+y,y) : z,y € R} = span{(1,1,0),(0,1,1)}. Thus, rank(T) = 2
|
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Since linear transformations are functions then it makes sense to talk about
one-one and onto functions. We say that a linear transformation 7 : V — W
is one-one if Tv = Tw implies v = w. We say that T is onto if R(T) = W. If
T is both one-one and onto we say that 7' is an isomorphism and the vector
spaces V and W are said to be isomorphic and we write V' 2= W. The identity
transformation is an isomorphism of any vector space onto itself. That is, if V'
is a vector space then V = V.

The following theorem is used as a criterion for proving that a linear trans-
formation is one-one.

Theorem 89
Let T : V. — W be a linear transformation. Then T is one-one if and only if

ker(T) = {0}.

Proof.

Suppose first that T is one-one. Let v € ker(T'). Then Tv = 0 = T0. Since T is
one-one then v = 0. Hence, ker(T) = {0}.

Conversely, suppose that ker(T) = {0}. Let u,v € V be such that Tu = Tv,
i.e T(u —v) = 0. This says that u — v € ker(T'), which implies that v —v = 0.
Thus, T is one-one W

Another criterion of showing that a linear transformation is one-one is provided
by the following theorem.

Theorem 90

Let T : V. — W be a linear transformation. Then the following are equivalent:
(a) T is one-one.

(b) If S is linearly independent set of vectors then T(S) is also linearly inde-
pendent.

Proof.

(a) = (b): Follows from Exercise 405 below.

(b) = (a): Suppose that T'(S) is linearly independent for any linearly indepen-
dent set S. Let v be a nonzero vector of V. Since {v} is linearly independent
then {Tw} is linearly independent. That is, Tv # 0. Hence, T is one-one W

Exercise 403

consider the transformation T : IR* — IR? given by T(x,y,2) = (x +y,z — y)
(a) Show that T is linear.

(b) Show that T is onto but not one-one.

Solution.
(a) Let (x1,41,21) and (2,2, 22) be two vectors in IR* and o € R. Then

T(a(z1,y1,21) + (22, y2,22)) = T(axy + 2, 091 + Y2, 021 + 22)
= (amy +x2 +ayr +y2, a1 + T2 — ayr — y2)
= (oo +y1),a(zr —y1)) + (22 + Y2, 22 — y2)
= aT(x1,y1,21) + T(x2, Yo, 22)
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(b) Since (0,0,1) € ker(T) then by Theorem 89 T is not one-one. Now, let
(u,v,w) € R* be such that T(u,v,w) = (z,y). In this case, z = 3(u + v) and
y = 2(u—v). Hence, R(T) = R? so that T is onto W

Exercise 404

Consider the transformation T : IR? — IR® given by T(x,y) = (x +y,z — y, )
(a) Show that T is linear.

(b) Show that T is one-one but not onto.

Solution.
(a) Let (x1,91) and (29, y2) be two vectors in IR?. Then for any o € IR we have

T(a(z1,y1) + (v2,92)) = T(axy + 2,091 + y2)
= (aw1 + 22 + ayr + Y2, ax1 + T2 — ay1 — Yo, ax1 + T2)
= (a(z1+y1),a(r1 —y1),az1) + (T2 + Y2, 72 — Y2, T2)
= aT(z1,y1) + T(x2,y2)

Hence, T is linear.

(b) If (x,y) € ker(T) then (0,0,0) = T(z,y) = (x+y,z —y, ) and this leads to
(z,y) = (0,0). Hence, ker(T) = {(0,0)} so that T is one-one. To show that T is
not onto, take the vector (0,0,1) € IR®. Suppose that (z,y) € IR? is such that
T(z,y) = (0,0,1). This leads to £ = 1 and « = 0 which is impossible. Thus, T
is not onto W

Exercise 405
LetT : V — W be a one-one linear transformation. Show that if {vy,va, ..., vn}
is a basis for V then {T'(v1),T (v2),...,T(vy)} is a basis for R(T).

Solution.

The fact that {T'(v1),T(ve2),---,T(v,)} is linearly independent follows from
Theorem 90. It remains to show that R(T) = span{T(v1),T(v2),---,T(v,)}.
Indeed, let w € R(T). Then there exists v € V such that T(v) = w. Since
{v1,v2,---,v,} is a basis of V then v can be written uniquely in the form
v = au + aavg + -+ + apu,. Hence, w = T(v) = anT(v1) + axT(ve) +
-+ apT(vy). That is, w € span{T(v1),T(v2), -, T(vn)}. We conclude that
{T(v1),T(v2), -+, T(vy)} is a basis of R(T) R

Exercise 406
Show that if T : V. — W is a linear transformation such that dim(ker(T)) =
dimV then ker(T) =V.

Solution.
This follows from Exercise 265 R

The following important result is called the dimension theorem.

Theorem 91
IfT:V — W is a linear transformation with dim(V') = n, then

nullity(T) + rank(T) = n.
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Proof.

Let k = dim(ker(T)). If k = 0 then ker(T) = {0} and consequently ker(T) has
no basis. Let {v1,vs,...,v,} be a basis for V. Then {T'(v1),T(v2),...,T(vn)}
is a basis for R(T) (Exercise 405). Thus the conclusion holds. Now, if k =
n then ker(T) = V (Exercise 406) and consequently T'(v) = 0 for all v in
V. Hence, R(T) = {0} and the conclusion holds. So we assume that 0 <
k < n. Let {v1,v2,...,vx} be a basis for ker(T). Extend this basis to a basis
{v1, .. s Vg, Vg1, - - ., Un } Tor V. We show that {T(vg41), T(vgt2),. .., T(v,)} is
a basis for R(T).

Clearly, span{T(vkt1), T (Vk+2),...,T(vn)} is contained in R(T). On the other
hand, let w be an element of R(T"). Then w = T'(v) for some v in V. But then
v = QU1 + Qv + ... + ayv, and consequently

w = V1 +agv2 + ...+ av,
= a1 T(gt1) + aproT (Vo) + - .oy + T'(vy)

since T'(v1) = T(ve) = ... =T (vx) = 0. It follows that
R(T) = span{T (vi41), T (Vk+2), - .-, T(vn) }-
Now, suppose that
1T (Vgr1) + apoT (Vpa2) + .. ayT(v,) =0

then
T(g+1Vk+1 + Qkg2Vkt2 + ... + @pv,) =0.

This implies that the vector agi1vkt+1 + Qrt2Vkt2 + ... + @, is in ker(T).
Consequently,

O 1Vk41 + QiU + ..+ apvp = B1og + Bava + ...+ Brug.

Hence, f1 = o = ... = B = agy1 = ... = o, = 0. It follows that the vectors
T(vkt1), T (Vk+2), - .., T(vy) are linearly independent and form a basis for R(T).
This shows that the conclusion of the theorem holds B

Remark
According to the above theorem, if T': V' — W is a linear transformation and
{v1,v2, ", Vg, V41, -+, Un} 18 & basis of V such that {vg41, -, v,} is a basis

of ker(T) then {T'(v1),---,T(vg)} is a basis of R(T).

We have seen that a linear transformation 7' : V' — W can be one-one and
onto, one-one but not onto, and onto but not one-one. The foregoing theorem
shows that each of these properties implies the other if the vector spaces V' and
W have the same dimension.

Theorem 92
Let T : V — W be a linear transformation such that dim(V') = dim(W) = n.
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Then
(a) if T is one - one, then T is onto;
(b) if T is onto, then T is one-one.

Proof.

(a) If T' is one-one then ker(T') = {0}. Thus, dim(ker(T)) = 0. By Theorem 91
we have dim(R(T)) = n. Hence, R(T) = W. That is, T is onto.

(b) If T is onto then dim(R(T')) = n. By Theorem 91, dim(ker(T)) = 0. Hence,
ker(T) = {0}, i.e. T is one-one W

The following theorem says that every linear transformation from IR"™ to IR™ is
a multiplication by an m x n matrix.

Theorem 93
Let T :IR"™ — IR™. Then there exists an m X n matriz A such that
Tz = Az
for all x in R™.
Proof.
We have
r=1Ixr = le1,€2,...,en]T

= xi1€e1+ X260+ ... +x€n
Now using the linearity of T' to obtain

Tr = T(x1e1 + z2e2 + ... + xTpeyn)
x1T(e1) + 2T (e2) + ... + z,T(en)
= [T(e1),T(e2),...,T(en)]x

= Ax.

This ends a proof of the theorem W

The matrix A is called the standard matrix for the linear transforma-
tion T.

Exercise 407
Find the standard matriz A for the linear transformation T : IR™ — IR"™ defined
by T'(x) = 3.

Solution.
Since T'(e;) = 3e; then the standard matrix is the scalar matrix 31, B

Theorem 94

Let T : R™ — IR™ be defined by T'(x) = Az, where A is an m x n matriz. Then
(a) ker(T) is the nullspace of A.

(b) R(T) is the column space of A.
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Proof.

(a) ker(T) ={z € R" : Az = 0} = null(A).

(b) If b € R(T) then there exists € IR"™ such that Az = b. This is equivalent to
b=x1c1 + 2900 + -+ + 0y, Where x1, 22, -, x, are the components of z and
c1,Ca,++,cpn are the columns of A. Hence, b € span{ci,ca,--+,c,} =column
space of A. Hence, R(T') is a subset of the column space of A. The converse is
similar W

Tt follows from the above theorem that rank(T) = rank(A). Hence, by Theorem
91, dim(ker(A)) = n — rank(A). Thus, if rank(A) < n then the homogeneous
system Az = 0 has a nontrivial solution and if rank(A) > n then the system
has only the trivial solution.

A linear transformation 7' : V. — W is said to be invertible if and only if
there exists a unique function 77! : W — V such that T o T~! = idy and
T loT =idy.

Theorem 95

Let T : V — W be an invertible linear transformation. Then
(a) T~ is linear.

(b)) (T7H)~' =T.

Proof.

(a) Suppose T (w;) = vy, T H(wz) = vy and @ € R. Then aw; + wy =
aT(vy)+T(ve) = T(awy +vy. That is, T~ (aw; +ws) = avy +ve = aT L (wy) +
Tﬁl(U)g).

(b) Follows from the definition of invertible functions W

The following theorem provides us with an important link between invertible
matrices and one-one linear transformations.

Theorem 96
A linear transformation T : V. — W s invertible if and only if ker(T) = {0}
and R(T) =W.

Proof.

Suppose that T is such that ker(T) = {0} and R(T) = W. That is, T is one-
one and onto. Define, S : W — V by S(w) = v where T'(v) = w. Since T
is one-one and onto then S is well-defined. Moreover, if w € W then (T o
S)(w) = T(S(w)) = T(v) = w, i.e. T oS = idy. Similarly, one shows that
S oT = idy. It remains to show that S is unique. Indeed, if S’ is a linear
transformation from W into V such that S’ o T = idy and T o S’ = idy then
S (w) = S"(T(S(w))) = (8 o T)(S(w)) = S(w) for all w € W. Hence, S’ = S
and so T is invertible.

Conversely, suppose that T is invertible. If T'(v1) = T'(v2) then T7(T(v1)) =
T~Y(T(vq)). This implies that v; = vg, i.e. T is one-one. Now, if w € W then
T(T ' (w)) = w. Let v = T~!(w) to obtain T'(v) = w. That is T is onto. W
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Exercise 408
Let T :IR® — R? be given by T'(x) = Az where A is the matriz

A=

=
DO =
DN DN =

(a) Prove that T is invertible.
(b) What is T~(z)?

Solution.

(a) We must show that T' is one-one and onto. Let z = (z1,y1,21) € ker(T).
Then Tz = Az = (0,0,0). Since |A| = —1 # 0 then A is invertible and therefore
x = (0,0,0). Hence, ker(T) = {(0,0,0)}. Now since A is invertible the system
Az = b is always solvable. This shows that R(T) = IR®. Hence, by the above
theorem, T is invertible.

(b) T 'z =A"trnm

The following theorem gives us a very useful characterization of isomorphism:
They are linear transformations that preserve bases.

Theorem 97

Let T : V — W be a linear transformation with V # {0}. Then the following
are all equivalent:

(a) T is an isomorphism.

(b) If {v1,v2,- -, v, } is a basis of V' then {T(vy,T(ve),- -+, T(v,)} is a basis of
w.

(c) There exists a basis {v1,va, -+, vn} of V such that {T'(v1), T(va), -+, T (vn)}
s a basis of W.

Proof.

(a) = (b): Suppose that T is an isomorphism. Let {vy, v, -+, v, } be a basis of
V. It OélT(Ul) +042T(’Ug) +- - +OénT(’Un) = 0 then T(Ozl’Ul +QoUg+- - +Ozn1)n) =
0. Since T is one-one then ayvi + agve + - -+ + a,v, = 0. But the vectors
V1,0V, -+, U, are linearly independent. Hence, oy = as = --- = a, = 0.
Next, we show that span{T(v1),T(v2), -, T(vn)} = W. Indeed, if w € W
then there is a v € V such that T(v) = w (recall that T is onto). But then
w = a1v1 + agua+- - -+ vy, Thus, T(w) = a1 T(v1) + T (ve) 4+ -+ T(vy).
That is w € span{T(v1),T(v2), -, T (vp)}.

(b) = (c): Since V # {0} then V has a basis, say {vi,va,---,v,}. By (b),
{T(v1),T(v2), -, T(vy)} is & basis of W.

(¢) = (a): Suppose that T'(v) = 0. Since v € V then v = qv1+agve+- - - +a,vy,.
Hence, a1 T (v1) + aaT(v2) + -+ + o, T(v,) = 0. Since T'(v1), T(v2), -+, T (vy)
are linearly independent then ay = as = - -+ = a,, = 0. This implies that v = 0.
Hence ker(T) = {0} and T is one-one. To show that T is onto, let w € W. Then
w=a1T(v1) + T (va) + -+ a,T(vy) = T(a1vy + agvs + - -+ + apv,) = T(v)
where v = aqv1 + v + - -+ apv, € V. R
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Finally, we end this section with the following theorem.

Theorem 98
Two finite dimensional vector spaces V. and W are isomorphic if and only if
dim (V') = dim(W).

Proof.

Suppose that V and W are isomorphic. Then there is an isomorphism 7" : V —
W. Let {v1,va, -, v,} be abasis of V. Then {T'(v1),T(v2), -+, T(v,)} is a basis
of W (Theorem 97). Thus, dim(W) = n = dim(V).

Conversely, suppose that dim(V) = dim(W). Let {vi,vq,---,v,} be a basis
of V and {wi,ws, -, wy,} be a basis of W. Then there exists a unique linear
transformation T : V' — W such that T(v;) = w; ( Theorem 87). Hence,
{T'(v1),T(v2),--,T(vy)} is a basis of W. By Theorem 97, T is an isomorphism
[ |

6.3 The Matrix Representation of a Linear Trans-
formation

Let V and W be two vector spaces such that dim(V) = n and dim(W) = m.
Let T : V — W be a linear transformation. The purpose of this section is to
represent 71" as a matrix multiplication. The basic idea is to work with coordinate
matrices rather than the vectors themselves.

Theorem 99
Let V and W be as above. Let S = {v1,ve, -, v,} and 8" = {uj,ug, -, um}
be ordered bases for V. and W respectively. Let A be the m X n matriz whose
Jth column is the coordinate vector of T'(v;) with respect to the basis S’. Then
A is the only matriz with the property that if w = T(v) for some v € V then
[w}sl = A[U]S.

Proof.
Since T'(v;) € W and S’ is a basis of W then there exist unique scalars
aij,025, -, Gm; such that T(v;) = aiu1 + agjus + -+ + GmjUm. Hence, the

coordinate of T'(v;) with respect to S’ is the vector

Amj

Let A be the m x n matrix whose jth column is [T'(vj)]s. We next show that A
satisfies the property stated in the theorem. Indeed, let v € V and w = T'(v).
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Then v = aqv; + agvy + -+ - + a,v,. Take T of both sides to obtain

Tw) = a1 T(v1) + aT(ve) + -+ - + a,T(vy)
= ai(aiiur + a1z + - 4 Amitm)
+ az(aipur + agouz + -+ + Amatim)
+ o an(ainur + aspus -+ Gnn i)
= (@101 + arpo + -+ - + arpoy)uy
+ (az11 + aggag + -+ - + agpy ) usg
+ o (amion F am2a2 + - G Q) U,

Now, since w € W then w = piuy + PBous + -+ + Bmsy. This and the above
equalities lead to the following system of m equations in n unknowns:

anion + apaz A+ -+ amo, = B
a4+ a4+ o0+ aspa, = B
Am1Q1  +  Gpa0e + 0+ App Oy = ﬂm

In matrix notation, we have A[v]g = [w]g:.

It remains to show that A defined as above is the only m X n matrix with the
property Afv]s = [w]g/. Let B be another matrix with the property Blv]g =
[w]gr and B # A. Write A = (a;;) and B = (b;;). Since A and B are assumed
to be different then the kth columns of these two matrices are unequal. The
coordinate vector of v, is the vector

[Uk}s = 1

0

where the 1 is in the kth row of [vx]s. Thus,

[T(or)]s = Alve]s =
Amk

The right-hand side is just the kth column of A. On the other hand,
bik
bak

[T(Uk)]s/ = B[Uk]S =

bmk
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which is the kth column of B. What we have shown here is that T'(vy) has two
different coordinate vectors with respect to the same basis S/, which is impos-
sible. Hence, A = B.

The matrix A is called the representation of 7' with respect to the or-
dered bases S and S’. In case V = W then S = S’ and we call S the matrix
representation of T' with respect to S.

Exercise 409
Let T : IR* — IR? be defined by the formula

r(5)=(57)

(a) Let S = {1,635} be the standard basis of R?. Find the matriz representation

of T with respect to S.
; -1 2
s=i( %) (0

(b) Let
Find the matriz representation of T with respect to S and S’.

Solution.
(a) We have the following computation

(0)-(3)
r(1)-(4)

Thus, the matrix representation of T with respect to S is

(2 4)

(b) Let A be the matrix representation of T' with respect to S and S’. Then the
columns of A are determined as follows.

Thus,
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Exercise 410
Let T : IR® — IR? be defined by

1 1 0 2 0 1
T 0 | = 1 |, 71 =0 ],7{0]|=[o0O
0 0 0 1 1 1

(a) Find the matriz representation of T with respect to the standard basis S of
R®.
(b) Find
1
T 2
3

using the definition of T and then the matriz obtained in (a).

Solution.
(a) The matrix representation of 7' with respect to the standard basis S of IR?
is

1 21
A=11 0 0
0 1 1

(b) Using the definition of T we have

1 1 0 0
T 2 = T O + 2T 1 +37T1 O
3 0 0 1
1 4 3
= 1 + 0 + 0
0 2 3
8
= 1
5
Using (a) we find
1 1 21 1
T = 1 0 0 2
3 0 1 1 3
8
= 1 [ ]
5

Exercise 411

Let T : V — V be a linear transformation defined by T(v) = av, where « is
a fixed scalar. Prove that the matriz representation of T with respect to any
ordered basis for V is a scalar matriz, i.e. a diagonal matriz whose diagonal
entries are equal.
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Solution.

If {vy,v9, -+, v, } is a basis for V then T'(v;) = aw; for all 1 < i < n. It follows
that the matrix representation of T with respect to any basis is the scalar matrix
al, &

Exercise 412
Let V' be an n-dimenstonal vector space. Prove that the matrix representation
of the identity transformation on V is the identity matriz I,.

Solution.
Since id(v) = v for all v € V then in particular id(v) = v if v is a basis element.
It follows that the matrix representation of id is the identity matrix 1,, W

Exercise 413

Let V and W be vector spaces such that dim(V) = n and dim(W) = m. Show
that the set L(V,W) of all linear transformations from V into W is a vector
space under the operations of additions of functions and scalar multiplication.

Solution.
L(V,W) is closed under addition and scalar multiplication according to Exercise
396. It is left for the reader to check the axioms of a vector space B

Theorem 100
The vector space L(V,W) is isomorphic to the vector space My, of all m xn
matrices.

Proof.

Let S = {v1,va, - -,v,} and S’ = {uq, us, -+, um} be ordered bases for V and
W respectively. Given T € L(V,W) there exists a unique matrix A € M,,,
such that [w]s: = A[v]s. Thus, the function f : L(V,W) — M,,, given by
f(I) = A is well-defined linear transformation (See Exercise 414). We next
show that f is one-one. Indeed, let T1, Ty € L(V, W) be such that Ty # T5. Then
Ty (vi) # Ta(vg) for some 1 < k < n. This implies that [T} (vk)]s # [Te(vk)]s
which in turn implies that the matrix representation of 77 with respect to S
and S’ is different from the matrix representation of Ts. Hence, f(T1) # f(T2).
It remains ro show that f is onto. Let A = (a;;) € M,y Define a function
T:V — W by T(vx) = a1pu1 + aggtia + - + - + gy, and T(av1 + agva + -+ - +
anvy) = a1 T(v1) +agT(ve) +- -+ apT(vy,). Then T is a linear transformation,
i,e T € L(V,W) and the matrix representing T with respect to S and S’ is A.
(See Exercise 415) B

Exercise 414
Show that the function f defined in the previous theorem is a linear transforma-
tion from L(V,W) into M.

Solution.
Let S,T € L(V,W) and « € IR. Then there exist matrices A, B € M, such
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that f(T) = A and f(S) = B. Since aT + S is a linear transformation then
there exists a matric C € M,,,, such that f(aT +5) = C. If v; is a basis vector
of V then (aT'(v;) + S(v;)) is the ith column of C. That is, the matrix C' looks
like [ aT'(vy) + S(v1) T (v2) + S(v2) --- oI (vy)+ S(vy) ]. But this is the
same as @A + B. Hence, f(aT +S) = af(T) + f(S) W

Exercise 415
Show that the function T defined in Theorem 100 is a linear transforamtion
from V into W with matriz representation with respect to S and S’ equals to A.

Solution.

Let v = ajv1 +sva+- - -+ anv, and w = By + Pova+- - -+ Bru, be two vectors
in V and @ € R. Then T(av + w) = T((aay + B1)v1 + (g + Ba)vg + -+ +
(aoun, + Bn)vn) = (aar + 61)T(v1) + (aas + 52)T(v2) + - - - + (o + Bn) T (vn) =
aT(v) + T(w). That is, T is linear. The fact that the matrix representation of
T with respect to S and S’ is clear W

Theorem 100 implies that dim(L(V,W)) = dim(M,,) = mn. Also, it means
that when dealing with finite-dimensional vector spaces, we can always replace
all linear transformations by their matrix representations and work only with
matrices.

6.4 Review Problems

Exercise 416
Show that the function T : R* — R® defined by T(x,y) = (x + v,z — 2y,3x) is
a linear transformation.

Exercise 417

Let P, be the vector space of all polynomials of degree at most n.

(a) Show that D : P, — P,,_1 given by D(p) = p’ is a linear transformation.
(b) Show that I : Py — Pny1 given by I(p) = [ p(t)dt is a linear transforma-
tion.

Exercise 418
IfT:R® — IR is a linear transformation with T(3,—1,2) = 5 and T(1,0,1) =
2. Find T(—1,1,0).

Exercise 419
Let T : R® — R? be the transformation T(z,vy,z) = (z,y). Show that T is
linear. This transformation is called a projection.

Exercise 420
Let 0 be a given angle. Define T : R> — IR? by

()~ cosf) —sind x
y )\ sinf cosf Y
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Show that T is a linear transformation. Geometrically, Tv is the vector that
results if v is rotated counterclockwise by an angle . We call this transformation
the rotation of IR? through the angle 6

Exercise 421
Show that the following transformations are not linear.

(a) T : My, — R given by T(A) = |A].
(b) T : My, — R given by T(A) = rank(A).

Exercise 422
IfTh :U —V and Ty : V. — W are linear transformations, then To o T :
U — W is also a linear transformation.

Exercise 423

Let {vy,v9, -+, v,} be a basis for a vector space V, and let T : V. — V be a
linear transformation. Show that if T'(v;) = vy, for 1 <i <n then T = idy, i.e.
T is the identity transformation on V.

Exercise 424
Let T be a linear transformation on a vector space V' such that T(v — 3vy) = w
and T(2v — v1) = wy. Find T(v) and T(vy) in terms of w and wy.

Exercise 425
Let T : Myyp — Moy be given by T(X) = AX for all X € My, where A is an
m X m invertible matriz. Show that T is both one-one and onto.

Exercise 426
Consider the transformation T : R" — R™ defined by T(x) = Ax, where
A€ M.

(a) Show that R(T) = span{ci,ca, -+, cpn}, where cy,ca, -+, cpn are the columns
of A.

(b) Show that T is onto if and only if rank(A) = m(i.e. the rows of A are
linearly independent).

(¢) Show that T is one-one if and only if rank(A) = n (i.e. the columns of A
are linearly independent).

Exercise 427
Let T : V. — W be a linear transformation. Show that if the vectors

T(v1>’ T(UQ)a T 7T(Un)

are linearly independent then the vectors vy, v, -« -, vy, are also linearly indepen-
dent.

Exercise 428
Show that the projection transformation T : R® — IR? defined by T(x,y,2) =
(x,y) is not one-one.
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Exercise 429

Let M., be the vector space of all n X n matrices. Let T : My, — My, be given
by T(A) = A— AT,

(a) Show that T is linear.

(b) Find ker(T) and R(T).

Exercise 430
Let T : V. — W. Prove that T is one-one if and only if dim(R(T')) = dim(V).

Exercise 431
Show that the linear transformation T : My, — My, given by T(A) = AT is an
isomorphism.

Exercise 432

Let T : P, — Py be the linear transformation Tp = p’. Consider the standard
ordered bases S = {1,z,2%} and S’ = {1,x}. Find the matriz representation of
T with respect to the basis S and S’.

Exercise 433
Let T : IR* — IR? be defined by

T(zsj):<—xy)

(a) Find the matriz representation of T with respect to the standard basis S of

' (D)

(b) Let
Find the matriz representation of T with repspect to the bases S and S’.

Exercise 434

Let V' be the vector space of continuous functions on IR with the ordered basis
S = {sint,cost}. Find the matriz representation of the linear transformation
T:V —V defined by T(f) = [’ with respect to S.

Exercise 435
Let T : IR® — R? be the linear transformation whose matriz representation with
the respect to the standard basis of R® is given by

A:

O =

31
2 0
11

Find





