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Preface

This is a book on linear algebra and matrix theory. While it is self contained, it will work
best for those who have already had some exposure to linear algebra. It is also assumed that
the reader has had calculus. Some optional topics require more analysis than this, however.

I think that the subject of linear algebra is likely the most significant topic discussed in
undergraduate mathematics courses. Part of the reason for this is its usefulness in unifying
so many different topics. Linear algebra is essential in analysis, applied math, and even in
theoretical mathematics. This is the point of view of this book, more than a presentation
of linear algebra for its own sake. This is why there are numerous applications, some fairly
unusual.

This book features an ugly, elementary, and complete treatment of determinants early
in the book. Thus it might be considered as Linear algebra done wrong. I have done this
because of the usefulness of determinants. However, all major topics are also presented in
an alternative manner which is independent of determinants.

The book has an introduction to various numerical methods used in linear algebra.
This is done because of the interesting nature of these methods. The presentation here
emphasizes the reasons why they work. It does not discuss many important numerical
considerations necessary to use the methods effectively. These considerations are found in
numerical analysis texts.

In the exercises, you may occasionally see 1 at the beginning. This means you ought to
have a look at the exercise above it. Some exercises develop a topic sequentially. There are
also a few exercises which appear more than once in the book. I have done this deliberately
because I think that these illustrate exceptionally important topics and because some people
don’t read the whole book from start to finish but instead jump in to the middle somewhere.
There is one on a theorem of Sylvester which appears no fewer than 3 times. Then it is also
proved in the text. There are multiple proofs of the Cayley Hamilton theorem, some in the
exercises. Some exercises also are included for the sake of emphasizing something which has
been done in the preceding chapter.
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Chapter 1

Preliminaries

1.1 Sets And Set Notation

A set is just a collection of things called elements. For example {1,2,3,8} would be a set
consisting of the elements 1,2,3, and 8. To indicate that 3 is an element of {1,2,3,8}, it is
customary to write 3 € {1,2,3,8}.9 ¢ {1,2,3,8} means 9 is not an element of {1,2,3,8}.
Sometimes a rule specifies a set. For example you could specify a set as all integers larger
than 2. This would be written as S = {x € Z: x > 2}. This notation says: the set of all
integers, x, such that z > 2.

If A and B are sets with the property that every element of A is an element of B, then A is
a subset of B. For example, {1, 2,3, 8} is a subset of {1,2,3,4,5,8}, in symbols, {1,2,3,8} C
{1,2,3,4,5,8}. It is sometimes said that “A is contained in B” or even “B contains A”.
The same statement about the two sets may also be written as {1,2,3,4,5,8} 2 {1, 2, 3,8}.

The union of two sets is the set consisting of everything which is an element of at least
one of the sets, A or B. As an example of the union of two sets {1,2,3,8} U {3,4,7,8} =
{1,2,3,4,7,8} because these numbers are those which are in at least one of the two sets. In
general

AUB={z:x € Aorxz € B}.

Be sure you understand that something which is in both A and B is in the union. It is not
an exclusive or.

The intersection of two sets, A and B consists of everything which is in both of the sets.
Thus {1,2,3,8} N {3,4,7,8} = {3,8} because 3 and 8 are those elements the two sets have
in common. In general,

ANB={z:z € Aand z € B}.

The symbol [a,b] where a and b are real numbers, denotes the set of real numbers z,
such that @ < z < b and [a,b) denotes the set of real numbers such that a < x < b. (a,b)
consists of the set of real numbers x such that ¢ < < b and (a,b] indicates the set of
numbers z such that a < z <b. [a,00) means the set of all numbers z such that z > a and
(—00, a] means the set of all real numbers which are less than or equal to a. These sorts of
sets of real numbers are called intervals. The two points ¢ and b are called endpoints of the
interval. Other intervals such as (—oo, b) are defined by analogy to what was just explained.
In general, the curved parenthesis indicates the end point it sits next to is not included
while the square parenthesis indicates this end point is included. The reason that there
will always be a curved parenthesis next to oo or —oo is that these are not real numbers.
Therefore, they cannot be included in any set of real numbers.

A special set which needs to be given a name is the empty set also called the null set,
denoted by @. Thus () is defined as the set which has no elements in it. Mathematicians like
to say the empty set is a subset of every set. The reason they say this is that if it were not
so, there would have to exist a set A, such that () has something in it which is not in A.
However, () has nothing in it and so the least intellectual discomfort is achieved by saying
0C A

If A and B are two sets, A\ B denotes the set of things which are in A but not in B.
Thus

A\B={x€ A:x ¢ B}.

Set notation is used whenever convenient.
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1.2 Functions

The concept of a function is that of something which gives a unique output for a given input.

Definition 1.2.1 Consider two sets, D and R along with a rule which assigns a unique
element of R to every element of D. This rTule is called a function and it is denoted by a
letter such as f. Given x € D, f (x) is the name of the thing in R which results from doing
f tox. Then D is called the domain of f. In order to specify that D pertains to f, the
notation D (f) may be used. The set R is sometimes called the range of f. These days it
is referred to as the codomain. The set of all elements of R which are of the form f(x)
for some x© € D is therefore, a subset of R. This is sometimes referred to as the image of
f- When this set equals R, the function f is said to be onto, also surjective. If whenever
x #£ y it follows f(x) # f(y), the function is called one to one. , also injective It is
common notation to write f : D — R to denote the situation just described in this definition
where f is a function defined on a domain D which has values in a codomain R. Sometimes

you may also see something like D EN R to denote the same thing.

1.3 The Number Line And Algebra Of The Real Num-
bers

Next, consider the real numbers, denoted by R, as a line extending infinitely far in both
directions. In this book, the notation, = indicates something is being defined. Thus the

integers are defined as
Z={--—1,01,---1},

the natural numbers,
N={1,2,---}

and the rational numbers, defined as the numbers which are the quotient of two integers.
m
Q= {— such that m,n € Z,n # O}
n

are each subsets of R as indicated in the following picture.

A

-4 -3 -2 -1 0
|
[

As shown in the picture, % is half way between the number 0 and the number, 1. By

analogy, you can see where to place all the other rational numbers. It is assumed that R has
the following algebra properties, listed here as a collection of assertions called axioms. These
properties will not be proved which is why they are called axioms rather than theorems. In
general, axioms are statements which are regarded as true. Often these are things which
are “self evident” either from experience or from some sort of intuition but this does not
have to be the case.

Axiom 1.3.1 24y =y + x, (commutative law for addition)
Axiom 1.3.2 x+ 0=z, (additive identity).

Axiom 1.3.3 For each x € R, there exists —x € R such that x + (—x) = 0, (existence of
additive inverse).

Axiom 1.3.4 (x4 y)+z=2x+ (y + 2), (associative law for addition).

Axiom 1.3.5 zy = yx, (commutative law for multiplication).
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Axiom 1.3.6 (zy)z = x (yz), (associative law for multiplication).
Axiom 1.3.7 lz = x, (multiplicative identity).

Axiom 1.3.8 For each x # 0, there exists ' such that xz—1 = 1.(existence of multiplica-
tive inverse).

Axiom 1.3.9 z (y + 2) = zy + zz.(distributive law).

These axioms are known as the field axioms and any set (there are many others besides
R) which has two such operations satisfying the above axioms is called a field. Division and
subtraction are defined in the usual way by z —y =z + (—y) and z/y =z (y ') .

Here is a little proposition which derives some familiar facts.

Proposition 1.3.10 0 and 1 are unique. Also —x is unique and v~ ' is unique. Further-
more, 0z = 20 =0 and —x = (—1) z.

Proof: Suppose 0’ is another additive identity. Then
0=0+0=0.
Thus 0 is unique. Say 1’ is another multiplicative identity. Then
1=11=1".
Now suppose y acts like the additive inverse of . Then

—z=(-z)+0=(-z)+(@+ty)=(-z+a)+y=y

Finally,
0z = (0+0)z =0z + Ox
and so
0 =—(0z) + 0z = — (0z) 4+ (0x + 0x) = (— (0x) + 0z) + 0z = Oz
Finally
z+(-lez=(1+(-1)z=0x=0
and so by uniqueness of the additive inverse, (—1)z = —z. B

1.4 Ordered fields

The real numbers R are an example of an ordered field. More generally, here is a definition.

Definition 1.4.1 Let F be a field. It is an ordered field if there exists an order, < which
satisfies

1. For any x # y, either x <y ory < x.
2. If x <y and either z < w or z =w, then, x + z < y + w.
3. If0 < x,0 <y, then xy > 0.

With this definition, the familiar properties of order can be proved. The following
proposition lists many of these familiar properties. The relation ‘a > b’ has the same
meaning as ‘b < a’.

Proposition 1.4.2 The following are obtained.

1. Ifv<yand y < z, then © < z.
2. Ifx >0 and y > 0, then x +y > 0.
3. Ifx >0, then —z < 0.
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4. If © #£ 0, either x or —x is > 0.
5 Ifx <y, then —x > —y.
6. If x # 0, then 2 > 0.

7. If0<x <y thenx !>y L

Proof: First consider 1, called the transitive law. Suppose that x < y and y < z. Then
from the axioms, x + y < y + z and so, adding —y to both sides, it follows

<z

Next consider 2. Suppose x > 0 and y > 0. Then from 2,
0=0+0<2+y.
Next consider 3. It is assumed = > 0 so
O=—2+2>0+(—2)=—x
Now consider 4. If z < 0, then
O=2+(—z) <0+ (—z) = —=x.

Consider the 5. Since x < y, it follows from 2

O=z+(-z)<y+(-z)
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and so by 4 and Proposition 1.3.10,

(=D +(=2) <0

Also from Proposition 1.3.10 (=1) (—z) = — (—z) = « and so
—y+x <0.

Hence
—y < —1.

Consider 6. If > 0, there is nothing to show. It follows from the definition. If z < 0,
then by 4, —z > 0 and so by Proposition 1.3.10 and the definition of the order,

(—z)* = (-1)(-1)2% >0

By this proposition again, (—1) (—=1) = —(—1) = 1 and so 2% > 0 as claimed. Note that
1 > 0 because it equals 12.

Finally, consider 7. First, if z > 0 then if 271 < 0, it would follow (—1)2~! > 0 and so
z(=1)27! = (=1)1 = —1 > 0. However, this would require

0>1=12>0

from what was just shown. Therefore, z=! > 0. Now the assumption implies y + (—1) z > 0

and so multiplying by 7!,

yr ' (Dot =yz 4 (1) >0

1

Now multiply by y~!, which by the above satisfies y~! > 0, to obtain

'+ (-D)y >0

and so
>yl M

In an ordered field the symbols < and > have the usual meanings. Thus a < b means
a < borelse a=0b, etc.

1.5 The Complex Numbers

Just as a real number should be considered as a point on the line, a complex number is
considered a point in the plane which can be identified in the usual way using the Cartesian
coordinates of the point. Thus (a,b) identifies a point whose x coordinate is a and whose
y coordinate is b. In dealing with complex numbers, such a point is written as a + b and
multiplication and addition are defined in the most obvious way subject to the convention
that 42 = —1. Thus,

(a+ib)+ (c+id) = (a+c)+i(b+d)

and
(a +1ib) (¢ + id) = ac + iad + ibc + i*bd = (ac — bd) + i (bc + ad) .

Every non zero complex number, a+ib, with a?+b? # 0, has a unique multiplicative inverse.

1 a—1ib a )

atib a?+b2 a2 tb2 7Za2+b2'

You should prove the following theorem.

Theorem 1.5.1 The complex numbers with multiplication and addition defined as above
form a field satisfying all the field axioms listed on Page 13.
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Note that if  + iy is a complex number, it can be written as

x+iy:\/x2+y2< x Y >

=
VErE

Now <‘T —~Z— ] is a point on the unit circle and so there exists a unique 6 € [0, 27)
Varty? ! a2 4y? ’

such that this ordered pair equals (cosf,sin@). Letting r = y/x2 4 y2, it follows that the
complex number can be written in the form

x+1iy =7 (cosf + isinh)

This is called the polar form of the complex number.

The field of complex numbers is denoted as C. An important construction regarding
complex numbers is the complex conjugate denoted by a horizontal line above the number.
It is defined as follows.

a+1b=a—ib.

What it does is reflect a given complex number across the x axis. Algebraically, the following
formula is easy to obtain.
(a+1ib) (a+ib) = a® + b°.

Definition 1.5.2 Define the absolute value of a complexr number as follows.
la +ib] = Va2 + b2.

Thus, denoting by z the complex number, z = a + b,

1/2

2| = (22)

With this definition, it is important to note the following. Be sure to verify this. It is
not too hard but you need to do it.

Remark 1.5.3 : Let z = a+1ib and w = c+id. Then |z — w| = \/(a —¢)®>+ (b—d)*. Thus
the distance between the point in the plane determined by the ordered pair, (a,b) and the
ordered pair (¢,d) equals |z — w| where z and w are as just described.

For example, consider the distance between (2,5) and (1,8) . From the distance formula

this distance equals \/ (2—1)* + (5 — 8)> = V10. On the other hand, letting z = 2+ 45 and
w=14+148, z—w=1—-i3and so (z —w) (z —w) = (1 —i3) (1 +¢3) = 10 s0 |z — w| = V10,
the same thing obtained with the distance formula.

Complex numbers, are often written in the so called polar form which is described next.
Suppose = + iy is a complex number. Then

sc—i—z’y:\/x?—&—y?( 33 Y )

+1
Va2 ety
Now note that
2 2
z N y 1
/I2+y2 /$2+y2

and so

Z Y
Vaz 42 a2 12
is a point on the unit circle. Therefore, there exists a unique angle, 6 € [0, 27) such that

cosf = sinf =

v _ Yy
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The polar form of the complex number is then
r (cos @ + isinf)

where 0 is this angle just described and r = /22 + y2.
A fundamental identity is the formula of De Moivre which follows.

Theorem 1.5.4 Let r > 0 be given. Then if n is a positive integer,
[r (cost +isint)]" =r" (cosnt + isinnt).
Proof: It is clear the formula holds if n = 1. Suppose it is true for n.
[r (cost + isint)]" ™" = [r (cost + isint)]" [r (cost + isint)]
which by induction equals
= " (cosnt + isinnt) (cost + isint)

= "1 ((cosnt cost — sinntsint) + i (sin nt cost + cosnt sint))
=" (cos(n + 1)t +isin(n+1)t)
by the formulas for the cosine and sine of the sum of two angles. B

Corollary 1.5.5 Let z be a non zero complex number. Then there are always exactly k k"
roots of z in C.

Proof: Let z = x + iy and let z = |z| (cost + isint) be the polar form of the complex
number. By De Moivre’s theorem, a complex number,

r(cosa +isina),
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is a k*" root of z if and only if
¥ (cos ko + isinka) = |z| (cost + isint).

This requires 7% = |z| and so r = \z|1/1€ and also both cos (ka) = cost and sin (ka) = sint.
This can only happen if

ka=t+2nr
for [ an integer. Thus
t+ 21
o= %,z Y/

and so the k" roots of z are of the form

2 2
|z|1/lC (cos <t+k lﬂ) + isin (t+k lﬂ)) ,leZ.

Since the cosine and sine are periodic of period 2w, there are exactly k distinct numbers
which result from this formula. B

Example 1.5.6 Find the three cube roots of i.

First note that ¢ =1 (cos (g) + i sin (g)) . Using the formula in the proof of the above
corollary, the cube roots of i are

1 (COS ((77/2)34— 2l7r> 4isin ((w/2)3+ 217r>)

where [ = 0, 1, 2. Therefore, the roots are

T L. (T ) .. (D
cos (E) +2s1n (6) , COS (67r) + 2s1n (677) s
cos § + isin §
27r 181 27r .

Thus the cube roots of i are @ +i(3) ,’T‘/g +i(%), and —i.
The ability to find &£** roots can also be used to factor some polynomials.

and

Example 1.5.7 Factor the polynomial x> — 27.

First find the cube roots of 27. By the above procedure using De Moivre’s theorem,
these cube roots are 3,3 (%1 + z@) ,and 3 (%1 — 173> Therefore, 23 + 27 =

o) ()

Note also (x—3(_71+273)) (m—3(_71—z§>) =224 32z +9 and so
z® —27 = (z - 3) (2* + 37 +9)

where the quadratic polynomial, 2 + 32 4+ 9 cannot be factored without using complex
numbers.

The real and complex numbers both are fields satisfying the axioms on Page 13 and it is
usually one of these two fields which is used in linear algebra. The numbers are often called
scalars. However, it turns out that all algebraic notions work for any field and there are
many others. For this reason, I will often refer to the field of scalars as F although F will
usually be either the real or complex numbers. If there is any doubt, assume it is the field
of complex numbers which is meant.
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1.6 The Fundamental Theorem Of Algebra

The reason the complex numbers are so significant in linear algebra is that they are alge-
braically complete. This means that every polynomial ZZ:O apz®, n > 1,a, # 0, having
coefficients ay in C has a root in in C. I will give next a simple explanation of why it is
reasonable to believe in this theorem followed by a legitimate proof. The first completely
correct proof of this theorem was given in 1806 by Argand although Gauss is often credited
with proving it earlier and many others worked on it in the 1700’s.

Theorem 1.6.1 Let p(2) = apz™ + ap_12"" 1 + -+ 4+ a1z + ag where each ay, is a complex
number and a, # 0,n > 1. Then there exists w € C such that p (w) = 0.

To begin with, here is the informal explanation. Dividing by the leading coefficient a,,
there is no loss of generality in assuming that the polynomial is of the form

p(2)=2"+a, 12"+ +arz+ag

If ap = 0, there is nothing to prove because p(0) = 0. Therefore, assume ag # 0. From
the polar form of a complex number z, it can be written as |z| (cos@ + isin). Thus, by
DeMoivre’s theorem,

2" = |z|" (cos (n) + isin (ndh))

It follows that 2™ is some point on the circle of radius |z|"

Denote by C,. the circle of radius r in the complex plane which is centered at 0. Then
if r is sufficiently large and |z| = r, the term z™ is far larger than the rest of the polyno-
mial. It is on the circle of radius |z|" while the other terms are on circles of fixed mul-
tiples of |z|* for k < n — 1. Thus, for r large enough, A, = {p(2) : z € C,} describes
a closed curve which misses the inside of some circle having 0 as its center. It won’t
be as simple as suggested in the following picture, but it will be a closed curve thanks
to De Moivre’s theorem and the observation that the cosine and sine are periodic. Now
shrink r. Eventually, for r small enough, the non constant terms are negligible and so A,
is a curve which is contained in some circle centered at ag which has 0 on the outside.

A Thus it is reasonable to believe that for some r dur-

T . . . . .

. 1 large ing this shrinking process, the set A, must hit 0. It
follows that p (z) = 0 for some z.

For example, consider the polynomial z3+z+1+i.
It has no real zeros. However, you could let z =
r(cost + isint) and insert this into the polynomial. Thus you would want to find a point
where

r small

(r (cost +isint))® +r (cost +isint) +1+i= 0+ 0i

Expanding this expression on the left to write it in terms of real and imaginary parts, you
get on the left
r3cos®t — 3rd costsin®t 4+ rcost + 1+ (3r3 cos? tsint — r®sin®t + rsint + 1)

Thus you need to have both the real and imaginary parts equal to 0. In other words, you
need to have (0,0) =

(7"3 cos®t — 3r3 costsin®t + rcost + 1,3r3 cos’tsint — r3sin®t + rsint + 1)
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for some value of r and ¢. First here is a graph of this parametric function of ¢ for ¢ € [0, 27]
on the left, when r = 4. Note how the graph misses the origin 0 + 0. In fact, the closed
curve is in the exterior of a circle which has the point 0 + 40 on its inside.

r too big 7 too small r just right

50 ol NN 4

/ O 2

Y o0 Vo | : |y

\ J 0

-50 g 2 \ L / -2
-50 0 50 2 0 2 4 2 0 2 4 6
X X X

Next is the graph when r = .5. Note how the closed curve is included in a circle which
has 0+ ¢0 on its outside. As you shrink r you get closed curves. At first, these closed curves
enclose 0 4 0 and later, they exclude 0 + ¢0. Thus one of them should pass through this
point. In fact, consider the curve which results when r = 1. 386 which is the graph on the
right. Note how for this value of r the curve passes through the point 0+ ¢0. Thus for some
t, 1.386 (cost +isint) is a solution of the equation p (z) = 0 or very close to one.

Now here is a short rigorous proof for those who have studied analysis.

Proof: Suppose the nonconstant polynomial p (2) = ag + a1z + - - - + an2™, a, # 0, has
no zero in C. Since lim|,|_, [p (2)| = oo, there is a 2o with

Ip (20)] min Ip(2)] >

Then let ¢ (z) = %. This is also a polynomial which has no zeros and the minimum of

lg ()| is 1 and occurs at z = 0. Since ¢ (0) = 1, it follows ¢ (z) = 1 + apz® + 7 (2) where
r (z) consists of higher order terms. Here ay, is the first coefficient which is nonzero. Choose
a sequence, z, — 0, such that a;z® < 0. For example, let —ayz¥ = (1/n). Then
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lg (zn)] = |1 + ap2" +r(z)| <l—-1/n+]r(z,)| =1 +akz,]§ +lr(z)] <1

for all n large enough because |r (z,)| is small compared with |ax2%| since it involves higher
order terms. This is a contradiction. H

1.7 Exercises

1.

10.

11.
12.

13.

14.

15.

16.

Let 2 =5+19. Find 2.

. Let z =2+ 47 and let w = 3 — i8. Find zw, z + w, 22, and w/z.

Give the complete solution to z* + 16 = 0.

Graph the complex cube roots of —8 in the complex plane. Do the same for the four
fourth roots of —16.

If z is a complex number, show there exists w a complex number with |w| = 1 and
wz =|z|.
De Moivre’s theorem says [r (cost +isint)]" = r™ (cosnt + isinnt) for n a positive

integer. Does this formula continue to hold for all integers, n, even negative integers?
Explain.

You already know formulas for cos (x 4 y) and sin (z + y) and these were used to prove
De Moivre’s theorem. Now using De Moivre’s theorem, derive a formula for sin (5z)
and one for cos (5z). Hint: Use the binomial theorem.

If z and w are two complex numbers and the polar form of z involves the angle 6 while
the polar form of w involves the angle ¢, show that in the polar form for zw the angle
involved is 6 + ¢. Also, show that in the polar form of a complex number, z, r = |z|.

Factor 23 + 8 as a product of linear factors.

Write 3 + 27 in the form (z + 3) (2% 4+ az + b) where 2? + ax + b cannot be factored
any more using only real numbers.

Completely factor z* + 16 as a product of linear factors.

Factor z* + 16 as the product of two quadratic polynomials each of which cannot be
factored further without using complex numbers.

If z, w are complex numbers prove Zw = Zw and then show by induction that z7 -~ z,, =
Z1 - Zm. Also verify that Y ;" | 2z = >, Zx. In words this says the conjugate of a
product equals the product of the conjugates and the conjugate of a sum equals the
sum of the conjugates.

Suppose p (z) = ap2™ + ap_12" "1 + -+ +a12 + ag where all the aj are real numbers.
Suppose also that p(z) = 0 for some z € C. Show it follows that p (Z) = 0 also.

I claim that 1 = —1. Here is why: —1 = i2 = \/—1\/—1 = 1/(=1)> = V1 = 1. This
is clearly a remarkable result but is there something wrong with it? If so, what is
wrong?

De Moivre’s theorem is really a grand thing. I plan to use it now for rational exponents,
not just integers.

1=10/% = (cos 2 + isin 27m)"/* = cos (7/2) + i sin (7/2) = i.

Therefore, squaring both sides it follows 1 = —1 as in the previous problem. What
does this tell you about De Moivre’s theorem? Is there a profound difference between
raising numbers to integer powers and raising numbers to non integer powers?
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17. Show that C cannot be considered an ordered field. Hint: Consider i2> = —1. Recall
that 1 > 0 by Proposition 1.4.2.

18. Say a+ib < x + iy if a < x or if a = x, then b < y. This is called the lexicographic
order. Show that any two different complex numbers can be compared with this order.
What goes wrong in terms of the other requirements for an ordered field.

19. With the order of Problem 18, consider for n € N the complex number 1 — % Show
that with the lexicographic order just described, each of 1 — in is an upper bound to
all these numbers. Therefore, this is a set which is “bounded above” but has no least
upper bound with respect to the lexicographic order on C.

1.8 Completeness of R
Recall the following important definition from calculus, completeness of R.

Definition 1.8.1 A non empty set, S C R is bounded above (below) if there exists x € R
such that v > (<)s for all s € S. If S is a nonempty set in R which is bounded above,
then a number, [ which has the property that | is an upper bound and that every other upper
bound is no smaller than l is called a least upper bound, l.u.b. (S) or often sup (S). If S is a
nonempty set bounded below, define the greatest lower bound, g.l.b.(S) or inf (S) similarly.
Thus g 1is the g.1.b. (S) means g is a lower bound for S and it is the largest of all lower
bounds. If S is a nonempty subset of R which is not bounded above, this information is
expressed by saying sup (S) = +oo and if S is not bounded below, inf (S) = —co.

Every existence theorem in calculus depends on some form of the completeness axiom.

Axiom 1.8.2 (completeness) Every nonempty set of real numbers which is bounded above
has a least upper bound and every nonempty set of real numbers which is bounded below has
a greatest lower bound.

It is this axiom which distinguishes Calculus from Algebra. A fundamental result about
sup and inf is the following.

Proposition 1.8.3 Let S be a nonempty set and suppose sup (S) exists. Then for every
6 >0,
SN (sup (S) — d,sup (9)] # 0.

If inf (S) exists, then for every § > 0,
SN [inf (S),inf (S) + d) # 0.

Proof: Consider the first claim. If the indicated set equals (), then sup (S) — § is an
upper bound for S which is smaller than sup (S), contrary to the definition of sup (S) as
the least upper bound. In the second claim, if the indicated set equals (J, then inf (S) + ¢
would be a lower bound which is larger than inf (S) contrary to the definition of inf (S). H

1.9 Well Ordering And Archimedean Property

Definition 1.9.1 A set is well ordered if every nonempty subset S, contains a smallest
element z having the property that z < x for all x € S.

Axiom 1.9.2 Any set of integers larger than a given number is well ordered.
In particular, the natural numbers defined as
N={1,2,---}

is well ordered.
The above axiom implies the principle of mathematical induction.
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Theorem 1.9.3 (Mathematical induction) A set S C Z, having the property that a € S
and n+1 € S whenever n € S contains all integers x € Z such that x > a.

Proof: Let T = ([a,00)NZ)\ S. Thus T consists of all integers larger than or equal
to a which are not in S. The theorem will be proved if T = @. If T' # () then by the well
ordering principle, there would have to exist a smallest element of T, denoted as b. It must
be the case that b > a since by definition, a ¢ T. Then the integer, b—1 >aand b—1¢ S
because if b—1 € S, then b —1+1 = b € S by the assumed property of S. Therefore,
b—1¢€ ([a,00)NZ)\ S =T which contradicts the choice of b as the smallest element of T.
(b— 1 is smaller.) Since a contradiction is obtained by assuming T' # (), it must be the case
that T'= @) and this says that everything in [a,00) N Z is also in S. A

Example 1.9.4 Show that for alln € N, % . % e 23;1 < ﬁ

If n = 1 this reduces to the statement that % < \/ig which is obviously true. Suppose
then that the inequality holds for n. Then

2n —1 2n+1< 1 2n+1_\/2n+1
m  m+2  on+12n+2  2m+2°

13
2 4

The theorem will be proved if this last expression is less than \/ﬁ This happens if and

only if

( 1 >2 _ 1 2+

V2n+3/) 2437 (2n+2)

which occurs if and only if (2n + 2)* > (2n + 3) (2n + 1) and this is clearly true which may
be seen from expanding both sides. This proves the inequality.
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Definition 1.9.5 The Archimedean property states that whenever x € R, and a > 0, there
ezists n € N such that na > z.

Proposition 1.9.6 R has the Archimedean property.

Proof: Suppose it is not true. Then there exists x € R and a > 0 such that na < x
for all n € N. Let S = {na:n € N}. By assumption, this is bounded above by z. By
completeness, it has a least upper bound y. By Proposition 1.8.3 there exists n € N such
that

y—a<na<y.

Theny=y—a+a<na+a=(n+1)a <y, acontradiction. H

Theorem 1.9.7 Suppose x < y and y — x > 1. Then there exists an integer | € Z, such
that © <l < y. If x is an integer, there is no integer y satisfying r <y < x + 1.

Proof: Let x be the smallest positive integer. Not surprisingly, x = 1 but this can be
proved. If x < 1 then 22 < x contradicting the assertion that z is the smallest natural
number. Therefore, 1 is the smallest natural number. This shows there is no integer, vy,
satisfying © < y < x + 1 since otherwise, you could subtract x and conclude 0 < y —x < 1
for some integer y — x.

Now suppose y — z > 1 and let

S={weN:w>y}.

The set S is nonempty by the Archimedean property. Let k be the smallest element of S.
Therefore, k — 1 < y. Either k =1 <z ork—1>z. If k —1 <z, then

<0

~
y—z<y—(k—-1)=y—k+1<1

contrary to the assumption that y — x > 1. Therefore, t <k —1<y. LetI=%k—1. &
It is the next theorem which gives the density of the rational numbers. This means that
for any real number, there exists a rational number arbitrarily close to it.

Theorem 1.9.8 If x < y then there exists a rational number r such that v < r < y.
Proof: Let n € N be large enough that
n(y—x)>1
Thus (y — =) added to itself n times is larger than 1. Therefore,
n(y—x)=ny+n(—z)=ny —nz>1.
It follows from Theorem 1.9.7 there exists m € Z such that
nr <m < ny
and so take r =m/n. &
Definition 1.9.9 A set S C R is dense in R if whenever a < b, SN (a,b) # 0.

Thus the above theorem says Q is “dense” in R.

Theorem 1.9.10 Suppose 0 < a and let b > 0. Then there exists a unique integer p and
real number r such that 0 < r < a and b = pa + r.

Proof: Let S={n € N:an >b}. By the Archimedean property this set is nonempty.
Let p + 1 be the smallest element of S. Then pa < b because p + 1 is the smallest in S.
Therefore,

r=b—pa>0.
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If r > a then b —pa > a and so b > (p + 1) a contradicting p + 1 € S. Therefore, < a as
desired.

To verify uniqueness of p and r, suppose p; and r;, ¢ = 1,2, both work and r > r1. Then
a little algebra shows

To —T1
pr—pe=——€(0,1).
a

Thus p; — p2 is an integer between 0 and 1, contradicting Theorem 1.9.7. The case that
r1 > ro cannot occur either by similar reasoning. Thus r1 = r and it follows that p; = ps.
|

This theorem is called the Euclidean algorithm when a and b are integers.

1.10 Division
First recall Theorem 1.9.10, the Euclidean algorithm.

Theorem 1.10.1 Suppose 0 < a and let b > 0. Then there exists a unique integer p and
real number r such that 0 <r < a and b = pa +r.

The following definition describes what is meant by a prime number and also what is
meant by the word “divides”.

Definition 1.10.2 The number, a divides the number, b if in Theorem 1.9.10, r = 0. That
is there is zero remainder. The notation for this is a|b, read a divides b and a is called a
factor of b. A prime number is one which has the property that the only numbers which
divide it are itself and 1. The greatest common divisor of two positive integers, m,n is that
number, p which has the property that p divides both m and n and also if q divides both m
and n, then q divides p. Two integers are relatively prime if their greatest common divisor
is one. The greatest common divisor of m and n is denoted as (m,n) .

There is a phenomenal and amazing theorem which relates the greatest common divisor
to the smallest number in a certain set. Suppose m,n are two positive integers. Then if x, y
are integers, so is xm + yn. Consider all integers which are of this form. Some are positive
such as 1m + 1n and some are not. The set S in the following theorem consists of exactly
those integers of this form which are positive. Then the greatest common divisor of m and
n will be the smallest number in S. This is what the following theorem says.

Theorem 1.10.3 Let m,n be two positive integers and define
S={em+yneN:z,y€Z}.

Then the smallest number in S is the greatest common divisor, denoted by (m,n) .

Proof: First note that both m and n are in .S so it is a nonempty set of positive integers.
By well ordering, there is a smallest element of S, called p = zgm + yon. Either p divides m
or it does not. If p does not divide m, then by Theorem 1.9.10,

m=pq—+r
where 0 < r < p. Thus m = (zgm + yon) ¢ + r and so, solving for r,
r= m(l — ZL'()) + (—yoq) nes.

However, this is a contradiction because p was the smallest element of S. Thus p|m. Similarly

pln.
Now suppose ¢ divides both m and n. Then m = gx and n = gy for integers, x and y.

Therefore,
P = mxo + nyo = Toqx + Yoqy = q (o + Yoy)

showing ¢|p. Therefore, p = (m,n). R
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There is a relatively simple algorithm for finding (m,n) which will be discussed now.
Suppose 0 < m < n where m,n are integers. Also suppose the greatest common divisor is
(m,n) = d. Then by the Euclidean algorithm, there exist integers ¢, r such that

n=qm-+r, r<m (1.1)

Now d divides n and m so there are numbers k, [ such that dk = m, dl = n. From the above
equation,
r=n—qm=dl —qdk =d(l — qk)

Thus d divides both m and r. If & divides both m and r, then from the equation of 1.1 it
follows k also divides n. Therefore, k divides d by the definition of the greatest common
divisor. Thus d is the greatest common divisor of m and r but m 4+ r < m + n. This yields
another pair of positive integers for which d is still the greatest common divisor but the
sum of these integers is strictly smaller than the sum of the first two. Now you can do the
same thing to these integers. Eventually the process must end because the sum gets strictly
smaller each time it is done. It ends when there are not two positive integers produced.
That is, one is a multiple of the other. At this point, the greatest common divisor is the
smaller of the two numbers.

Procedure 1.10.4 To find the greatest common divisor of m,n where 0 < m < n, replace
the pair {m,n} with {m,r} where n = gm + r for r < m. This new pair of numbers has
the same greatest common divisor. Do the process to this pair and continue doing this till
you obtain a pair of numbers where one is a multiple of the other. Then the smaller is the
sought for greatest common divisor.
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Example 1.10.5 Find the greatest common divisor of 165 and 385.
Use the Euclidean algorithm to write
385 = 2(165) + 55
Thus the next two numbers are 55 and 165. Then
165 =3 x 55
and so the greatest common divisor of the first two numbers is 55.
Example 1.10.6 Find the greatest common divisor of 1237 and 4322.
Use the Euclidean algorithm
4322 = 3(1237) 4 611
Now the two new numbers are 1237,611. Then
1237 =2(611) + 15
The two new numbers are 15,611. Then
611 =40(15) + 11

The two new numbers are 15,11. Then

15=1(11)+4
The two new numbers are 11,4
2(4)+3
The two new numbers are 4, 3. Then
4=1(3)+1
The two new numbers are 3,1. Then
3=3x1

and so 1 is the greatest common divisor. Of course you could see this right away when the
two new numbers were 15 and 11. Recall the process delivers numbers which have the same
greatest common divisor.

This amazing theorem will now be used to prove a fundamental property of prime num-
bers which leads to the fundamental theorem of arithmetic, the major theorem which says
every integer can be factored as a product of primes.

Theorem 1.10.7 If p is a prime and plab then either pla or p|b.

Proof: Suppose p does not divide a. Then since p is prime, the only factors of p are 1
and p so follows (p,a) = 1 and therefore, there exists integers, « and y such that

1 =azx + yp.
Multiplying this equation by b yields
b = abx + ybp.
Since plab, ab = pz for some integer z. Therefore,

b = abx + ybp = pzx + ybp = p (xz + yb)
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and this shows p divides b. B

Theorem 1.10.8 (Fundamental theorem of arithmetic) Let a € N\ {1}. Then a =[[;—, p;
where p; are all prime numbers. Furthermore, this prime factorization is unique except for
the order of the factors.

Proof: If a equals a prime number, the prime factorization clearly exists. In particular
the prime factorization exists for the prime number 2. Assume this theorem is true for all
a <n—1.1If nis a prime, then it has a prime factorization. On the other hand, if n is not
a prime, then there exist two integers & and m such that n = km where each of £ and m
are less than n. Therefore, each of these is no larger than n — 1 and consequently, each has
a prime factorization. Thus so does n. It remains to argue the prime factorization is unique
except for order of the factors.

Suppose

n m
I[Iri=11
i=1 j=1

where the p; and g; are all prime, there is no way to reorder the g; such that m = n and
p; = q; for all 4, and n + m is the smallest positive integer such that this happens. Then
by Theorem 1.10.7, p1|g; for some j. Since these are prime numbers this requires p; = g;.
Reordering if necessary it can be assumed that g; = ¢;. Then dividing both sides by p1 = q1,

n—1 m—1
Hpi+1 = H qj+1-
i=1 j=1

Since n + m was as small as possible for the theorem to fail, it follows that n — 1 =m — 1
and the prime numbers, ¢o,--- , ¢, can be reordered in such a way that p;, = ¢ for all
k=2,---,n. Hence p; = ¢; for all ¢ because it was already argued that p; = ¢, and this
results in a contradiction. l

There is a similar division result for polynomials. This will be discussed more intensively
later. For now, here is a definition and the division theorem.

Definition 1.10.9 A polynomial is an expression of the form AN +an_ A" a A+
ag, an # 0 where the a; come from a field of scalars. Two polynomials are equal means that
the coefficients match for each power of A\. The degree of a polynomial is the largest
power of \. Thus the degree of the above polynomial is n. Addition of polynomials is defined
in the usual way as is multiplication of two polynomials. The leading term in the above
polynomial is a,\". The coefficient of the leading term is called the leading coefficient. It
is called a monic polynomial if a, = 1.

Lemma 1.10.10 Let f(\) and g(\) # 0 be polynomials. Then there exist polynomials,
q(N\) and r (\) such that

FA)=aN)gN)+rA)
where the degree of r (\) is less than the degree of g (M) or r(A\) = 0. These polynomials
q(N\) and r (\) are unique.

Proof: Suppose that f (A) —¢q()\) g (A) is never equal to 0 for any ¢ (\). If it is, then the
conclusion follows. Now suppose

r(A)=FfA)—aN) g

and the degree of r (\) is m > n where n is the degree of g (\). Say the leading term of
7 (\) is bA™ while the leading term of g (\) is bA™. Then letting a = b/b , aAX™ "g ()\) has
the same leading term as r (A). Thus the degree of r1 (A) = r (A) — aA™ "¢ ()\) is no more
than m — 1. Then

q1(N)

—_—~~
r () =)= (@) gN)+aX""g(N) =FN) = [ a(N) +aX"" | g (V)
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Denote by S the set of polynomials f
exists one which has smallest degree r (A
)

(A

(A)—g (A) 1 (N). Out of all these polynomials, there
). Let this take place when [ (\) = g (A\). Then by
is less than the degree of g (\). Otherwise, there is
)=9N)g(A)+7(N).

7(A),q (M), (A) which work, then you would have

the above argument, the degree of r (A
one which has smaller degree. Thus f
As to uniqueness, if you have r ()

@A) =a(A)gA) =7r(A) =7 ()

Now if the polynomial on the right is not zero, then neither is the one on the left. Hence this
would involve two polynomials which are equal although their degrees are different. This is
impossible. Hence r (\) = # () and so, matching coefficients implies that §(A) = ¢(A). B

1.11 Systems Of Equations

Sometimes it is necessary to solve systems of equations. For example the problem could be
to find = and y such that
r+y=7and 2z —y = 8. (1.2)

The set of ordered pairs, (x,y) which solve both equations is called the solution set. For
example, you can see that (5,2) = (x,y) is a solution to the above system. To solve this,
note that the solution set does not change if any equation is replaced by a non zero multiple
of itself. It also does not change if one equation is replaced by itself added to a multiple
of the other equation. For example, x and y solve the above system if and only if  and y
solve the system

—3y=—6

r4+y="72x—y+(-2)(x+y) =8+ (-2) (7). (1.3)
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The second equation was replaced by —2 times the first equation added to the second. Thus
the solution is y = 2, from —3y = —6 and now, knowing y = 2, it follows from the other
equation that x +2 =7 and so z = 5.

Why exactly does the replacement of one equation with a multiple of another added to
it not change the solution set? The two equations of 1.2 are of the form

Ey=fi,E=fs (1.4)

where F; and E5 are expressions involving the variables. The claim is that if a is a number,
then 1.4 has the same solution set as

Ei=fi, BEx+aEy = fo+afir. (1.5)

Why is this?

If (z,y) solves 1.4 then it solves the first equation in 1.5. Also, it satisfies aF1 = af;
and so, since it also solves Es = f5 it must solve the second equation in 1.5. If (z,y) solves
1.5 then it solves the first equation of 1.4. Also aE; = af; and it is given that the second
equation of 1.5 is verified. Therefore, Es = f5 and it follows (z,y) is a solution of the second
equation in 1.4. This shows the solutions to 1.4 and 1.5 are exactly the same which means
they have the same solution set. Of course the same reasoning applies with no change if
there are many more variables than two and many more equations than two. It is still the
case that when one equation is replaced with a multiple of another one added to itself, the
solution set of the whole system does not change.

The other thing which does not change the solution set of a system of equations consists
of listing the equations in a different order. Here is another example.

Example 1.11.1 Find the solutions to the system,

T+ 3y +62=25
20 4+ Ty + 142 =58 (1.6)
2y 452z =19

To solve this system replace the second equation by (—2) times the first equation added
to the second. This yields. the system

r+3y+62=25
y+22=28 (1.7)
2y+ 52z =19

Now take (—2) times the second and add to the third. More precisely, replace the third
equation with (—2) times the second added to the third. This yields the system

z+3y+6z=25
y+22=28 (1.8)
z=3

At this point, you can tell what the solution is. This system has the same solution as the
original system and in the above, z = 3. Then using this in the second equation, it follows
y+ 6 = 8 and so y = 2. Now using this in the top equation yields « + 6 + 18 = 25 and so
=1

This process is not really much different from what you have always done in solving a
single equation. For example, suppose you wanted to solve 2z + 5 = 3x — 6. You did the
same thing to both sides of the equation thus preserving the solution set until you obtained
an equation which was simple enough to give the answer. In this case, you would add —2x
to both sides and then add 6 to both sides. This yields = 11.

In 1.8 you could have continued as follows. Add (—2) times the bottom equation to the
middle and then add (—6) times the bottom to the top. This yields

z+3y=19
y==6
z2=3
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Now add (—3) times the second to the top. This yields the equations
r=1 y=6, z=3,

a system which has the same solution set as the original system.
It is foolish to write the variables every time you do these operations. It is easier to
write the system 1.6 as the following “augmented matrix”

1 3 6 25
2 7 14 58
0 2 5 19
It has exactly the same information as the original system but here it is understood there is
1 3 6
an x column, 2 |, ay column, 7 | and a z column, 14 | . The rows correspond
0 2 5

to the equations in the system. Thus the top row in the augmented matrix corresponds to
the equation,
T+ 3y + 6z = 25.

Now when you replace an equation with a multiple of another equation added to itself, you
are just taking a row of this augmented matrix and replacing it with a multiple of another
row added to it. Thus the first step in solving 1.6 would be to take (—2) times the first row
of the augmented matrix above and add it to the second row,

1 3 6 25
01 2 8
0 2 5 19

Note how this corresponds to 1.7. Next take (—2) times the second row and add to the
third,

1 3 6 25
01 2 8
001 3

which is the same as 1.8. You get the idea I hope. Write the system as an augmented matrix
and follow the procedure of either switching rows, multiplying a row by a non zero number,
or replacing a row by a multiple of another row added to it. Each of these operations leaves
the solution set unchanged. These operations are called row operations.

Definition 1.11.2 The row operations consist of the following
1. Switch two rows.
2. Multiply a row by a nonzero number.
3. Replace a row by a multiple of another row added to it.

It is important to observe that any row operation can be “undone” by another inverse
row operation. For example, if rq,ry are two rows, and ry is replaced with r, = ar; + ro
using row operation 3, then you could get back to where you started by replacing the row rf
with —« times r; and adding to r}. In the case of operation 2, you would simply multiply
the row that was changed by the inverse of the scalar which multiplied it in the first place,
and in the case of row operation 1, you would just make the same switch again and you
would be back to where you started. In each case, the row operation which undoes what
was done is called the inverse row operation.

Example 1.11.3 Give the complete solution to the system of equations, bx+10y—7z = —2,
2¢ 4+ 4y — 3z = —1, and 3z + 6y + 52 = 9.
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The augmented matrix for this system is

2 4 -3 -1
5 10 =7 =2
3 6 5 9

Multiply the second row by 2, the first row by 5, and then take (—1) times the first row and
add to the second. Then multiply the first row by 1/5. This yields

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

Now, combining some row operations, take (—3) times the first row and add this to 2 times
the last row and replace the last row with this. This yields.

2 4 -3 -1
00 1 1
00 1 21

Putting in the variables, the last two rows say z = 1 and z = 21. This is impossible so
the last system of equations determined by the above augmented matrix has no solution.
However, it has the same solution set as the first system of equations. This shows there is no
solution to the three given equations. When this happens, the system is called inconsistent.

This should not be surprising that something like this can take place. It can even happen
for one equation in one variable. Consider for example, x = xz+1. There is clearly no solution
to this.
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Example 1.11.4 Give the complete solution to the system of equations, 3v —y — bz = 9,
y— 10z =0, and -2z +y = —6.

The augmented matrix of this system is

0 1 -10 O
0 1 -10 O

Next take —1 times the middle row and add to the bottom.

Take the middle row and add to the top and then divide the top row which results by 3.

10 -5 3
01 —-10 O
00 0 O

This says y = 10z and x = 3 4+ 5z. Apparently z can equal any number. Therefore, the
solution set of this system is z = 3 4 5t,y = 10¢, and z =t where ¢ is completely arbitrary.
The system has an infinite set of solutions and this is a good description of the solutions.
This is what it is all about, finding the solutions to the system.

Definition 1.11.5 Since z =t where t is arbitrary, the variable z is called a free variable.

The phenomenon of an infinite solution set occurs in equations having only one variable
also. For example, consider the equation z = z. It doesn’t matter what x equals.

Definition 1.11.6 A system of linear equations is a list of equations,
n
Zaijxi = f5, i=1,2,3,---,m
j=1

where a;; are numbers, f; is a number, and it is desired to find (x1,--- ,xy) solving each of
the equations listed.

As illustrated above, such a system of linear equations may have a unique solution, no
solution, or infinitely many solutions. It turns out these are the only three cases which can
occur for linear systems. Furthermore, you do exactly the same things to solve any linear
system. You write the augmented matrix and do row operations until you get a simpler
system in which it is possible to see the solution. All is based on the observation that the
row operations do not change the solution set. You can have more equations than variables,
fewer equations than variables, etc. It doesn’t matter. You always set up the augmented
matrix and go to work on it. These things are all the same.

Example 1.11.7 Give the complete solution to the system of equations, —41x + 15y = 168,
109z — 40y = —447, -3z +y =12, and 2x + z = —1.
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The augmented matrix is

—41 15 0 168

109 —40 0 —447
-3 10 12
2 0o 1 -1

To solve this multiply the top row by 109, the second row by 41, add the top row to the
second row, and multiply the top row by 1/109. Note how this process combined several
row operations. This yields

—41 15 0 168
0 -5 0 -15
-3 1 0 12

2 0 1 -1

Next take 2 times the third row and replace the fourth row by this added to 3 times the
fourth row. Then take (—41) times the third row and replace the first row by this added to
3 times the first row. Then switch the third and the first rows. This yields

123 —41 0 —492

0 -5 0 -—15
0 4 0 12
0 2 3 21

Take —1/2 times the third row and add to the bottom row. Then take 5 times the third
row and add to four times the second. Finally take 41 times the third row and add to 4
times the top row. This yields

492 0 0 -—1476
0 0 0 0
0 4 0 12
0o 0 3 15

It follows x = =276 — _3 ¢ = 3 and z = 5.

492

You should practice solving systems of equations. Here are some exercises.

1.12 Exercises

1.

Give the complete solution to the system of equations, 3z —y +42z =6, y + 82z = 0,
and —2z +y = —4.

. Give the complete solution to the system of equations, z+3y+3z = 3, 3x+2y+2z =9,

and —4x + z = —9.

Consider the system —5z + 2y — z = 0 and —5z — 2y — z = 0. Both equations equal
zero and so —5z + 2y — z = —bx — 2y — z which is equivalent to y = 0. Thus « and
z can equal anything. But when x = 1, 2z = —4, and y = 0 are plugged in to the
equations, it doesn’t work. Why?

Give the complete solution to the system of equations, x+2y+6z = 5,3z +2y+62z =7
,—4x + 5y + 152 = —T7.

Give the complete solution to the system of equations
r+2y+3z = 53x+2y+2z=7,
—4dx+dy+z2z = -T,x+3z=05.
Give the complete solution of the system of equations,

r+2y+3z2 = 5, 3x+2y+22="7
—4x+5y+52 = -7, =5

Download free eBooks at bookboon.com



LINEAR ALGEBRA |

PRELIMINARIES
7. Give the complete solution of the system of equations

r+y+3z
-4z 4+ 9y + 2

2,3r—y+52=6
-8, x+by+7z=2

8. Determine a such that there are infinitely many solutions and then find them. Next
determine a such that there are no solutions. Finally determine which values of a

correspond to a unique solution. The system of equations for the unknown variables
T,y, 2 18

3za> —3a+x+y+1=0
3x—a—y—|—z(a2+4)—5=0
za? —a—4x+9y+9=0

9. Find the solutions to the following system of equations for z,y, z, w.
y+z=2,24+w=0y—4z—-5w=22y+z—w=4

10. Find all solutions to the following equations.

r+yt+z = 2, z+w=0,
204+ 2y + 2z —w

4, x+y—4z—5z=2

Iil
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1.13 F"

The notation, C™ refers to the collection of ordered lists of n complex numbers. Since every
real number is also a complex number, this simply generalizes the usual notion of R", the
collection of all ordered lists of n real numbers. In order to avoid worrying about whether
it is real or complex numbers which are being referred to, the symbol F will be used. If it is
not clear, always pick C. More generally, F™ refers to the ordered lists of n elements of F”.

Definition 1.13.1 Define F" = {(z1, -+ ,zn) 12z, €F forj=1,--- ,n}. (1, ,2,) =
(y1, -+ ,yn) of and only if for all j = 1,--- ,n, x; = y;. When (z1,--- ,x,) € F", it is
conventional to denote (x1,--- ,2,) by the single bold face letter x. The numbers x; are
called the coordinates. The set

{(07 707t307"',0)1t€F}

for t in the it" slot is called the i'" coordinate azis. The point 0 = (0,---,0) is called the
origin.

Thus (1,2,44) € F3 and (2,1,4i) € F3 but (1,2, 4i) # (2,1,44) because, even though the
same numbers are involved, they don’t match up. In particular, the first entries are not
equal.

1.14 Algebra in F"

There are two algebraic operations done with elements of F™. One is addition and the other
is multiplication by numbers, called scalars. In the case of C™ the scalars are complex
numbers while in the case of R™ the only allowed scalars are real numbers. Thus, the scalars
always come from F in either case.

Definition 1.14.1 Ifx € F" and a € F, also called a scalar, then ax € F" is defined by
ax =a(x1,  ,x,) = (ax1, - ,axy,). (1.9)
This is known as scalar multiplication. If x,y € F" then x +y € F" and is defined by

X+y:(.’17]_7"' axn)—i_(yh'" 7yn)
= (1’1 +y1a"' 7xn+yn) (110)

With this definition, the algebraic properties satisfy the conclusions of the following
theorem.

Theorem 1.14.2 For v,w € F" and «, 8 scalars, (real numbers), the following hold.

V+W=w-+vV, (1.11)
the commutative law of addition,
(Vv+w)+z=v+(w+1z), (1.12)
the associative law for addition,
v+0=v, (1.13)
the existence of an additive identity,
v+ (—v) =0, (1.14)
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the existence of an additive inverse, Also

a(v+w)=avtaw, (1.15)
(a4 B) v =av+pfv, (1.16)
a(Bv) =apf(v), (1.17)
lv=v. (1.18)

In the above 0 = (0,--- ,0).

You should verify that these properties all hold. As usual subtraction is defined as
x —y = x+ (—y) . The conclusions of the above theorem are called the vector space axioms.

1.15 Exercises

1. Verify all the properties 1.11-1.18.
2. Compute 5 (1,2 + 3i,3,—-2) +6(2—14,1,—-2,7).

3. Draw a picture of the points in R? which are determined by the following ordered

pairs.

(a) (1,2)
(b) (=2,-2)
(c) (=2,3)
(d) (2,-5)

4. Does it make sense to write (1,2) + (2,3, 1)? Explain.

5. Draw a picture of the points in R® which are determined by the following ordered
triples. If you have trouble drawing this, describe it in words.

(a) (1,2,0)
(b) (-2,-2,1)
(C) (72’3a72)

1.16 The Inner Product In F”

When F = R or C, there is something called an inner product. In case of R it is also called
the dot product. This is also often referred to as the scalar product.

Definition 1.16.1 Let a,b € F™ define a-b as

a-b= En:akgk.
k=1

This will also be denoted as (a,b). Often it is also denoted as (a,b). The notation with the
dot is more usually used when the field is R.

With this definition, there are several important properties satisfied by the inner product.
In the statement of these properties, @ and  will denote scalars and a, b, c will denote
vectors or in other words, points in F".
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Proposition 1.16.2 The inner product satisfies the following properties.

a-b=b-a (1.19)

a-a >0 and equals zero if and only if a =0 (1.20)
(e;a+pb)-c=a(a-c)+ L (b-c) (1.21)
c-(ca+pb)=a(c-a)+B(c-b) (1.22)
la®>=a-a (1.23)

You should verify these properties. Also be sure you understand that 1.22 follows from
the first three and is therefore redundant. It is listed here for the sake of convenience.

Example 1.16.3 Find (1,2,0,—-1)-(0,¢,2,3).

This equals 0+ 2 (—i) + 0+ -3 = -3 — 2¢
The Cauchy Schwarz inequality takes the following form in terms of the inner product.
I will prove it using only the above axioms for the inner product.

Theorem 1.16.4 The inner product satisfies the inequality
la-b| < |a||b]|. (1.24)
Furthermore equality is obtained if and only if one of a or b is a scalar multiple of the other.
Proof: First define 6 € C such that

f(a-b)=la-b|,|0] =1,

vu---v---v----v---vu---v---vv--vv--vv---v---ov--vv--vv--ovv--vv-cvv-cov-coAlcateluLUcent 0
www.alcatel-lucent.com/careers
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and define a function of t € R
f () =(a+1t0b)- - (a+thb).
Then by 1.20, f (¢) > 0 for all t € R. Also from 1.21,1.22,1.19, and 1.23
f()=a-(a+tdb)+tbb- (a+thb)
—a-a+th(a-b)+t0(b-a)+t2|0°b-b
= |a]® + 2tRef (a-b) + |b]*t? = |a|* + 2t |a - b| + [b|* t?

Now if \b\Q = 0 it must be the case that a-b = 0 because otherwise, you could pick large
negative values of ¢ and violate f(t) > 0. Therefore, in this case, the Cauchy Schwarz
inequality holds. In the case that |b| # 0, y = f (¢) is a polynomial which opens up and
therefore, if it is always nonnegative, its graph is like that illustrated in the following picture

Then the quadratic formula requires that

V # The discriminant
t t 4la-b|* —4lal* b|* <0

since otherwise the function, f(¢) would have two

real zeros and would necessarily have a graph which dips below the ¢ axis. This proves 1.24.

It is clear from the axioms of the inner product that equality holds in 1.24 whenever one
of the vectors is a scalar multiple of the other. It only remains to verify this is the only way
equality can occur. If either vector equals zero, then equality is obtained in 1.24 so it can be
assumed both vectors are non zero. Then if equality is achieved, it follows f (¢) has exactly
one real zero because the discriminant vanishes. Therefore, for some value of t,a + t6b = 0
showing that a is a multiple of b. B

You should note that the entire argument was based only on the properties of the inner
product listed in 1.19 - 1.23. This means that whenever something satisfies these properties,
the Cauchy Schwarz inequality holds. There are many other instances of these properties
besides vectors in F”. Also note that 1.24 holds if 1.20 is simplified to a-a > 0.

The Cauchy Schwarz inequality allows a proof of the triangle inequality for distances in
F™ in much the same way as the triangle inequality for the absolute value.

Theorem 1.16.5 (Triangle inequality) For a,b € F"
|a+b| < |a|] + |b| (1.25)

and equality holds if and only if one of the vectors is a nonnegative scalar multiple of the
other. Also
|la] = [b]| < |a —b] (1.26)

Proof: By properties of the inner product and the Cauchy Schwarz inequality,
a+b’ = (a+b)-(a+b)=(a-a)+(a-b)+(b-a)+ (b-b)

=lal* +2Re(a-b) + b]>* < |a* +2]a-b| + [b|?
< [a]* +2|a| [b| + |b|* = ([a] + [b])>.

Taking square roots of both sides you obtain 1.25.

It remains to consider when equality occurs. If either vector equals zero, then that
vector equals zero times the other vector and the claim about when equality occurs is
verified. Therefore, it can be assumed both vectors are nonzero. To get equality in the
second inequality above, Theorem 1.16.4 implies one of the vectors must be a multiple of
the other. Say b = aa. Also, to get equality in the first inequality, (a-b) must be a
nonnegative real number. Thus

0<(a-b)=(aaa)=alal’.
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Therefore, a must be a real number which is nonnegative.
To get the other form of the triangle inequality,

a=a—b+b
SO
laj=|la—b+b| <|a—Db|+ |b]|.
Therefore,
la| — [b] < |a— D] (1.27)
Similarly,
|Ib| —|a]| < |b—a|=]a—Db|. (1.28)

It follows from 1.27 and 1.28 that 1.26 holds. This is because ||a] — |b]|| equals the left side
of either 1.27 or 1.28 and either way, ||a|] — |b|| < |a—b|. R

1.17 What Is Linear Algebra?

The above preliminary considerations form the necessary scaffolding upon which linear al-
gebra is built. Linear algebra is the study of a certain algebraic structure called a vector
space described in a special case in Theorem 1.14.2 and in more generality below along with
special functions known as linear transformations. These linear transformations preserve
certain algebraic properties.

A good argument could be made that linear algebra is the most useful subject in all
of mathematics and that it exceeds even courses like calculus in its significance. It is used
extensively in applied mathematics and engineering. Continuum mechanics, for example,
makes use of topics from linear algebra in defining things like the strain and in determining
appropriate constitutive laws. It is fundamental in the study of statistics. For example,
principal component analysis is really based on the singular value decomposition discussed
in this book. It is also fundamental in pure mathematics areas like number theory, functional
analysis, geometric measure theory, and differential geometry. Even calculus cannot be
correctly understood without it. For example, the derivative of a function of many variables
is an example of a linear transformation, and this is the way it must be understood as soon
as you consider functions of more than one variable.

1.18 Exercises
1. Show that (a-b) = 1 [|a+ b> —|a— b|2] .
2. Prove from the axioms of the inner product the parallelogram identity, |a + b|2 +
la—bl>=2al* +2|b|*.

3. Fora,b € R”, definea-b = 2221 Barbr where 3, > 0 for each k. Show this satisfies
the axioms of the inner product. What does the Cauchy Schwarz inequality say in
this case.

4. In Problem 3 above, suppose you only know g, > 0. Does the Cauchy Schwarz in-
equality still hold? If so, prove it.

5. Let f, g be continuous functions and define f - g = fol f(t) g (t)dt. Show this satisfies
the axioms of a inner product if you think of continuous functions in the place of a
vector in F”. What does the Cauchy Schwarz inequality say in this case?

2
6. Show that if f is a real valued continuous function, (fj f @ dt) <(b—a) f; f)*dt.
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Chapter 2

Linear Transformations

2.1 Matrices

You have now solved systems of equations by writing them in terms of an augmented matrix
and then doing row operations on this augmented matrix. It turns out that such rectangular
arrays of numbers are important from many other different points of view. Numbers are
also called scalars. In general, scalars are just elements of some field. However, in the first
part of this book, the field will typically be either the real numbers or the complex numbers.

A matrix is a rectangular array of numbers. Several of them are referred to as matrices.
For example, here is a matrix.

1 2 3 4
5 2 8 7
6 -9 1 2
This matrix is a 3 x 4 matrix because there are three rows and four columns. The first
1
row is (1 2 3 4), the second row is (5 2 8 7) and so forth. The first column is | 5 | . The
6

convention in dealing with matrices is to always list the rows first and then the columns.
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Also, you can remember the columns are like columns in a Greek temple. They stand up
right while the rows just lie there like rows made by a tractor in a plowed field. Elements of
the matrix are identified according to position in the matrix. For example, 8 is in position
2,3 because it is in the second row and the third column. You might remember that you
always list the rows before the columns by using the phrase Rowman Catholic. The symbol,
(ai;) refers to a matrix in which the 7 denotes the row and the j denotes the column. Using
this notation on the above matrix, ass = 8, a3s = —9,a12 = 2, etc.

There are various operations which are done on matrices. They can sometimes be added,
multiplied by a scalar and sometimes multiplied. To illustrate scalar multiplication, consider
the following example.

1 2 3 4 3 6 9 12
315 2 8 7 =15 6 24 21
6 -9 1 2 18 =2v 3 6

The new matrix is obtained by multiplying every entry of the original matrix by the given
scalar. If A is an m x n matrix —A is defined to equal (—1) A.

Two matrices which are the same size can be added. When this is done, the result is the
matrix which is obtained by adding corresponding entries. Thus

1 2 -1 4 0 6
3 4 |+ 2 8 = 5 12
5 2 6 —4 11 -2

Two matrices are equal exactly when they are the same size and the corresponding entries
are identical. Thus

0 0 0 0

0 0

0 0

because they are different sizes. As noted above, you write (¢;;) for the matrix C' whose
ijt" entry is ¢;;. In doing arithmetic with matrices you must define what happens in terms
of the ¢;; sometimes called the entries of the matrix or the components of the matrix.

The above discussion stated for general matrices is given in the following definition.

Definition 2.1.1 Let A = (a;;) and B = (b;;) be two m x n matrices. Then A+ B =C
where

C = (cij)
for cij = ai; + bij. Also if x is a scalar,

TA = (cij)

where ¢;; = xa;;. The number A;; will typically refer to the ijt" entry of the matriz A. The
zero matriz, denoted by 0 will be the matriz consisting of all zeros.

Do not be upset by the use of the subscripts, ij. The expression c;; = a;; + b;; is just
saying that you add corresponding entries to get the result of summing two matrices as
discussed above.

Note that there are 2 x 3 zero matrices, 3 x 4 zero matrices, etc. In fact for every size
there is a zero matrix.

With this definition, the following properties are all obvious but you should verify all of
these properties are valid for A, B, and C, m X n matrices and 0 an m X n zero matrix,

A+B=B+ A, (2.1)
the commutative law of addition,

(A+B)+C=A+(B+C), (2.2)
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the associative law for addition,
A+0=A, (2.3)

the existence of an additive identity,
A4 (—A) =0, (2.4)

the existence of an additive inverse. Also, for «, 8 scalars, the following also hold.

a(A+ B) = aA+ aB, (2.5)
(a+B) A =ad+ BA, (2.6)
a(BA) =aB(4), (2.7)
1A= A. (2.8)

The above properties, 2.1 - 2.8 are known as the vector space axioms and the fact that
the m x n matrices satisfy these axioms is what is meant by saying this set of matrices with
addition and scalar multiplication as defined above forms a vector space.

Definition 2.1.2 Matrices which are n x 1 or 1 X n are especially called vectors and are
often denoted by a bold letter. Thus

T

"
I

Tn

is an n x 1 matriz also called a column vector while a 1 x n matriz of the form (x1---xy)
is referred to as a row vector.

All the above is fine, but the real reason for considering matrices is that they can be
multiplied. This is where things quit being banal.
First consider the problem of multiplying an m X n matrix by an n X 1 column vector.

Consider the following example
1 2 3 ’
8 | =7
(i27)
9

()= () (0)

Thus it is what is called a linear combination of the columns. These will be discussed
more later. Motivated by this example, here is the definition of how to multiply an m X n
matrix by an n x 1 matrix (vector).

It equals

Definition 2.1.3 Let A = A;; be an m X n matriz and let v be an n X 1 matriz,
v=| |, A=(a, - ,a,)

where a; is an m X 1 vector. Then Av, written as

U1

(a  a)| |

Un
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is the m x 1 column vector which equals the following linear combination of the columns.

n
via; +vgag + -+ - +vpa, = Zvjaj (2.9)
j=1
If the j*" column of A is
Alj
Agj
A
then 2.9 takes the form
An Aia Ain
Ay Agz Aan
U1 . +v2 . tt
Aml AmZ Amn

Thus the ith entry of Av is Z?Zl Aijvj. Note that multiplication by an m X n matriz takes
an n x 1 matriz, and produces an m x 1 matriz (vector).

Here is another example.

SIMPLY CLEVER
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Example 2.1.4 Compute

1
1 2 1 3

2
0 2 1 -2

0
21 4 1

1

First of all, this is of the form (3 x 4) (4 x 1) and so the result should be a (3 x 1).
Note how the inside numbers cancel. To get the entry in the second row and first and only
column, compute

4
Z A2kVk = (2101 + G22V2 + A23V3 + G244
k=1

= O0x142x24+1x0+(-2)x1=2.

You should do the rest of the problem and verify

1
1 2 1 3 9 8
0 2 1 -2 =1 2

0
21 4 1

1

With this done, the next task is to multiply an m X n matrix times an n X p matrix.
Before doing so, the following may be helpful.

these must match
—_—

(mx n)(nxp )=mxp

’If the two middle numbers don’t match, you can’t multiply the matrices! ‘

Definition 2.1.5 Let A be an m X n matriz and let B be an n X p matrix. Then B is of
the form
B=(by,--,by)

where by is an n X 1 matriz. Then an m X p matriz AB is defined as follows:
AB = (Aby,--- , Ab,) (2.10)
where Aby is an m x 1 matriz. Hence AB as just defined is an m X p matriz. For example,

Example 2.1.6 Multiply the following.

1 2 0
1 2 1
0 3 1
0 2 1
-2 1 1
The first thing you need to check before doing anything else is whether it is possible to
do the multiplication. The first matrix is a 2 x 3 and the second matrix is a 3 x 3. Therefore,

is it possible to multiply these matrices. According to the above discussion it should be a
2 x 3 matrix of the form

First column Second column Third column

1 2

1 21 1 21 1 21
0 1, 31,

0 2 1 0 2 1 0 2 1
-2 1
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You know how to multiply a matrix times a vector and so you do so to obtain each of the

three columns. Thus
1
1 2 1 0 (-1 9 3
0 2 1 ) -2 7 3 )

Here is another example.

=W N
= = O

Example 2.1.7 Multiply the following.

1 20
1 2 1
0 3 1
0 2 1
-2 1 1
First check if it is possible. This is of the form (3 x 3) (2 x 3) . The inside numbers do not
match and so you can’t do this multiplication. This means that anything you write will be
absolute nonsense because it is impossible to multiply these matrices in this order. Aren’t
they the same two matrices considered in the previous example? Yes they are. It is just

that here they are in a different order. This shows something you must always remember
about matrix multiplication.

Order Matters!

Matrix multiplication is not commutative. This is very different than multiplication of
numbers!

2.1.1 The ij'" Entry Of A Product

It is important to describe matrix multiplication in terms of entries of the matrices. What
is the ij'" entry of AB? It would be the i** entry of the 5" column of AB. Thus it would
be the i entry of Ab;. Now

and from the above definition, the i*" entry is

Z AikBkj-
k=1

In terms of pictures of the matrix, you are doing

(2.11)

A A o Ay By Bz -+ By
Agr Az - Agy By1 By -+ By,
Ami Amz 0 Apn Bpi Bpa - BniU

Then as explained above, the j** column is of the form

A A Ain By
A21 A22 AZ’n B2]
Aml Am2 Amn an
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which is a m x 1 matrix or column vector which equals

Ay A Ain
Az Az Aon

By + ) Byj + -+ . B,j.
Aml Am2 Amn

The i*" entry of this m x 1 matrix is
m
AjBij+ AigBaj + -+ + AinBnj = Y AiBy;.
k=1

This shows the following definition for matrix multiplication in terms of the ij*" entries of
the product harmonizes with Definition 2.1.3.

This motivates the definition for matrix multiplication which identifies the ij*" entries
of the product.

Definition 2.1.8 Let A = (A;;) be an m x n matriz and let B = (B;;) be an n x p matriz.
Then AB is an m X p matriz and

(AB)ij = ZAikBkj- (2.12)
k=1

Two matrices, A and B are said to be conformable in a particular order if they can be
multiplied in that order. Thus if A is an r X s matriz and B is a s X p then A and B are
conformable in the order AB. The above formula for (AB)ij says that it equals the it" row

of A times the j* column of B.
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1
Example 2.1.9 Multiply if possible | 3
2

S =N

2 31

76 2 )

First check to see if this is possible. It is of the form (3 x 2) (2 x 3) and since the inside
numbers match, it must be possible to do this and the result should be a 3 x 3 matrix. The

answer is of the form
1 2 1 2 2
2 3 1
3 1 s 31 ) 1
7 6 2
2 6 2 6 6
where the commas separate the columns in the resulting product. Thus the above product
equals

N W

16 15 5
13 15 5 )
46 42 14

a 3 x 3 matrix as desired. In terms of the ;" entries and the above definition, the entry in
the third row and second column of the product should equal

Zagkbkz = ag1bi2 + ag2bay =2 x 3+ 6 x 6 = 42.
J

You should try a few more such examples to verify the above definition in terms of the ijt"
entries works for other entries.

1
Example 2.1.10 Multiply if possible | 3
2

D =N
O NN
o O W

1
2
0
This is not possible because it is of the form (3 x 2) (3 x 3) and the middle numbers

don’t match.

1 1
Example 2.1.11 Multiply if possible 2 3
0 2

O NN
S O W
S =N

This is possible because in this case it is of the form (3 x 3) (3 x 2) and the middle
numbers do match. When the multiplication is done it equals

13 13
29 32
0 0

Check this and be sure you come up with the same answer.
Example 2.1.12 Multiply if possible | 2 ( 1 2 10 )

1

In this case you are trying to do (3 x 1) (1 x 4). The inside numbers match so you can
do it. Verify

1210
2 (1 210)=]2420
1210
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2.1.2 Digraphs

Consider the following graph illustrated in the picture.

There are three locations in this graph, labelled 1,2, and 3. The directed lines represent
a way of going from one location to another. Thus there is one way to go from location 1
to location 1. There is one way to go from location 1 to location 3. It is not possible to go
from location 2 to location 3 although it is possible to go from location 3 to location 2. Lets
refer to moving along one of these directed lines as a step. The following 3 x 3 matrix is
a numerical way of writing the above graph. This is sometimes called a digraph, short for
directed graph.

1
1
1

=

1
0
0

Thus a;, the entry in the i'" row and j* column represents the number of ways to go from
location i to location j in one step.

Problem: Find the number of ways to go from ¢ to j using exactly k steps.

Denote the answer to the above problem by afj. We don’t know what it is right now
unless £k = 1 when it equals a;; described above. However, if we did know what it was, we
could find af;™" as follows.

=Y ak
-

This is because if you go from i to j in k + 1 steps, you first go from ¢ to r in k steps and
then for each of these ways there are a,; ways to go from there to j. Thus af,.arj gives
the number of ways to go from i to j in k + 1 steps such that the k" step leaves you at
location 7. Adding these gives the above sum. Now you recognize this as the i entry of
the product of two matrices. Thus

2 _ 3 2
;5 = E AirQrj,  Qjj = E A Qrj
T T

and so forth. From the above definition of matrix multiplication, this shows that if A is the
matrix associated with the directed graph as above, then afj is just the ij*" entry of A*
where A is just what you would think it should be, A multiplied by itself k times.

Thus in the above example, to find the number of ways of going from 1 to 3 in two steps
you would take that matrix and multiply it by itself and then take the entry in the first row

and third column. Thus )

11
1 0
1 1

o O =
I
N = W

2 1
11
11

and you see there is exactly one way to go from 1 to 3 in two steps. You can easily see this
is true from looking at the graph also. Note there are three ways to go from 1 to 1 in 2
steps. Can you find them from the graph? What would you do if you wanted to consider 5
steps?

1 11 28 19 13
1 00 = 13 9 6
1 10 19 13 9
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There are 19 ways to go from 1 to 2 in five steps. Do you think you could list them all by
looking at the graph? I don’t think you could do it without wasting a lot of time.

Of course there is nothing sacred about having only three locations. Everything works
just as well with any number of locations. In general if you have n locations, you would
need to use a n x n matrix.

Example 2.1.13 Consider the following directed graph.

Write the matrix which is associated with this directed graph and find the number of ways
to go from 2 to 4 in three steps.

Here you need to use a 4x4 matrix. The one you need is

S = = O

1
0
1
1

o O o =
—_ = o O
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Then to find the answer, you just need to multiply this matrix by itself three times and look
at the entry in the second row and fourth column.

3

S = = O

1
0
1
1

o O o =
= o= O O
=W N =
N W = W
== O N
N = -

There is exactly one way to go from 2 to 4 in three steps.
How many ways would there be of going from 2 to 4 in five steps?

5

01 10 5 9 5 4
1roo00| |5 4 13
1101 |9 10 46
01 01 4 6 3 3

There are three ways. Note there are 10 ways to go from 3 to 2 in five steps.
This is an interesting application of the concept of the 75" entry of the product matrices.

2.1.3 Properties Of Matrix Multiplication

As pointed out above, sometimes it is possible to multiply matrices in one order but not
in the other order. What if it makes sense to multiply them in either order? Will they be
equal then?

Example 2.1.14 Compare L2 01 and 01 L2 .
3 4 1 0 10 3 4

The first product is
12 01\ (21
3 4 1 o) \43)
0 1 1 2Y) (34
10 3 4) \12)

and you see these are not equal. Therefore, you cannot conclude that AB = BA for matrix
multiplication. However, there are some properties which do hold.

the second product is

Proposition 2.1.15 If all multiplications and additions make sense, the following hold for
matrices, A, B,C and a,b scalars.

A(aB +bC) = a(AB) +b(AC) (2.13)
(B+C)A=BA+CA (2.14)
A(BC) = (AB)C (2.15)

Proof: Using the above definition of matrix multiplication,

> Ai (aB+1bC),,;
k

(A(aB +bC)),,
= > Ay (aBy; +bCy;)
k

= a) AuBrj+bY_ AiCyj
k k

= a(AB), +b(AC),,
= (a(AB) +b(AC)),
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showing that A(B + C) = AB + AC as claimed. Formula 2.14 is entirely similar.
Consider 2.15, the associative law of multiplication. Before reading this, review the
definition of matrix multiplication in terms of entries of the matrices.

> Au (BO),,
%

> A BuCy;
k !

= Z (AB)il Clj

l
= ((4B) C)ij a

(A(BC))y

Another important operation on matrices is that of taking the transpose. The following
example shows what is meant by this operation, denoted by placing a 7" as an exponent on

the matrix. .
1 142
Tt 1 3 2
S "\ 142 1 6
2 6 ’

What happened? The first column became the first row and the second column became
the second row. Thus the 3 x 2 matrix became a 2 x 3 matrix. The number 3 was in the
second row and the first column and it ended up in the first row and second column. This
motivates the following definition of the transpose of a matrix.

Definition 2.1.16 Let A be an m x n matriz. Then AT denotes the n x m matriz which
is defined as follows.
(AT)ij = Aji
The transpose of a matrix has the following important property.
Lemma 2.1.17 Let A be an m X n matriz and let B be a n X p matriz. Then
(AB)" = BT AT (2.16)
and if a and B are scalars,

(aA+BB)" = aAT + BBT (2.17)

Proof: From the definition,
((B)), = By,
= ZAjkBki
k
- Z (BT)ik (AT)kj

k
= (BTA")
ij
2.17 is left as an exercise. B
Definition 2.1.18 An n x n matriz A is said to be symmetric if A = AT. It is said to be
skew symmetric if AT = —A.

Example 2.1.19 Let

2 1 3
A=| 1 5 =3
3 =3 7

Then A is symmetric.
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Example 2.1.20 Let

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

Then A is skew symmetric.
There is a special matrix called I and defined by
Lij = di

where 6,5 is the Kronecker symbol defined by

lifi=j
dij = ey
0ifi#j
It is called the identity matrix because it is a multiplicative identity in the following sense.

Lemma 2.1.21 Suppose A is an m X n matriz and I, is the n x n identity matriz. Then
Al, = A. If I,, is the m X m identity matriz, it also follows that I,,A = A.

Proof:
(Ajn)ij = ZAik‘skj
k
= Ay

and so AI, = A. The other case is left as an exercise for you.

(]
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Definition 2.1.22 An n x n matriz A has an inverse A~ if and only if there exists a
matriz, denoted as A~ such that AA=' = A=Y A = I where I = (3;;) for

s o riri=g
YTl 0ifi#g

Such a matriz is called invertible.

If it acts like an inverse, then it is the inverse. This is the message of the following
proposition.

Proposition 2.1.23 Suppose AB = BA=1. Then B= A1,
Proof: From the definition B is an inverse for A. Could there be another one B’?
B'=B'I=B'(AB)=(B'A)B=1B = B.

Thus, the inverse, if it exists, is unique. Bl

2.1.4 Finding The Inverse Of A Matrix

A little later a formula is given for the inverse of a matrix. However, it is not a good way
to find the inverse for a matrix. There is a much easier way and it is this which is presented
here. It is also important to note that not all matrices have inverses.

11
Example 2.1.24 Let A = ( L1 ) . Does A have an inverse?

One might think A would have an inverse because it does not equal zero. However,

RISRG

and if A~! existed, this could not happen because Tyou could multiply on the left by the
inverse A and conclude the vector (—1,1)" = (0,0)”. Thus the answer is that A does not
have an inverse.

Suppose you want to find B such that AB = I. Let

B:(b1 bn)

Also the " column of I is
T
ei:(() . 0010 .- ())

Thus, if AB = I, b;, the i*" column of B must satisfy the equation Ab; = e;. The augmented
matrix for finding b; is (A4]e;) . Thus, by doing row operations till A becomes I, you end up
with (I]b;) where b; is the solution to Ab; = ;. Now the same sequence of row operations
works regardless of the right side of the agumented matrix (Ale;) and so you can save trouble
by simply doing the following.

) row opz)ations (

(Al 1|B)
and the i** column of B is b;, the solution to Ab; = e;. Thus AB = I.

This is the reason for the following simple procedure for finding the inverse of a matrix.
This procedure is called the Gauss Jordan procedure. It produces the inverse if the matrix
has one. Actually, it produces the right inverse.

Procedure 2.1.25 Suppose A is an n x n matriz. To find A~' if it exists, form the
augmented n X 2n matriz,

(AlD)
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and then do row operations until you obtain an n X 2n matriz of the form
(I|B) (2.18)

if possible. When this has been done, B = A~'. The matriz A has an inverse exactly when
it is possible to do row operations and end up with one like 2.18.

As described above, the following is a description of what you have just done.

A RqRq;)l"'Rl

1

I
RoRy—y-Fa
where those R; sympolize row operations. It follows that you could undo what you did by
doing the inverse of these row operations in the opposite order. Thus

Rl’ln-R’lqu’l

I - A
R7Y.R™! R1
B'' AU

Here R™! is the row operation which undoes the row operation R. Therefore, if you form
(B|I) and do the inverse of the row operations which produced I from A in the reverse
order, you would obtain (I|A). By the same reasoning above, it follows that A is a right
inverse of B and so BA = I also. It follows from Proposition 2.1.23 that B = A~!. Thus

the procedure produces the inverse whenever it works.

If it is possible to do row operations and end up with A row opepations ¢ , then the above

argument shows that A has an inverse. Conversely, if A has an inverse, can it be found by
the above procedure? In this case there exists a unique solution x to the equation Ax =y.
In fact it is just x = Ix = A~ly. Thus in terms of augmented matrices, you would expect
to obtain
(Aly) — (11A71y)

That is, you would expect to be able to do row operations to A and end up with I.

The details will be explained fully when a more careful discussion is given which is based
on more fundamental considerations. For now, it suffices to observe that whenever the above
procedure works, it finds the inverse.

1 0 1
Example 2.1.26 Let A= 1 -1 1 |. Find A™!.
1 1 -1

Form the augmented matrix

1 0 1 1
-1 1 0
1 -1 0

o = O

0
0
1

Now do row operations until the n x n matrix on the left becomes the identity matrix. This
yields after some computations,

1
2

o O =
o = O
= O O
— = O
—
O N

N[ =
(SIS

and so the inverse of A is the matrix on the right,

0 4 4
1 -1 0
13 -
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Checking the answer is easy. Just multiply the matrices and see if it works.

1 0 1 0o 1 3 100
-1 1 1 -1 0 |=]010
11 -1 1 -1 -1 00 1

Always check your answer because if you are like some of us, you will usually have made a
mistake.

2 2

0 2 . Find A~'.

1 -1

Example 2.1.27 Let A=

W ==

Set up the augmented matrix (A|T)

1
1
3

—= O N

2 1
2 0
-1 0

o = O

0
0
1
Next take (—1) times the first row and add to the second followed by (—3) times the first
row added to the last. This yields

1 2 2 1 0 0

0 -2 0 -1 10

0 -5 -7 -3 0 1
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Then take 5 times the second row and add to —2 times the last row.

1 2 2 1 0 0
0 -10 0 -5 5 O
0o 0 14 1 5 =2

Next take the last row and add to (—7) times the top row. This yields

-7 =14 0 -6 5 -2
0 -10 0 -5 5 O
0 0 14 1 5 -2

Now take (—7/5) times the second row and add to the top.

-7 0 0o 1 -2 =2
0 -10 0 -5 5 0
0 0 14 1 5 =2

Finally divide the top row by —7, the second row by -10 and the bottom row by 14 which
yields

102 2
100 -7z 7 7
010 32 -3 0
1 5 1
001 7 %5 -3
Therefore, the inverse is
_1 2 2
T 7
1 1
3 2 0
1 5 _1
14 14 7
1 2
Example 2.1.28 Let A=| 1 0 2 |. Find A~'.
2 2
Write the augmented matrix (A|T)
1 2 2 1 00
102 010
2 2 400 1

and proceed to do row operations attempting to obtain (I|A_1) . Take (—1) times the top
row and add to the second. Then take (—2) times the top row and add to the bottom.

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

Next add (—1) times the second row to the bottom row.

1 2 2 1 0 O
0 -2 0 -1 1 O
0 0 0 -1 -1 1

At this point, you can see there will be no inverse because you have obtained a row of zeros
in the left half of the augmented matrix (A|I). Thus there will be no way to obtain I on
the left. In other words, the three systems of equations you must solve to find the inverse

have no solution. In particular, there is no solution for the first column of A~! which must
solve
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Al y | =10
z 0
because a sequence of row operations leads to the impossible equation, 0z 4+ Oy + 0z = —1.

2.2 Exercises

1.
2.

10.

11.

12.
13.

14.

15.

16.

In 2.1 - 2.8 describe —A and 0.

Let A be an nxn matrix. Show A equals the sum of a symmetric and a skew symmetric
matrix.

Show every skew symmetric matrix has all zeros down the main diagonal. The main
diagonal consists of every entry of the matrix which is of the form a;;. It runs from
the upper left down to the lower right.

Using only the properties 2.1 - 2.8 show —A is unique.
Using only the properties 2.1 - 2.8 show 0 is unique.

Using only the properties 2.1 - 2.8 show 0A = 0. Here the 0 on the left is the scalar 0
and the 0 on the right is the zero for m x n matrices.

Using only the properties 2.1 - 2.8 and previous problems show (—1) A = —A.
Prove 2.17.

Prove that I,,,A = A where A is an m X n matrix.

Let A and be a real m x n matrix and let x € R” and y € R™. Show (AX,y)gm =

(x,ATy)Rn where (-, )g. denotes the dot product in R*.

Use the result of Problem 10 to verify directly that (AB)T = BT AT without making
any reference to subscripts.

Let x =(—1,—1,1) and y = (0,1,2) . Find x”y and xy? if possible.

Give an example of matrices, A, B, C such that B # C, A # 0, and yet AB = AC.

1 1 1 1 -3

Let A=| -2 —1 ,B:(1 -1 2>,and0: -1 2 0 |.Find
1 2 2 12 -3 -1 0

if possible the following products. AB, BA, AC,CA,CB, BC.

Consider the following digraph.

Write the matrix associated with this digraph and find the number of ways to go from
3 to 4 in three steps.

Show that if A~! exists for an n x n matrix, then it is unique. That is, if BA = I and
AB =1, then B=A"1.
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17. Show (AB)™' = B~1A~L.
18. Show that if A is an invertible n x n matrix, then so is A7 and (AT)_l = (A_I)T.

19. Show that if A is an n x n invertible matrix and x is a n x 1 matrix such that Ax = b
for b an n x 1 matrix, then x = A~ 'b.

20. Give an example of a matrix A such that A2 =T and yet A # I and A # —1.

21. Give an example of matrices, A, B such that neither A nor B equals zero and yet

AB = 0.
T, — To + 273 T
. 2x3 + 11 . T2 . . .
22. Write in the form A where A is an appropriate matrix.
3x3 T3
3x4 + 322 + 1 T4

23. Give another example other than the one given in this section of two square matrices,
A and B such that AB # BA.

24. Suppose A and B are square matrices of the same size. Which of the following are
correct?

(A—B)? = A2 - 2AB + B?

(AB)? = A2B2

(A+ B)® = A2+ 2AB + B>

( = A2+ AB+ BA+ B?
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(f) (A4 B)’ = A3 4 3A2B + 3AB> + B?
(2) (A4 B)(A—B) = A2 — B2

(h)
(i

one of the above. They are all wrong.

N
All of the above. They are all right.

-1 -1
25. Let A= ( 3 5 > Find all 2 x 2 matrices, B such that AB = 0.

26. Prove that if A~1 exists and Ax = 0 then x = 0.
27. Let

1
A=1 2
1

O =N
N > W

Find A" if possible. If A~! does not exist, determine why.
28. Let

1
A=1] 2
1

oS W O
N = W

Find A~! if possible. If A~! does not exist, determine why.
29. Let
1 2 3
A= 2 1 4
4 5 10

Find A~! if possible. If A~! does not exist, determine why.

30. Let
1 2 0 2
1 1 2
A= 0
2 1 -3 2
1 2 1 2

Find A~! if possible. If A~! does not exist, determine why.

2.3 Linear Transformations

By 2.13, if A is an m X n matrix, then for v, u vectors in F" and a, b scalars,

cFn
——
Alau+bv | =aAu+bAv € ™ (2.19)

Definition 2.3.1 A function, A : F" — F™ is called a linear transformation if for all
u,v € F" and a,b scalars, 2.19 holds.

From 2.19, matrix multiplication defines a linear transformation as just defined. It
turns out this is the only type of linear transformation available. Thus if A is a linear
transformation from F™ to F™, there is always a matrix which produces A. Before showing
this, here is a simple definition.
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Definition 2.3.2 A vector, e; € F" is defined as follows:

0
e;, = 1 s
0
where the 1 is in the it" position and there are zeros everywhere else. Thus

912(07"' 7071707"' 7O)T'

Of course the e; for a particular value of ¢ in F™ would be different than the e; for that
same value of ¢ in F" for m # n. One of them is longer than the other. However, which one
is meant will be determined by the context in which they occur.

These vectors have a significant property.

Lemma 2.3.3 Letv € F*. Thus v is a list of numbers arranged vertically, vy, -+ ,v,. Then
el'v=u. (2.20)
Also, if A is an m x n matriz, then letting e; € F™ and e; € F,
el Ae; = Ay (2.21)
Proof: First note that el is a 1 x n matrix and v is an n x 1 matrix so the above
multiplication in 2.20 makes perfect sense. It equals

U1
(07 o1 0) Vi =V
Un
as claimed.
Consider 2.21. From the definition of matrix multiplication, and noting that (e;), = dx;
2o Ak (€5) Ay
eerej = ezT Zk Ak (ej)k = e,zr Aij = Aij
Zk Ak (ej)k Amj

by the first part of the lemma. B

Theorem 2.3.4 Let L : F* — F™ be a linear transformation. Then there exists a unique

m X n matriz A such that
Ax = Lx

for all x € F™. The ikt entry of this matriz is given by
el'Ley (2.22)
Stated in another way, the k" column of A equals Ley.

Proof: By the lemma,

(Lx);, =e] Lx = e] Z zLey = Z (eiTLek) Tk
k k
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Let A;, = eiTLek, to prove the existence part of the theorem.
To verify uniqueness, suppose Bx = Ax = Lx for all x € F". Then in particular, this is
true for x = e; and then multiply on the left by e/ to obtain

Bij = eiTBej = eiTAej = Aij
showing A=5. &

Corollary 2.3.5 A linear transformation, L : F™ — F™ is completely determined by the
vectors {Ley,--- ,Ley}.

Proof: This follows immediately from the above theorem. The unique matrix determin-
ing the linear transformation which is given in 2.22 depends only on these vectors. B

For a different proof of this theorem and corollary, see the following section.

This theorem shows that any linear transformation defined on F™ can always be consid-
ered as matrix multiplication. Therefore, the terms “linear transformation” and “matrix”
are often used interchangeably. For example, to say that a matrix is one to one, means the
linear transformation determined by the matrix is one to one.

Example 2.3.6 Find the linear transformation, L : R? — R? which has the property that
2 1
Le; = ) and Ley = 5 | From the above theorem and corollary, this linear trans-

formation is that determined by matriz multiplication by the matriz

21
1 3
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2.4 Some Geometrically Defined Linear Transformations

If T is any linear transformation which maps F" to F™, there is always an m X n matrix
A = [T] with the property that
Ax =Tx (2.23)
for all x € F”. What is the form of A7 Suppose T : F"* — F™ is a linear transformation
and you want to find the matrix defined by this linear transformation as described in 2.23.
Then if x € F™ it follows
n
X = Z xI;€e;
i=1

where e; is the vector which has zeros in every slot but the i** and a 1 in this slot. Then
since T'is linear,

Tx = Z l‘iT (ei)
i=1

\ \ T T

|
S
e
S
©
N
I
b

| | Tp Tn

and so you see that the matrix desired is obtained from letting the #*" column equal T (e;) .
This proves the existence part of the following theorem.

Theorem 2.4.1 Let T be a linear transformation from F™ to F™. Then the matrix A sat-
isfying 2.23 is given by

where Te; is the it column of A.

Proof: It remains to verify uniqueness. However, if A is a matrix which works, A =

( a; --- a, ) , then T'e; = Ae; = a; and so the matrix is of the form claimed above. B

Example 2.4.2 Determine the matriz for the transformation mapping R? to R? which
consists of rotating every vector counter clockwise through an angle of 6.

1 0
Let e; = ( 0 ) and ey = ( ) ) . These identify the geometric vectors which point

along the positive x axis and positive y axis as shown.

€3
€1
From Theorem 2.4.1, you only need to find T'e; and T'ey, the first being the first column

of the desired matrix A and the second being the second column. From drawing a picture
and doing a little geometry, you see that

Te, c.os 0 Tey — —sin@ '
sin 0 cos 0
Therefore, from Theorem 2.4.1,
e c.os 0 —sind
sinf  cosf
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Example 2.4.3 Find the matrixz of the linear transformation which is obtained by first
rotating all vectors through an angle of ¢ and then through an angle 8. Thus you want the
linear transformation which rotates all angles through an angle of 6 + ¢.

Let Ty, denote the linear transformation which rotates every vector through an angle
of 0 + ¢. Then to get Ty14, you could first do Ty and then do Ty where Ty is the linear
transformation which rotates through an angle of ¢ and Ty is the linear transformation
which rotates through an angle of . Denoting the corresponding matrices by Agig, Ag,
and Ay, you must have for every x

A9+¢X = T9+¢X = T9T¢X = A9A¢X.

Consequently, you must have

B cos(0+¢) —sin(0+¢) |\
Avro = ( sin (0 4+ ¢)  cos (6 + ¢) ) = Aoy

B cosf) —sind cos¢ —sing
B sinf  cosf sing cos¢ .

cos(+¢) —sin(0+¢) \ [ cosfcos¢ —sinfsing —cosfsing —sinbcos¢
sin (6 +¢) cos(0+ @) ~\ sinfcos¢+cosfsing  cosfcosd — sinfsin ¢ '

Therefore,

Don’t these look familiar? They are the usual trig. identities for the sum of two angles
derived here using linear algebra concepts.

Example 2.4.4 Find the matriz of the linear transformation which rotates vectors in R3 counterclockwise
about the positive z axis.

Let T be the name of this linear transformation. In this case, Tes = e3,Te; =
(cosf,siné, O)T ,and Tey = (—sin b, cos 6, O)T . Therefore, the matrix of this transformation
is just

cosf —sinf 0
sinf cosf O (2.24)
0 0 1

In Physics it is important to consider the work done by a force field on an object. This
involves the concept of projection onto a vector. Suppose you want to find the projection
of a vector, v onto the given vector, u, denoted by proj, (v) This is done using the dot
product as follows.

pro ) = (22 w

Because of properties of the dot product, the map v — proj,, (v) is linear,
pI‘Oju (OKV‘FBW) = <04V+6W i u) u=auo (L : u) u -+ 6 (W : u*) u
u-u u-u u-u
= aproj, (v) + S proj, (w).

Example 2.4.5 Let the projection map be defined above and let u = (1,273)T. Find the
matriz of this linear transformation with respect to the usual basis.

You can find this matrix in the same way as in earlier examples. proj,, (e;) gives the ‘"
column of the desired matrix. Therefore, it is only necessary to find

. _ [(¢€-u
proj, (e;) = (u : u) u
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For the given vector in the example, this implies the columns of the desired matrix are
1 1
1 2 3

|2 )lnul?n
3 3

Hence the matrix is

3
i246
14

3 6 9

Example 2.4.6 Find the matriz of the linear transformation which reflects all vectors in
R? through the xz plane.

As illustrated above, you just need to find T'e; where T is the name of the transformation.

But T'e; = e;,Tes = e3, and Te; = —ey so the matrix is
1 0 0
0 -1 0
0 0 1

Example 2.4.7 Find the matriz of the linear transformation which first rotates counter
clockwise about the positive z axis and then reflects through the xz plane.
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This linear transformation is just the composition of two linear transformations having
matrices

cos —sinf O 1 0 O
sinf cosf O |,] 0 -1 O
0 0 1 0 0 1
respectively. Thus the matrix desired is
1 0 0 cosf —sinf 0 cos —sinf 0
0 -1 0 sinf cosf O | =] —sinf —cosf O
0 0 1 0 0 1 0 0 1

2.5 The Null Space Of A Linear Transformation

The null space or kernel of a matrix or linear transformation is given in the following
definition. Essentially, it is just the set of all vectors which are sent to the zero vector by
the linear transformation.

Definition 2.5.1 Let L : F* — F™ be a linear transformation and let its matriz be the
m X n matriz A. Then ker (L) = {x € F" : Lx = 0}. Sometimes people also write this as
N (A), the null space of A.

Then there is a fundamental result in the case where m < n. In this case, the matrix A
of the linear transformation looks like the following.

Theorem 2.5.2 Let A be an m x n matriz where m < n. Then N (A) contains nonzero
vectors.

Proof: First consider the case where A is a 1 X n matrix for n > 1. Say

A=(a o an)

If a; = 0, consider the vector x = e;. If a; # 0, let

b
1

where b is chosen to satisfy the equation

ab+ Zak =0
k=2

Suppose now that the theorem is true for any m X n matrix with n > m and consider an
(m x 1) x n matrix A where n > m + 1. If the first column of A4 is 0, then you could let
x = e as above. If the first column is not the zero vector, then by doing row operations,
the equation Ax = 0 can be reduced to the equivalent system

A1X:0

T

A = 1 a
0 B
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where B is an m x (n — 1) matrix. Since n > m + 1, it follows that (n — 1) > m and so
by induction, there exists a nonzero vector y € F*~! such that By = 0. Then consider the

vector
b
X =
y

A1x has for its top entry the expression b + a’y. Letting B = : , the i*" entry of
by,

A;x for i > 1is of the form b7y = 0. Thus if b is chosen to satisfy the equation b+aTy = 0,

then A;x=0.1

2.6 Subspaces And Spans

Definition 2.6.1 Let {x1,---,x,} be vectors in F™. A linear combination is any expression

of the form
p
> cixi
i=1

where the c; are scalars. The set of all linear combinations of these vectors is called
span (X1, -+ ,Xp). A nonempty V- C F", is is called a subspace if whenever o, B are scalars
and u and v are vectors of V, it follows au + v € V. That is, it is “closed under the
algebraic operations of vector addition and scalar multiplication”. The empty set is never a
subspace by definition. A linear combination of vectors is said to be trivial if all the scalars
in the linear combination equal zero. A set of vectors is said to be linearly independent if
the only linear combination of these vectors which equals the zero vector is the trivial linear

combination. Thus {x1,--- ,Xp} is called linearly independent if whenever
P
Z CrXE — 0
k=1
it follows that all the scalars ¢y, equal zero. A set of vectors, {X1,--- ,Xp}, is called linearly
dependent if it is not linearly independent. Thus the set of vectors is linearly dependent if
there exist scalars c;,t = 1,--- ,n, not all zero such that Zzzl cpxp = 0.

Proposition 2.6.2 Let V C F*. Then V is a subspace if and only if it is a vector space
itself with respect to the same operations of scalar multiplication and vector addition.

Proof: Suppose first that V is a subspace. All algebraic properties involving scalar
multiplication and vector addition hold for V' because these things hold for F”. Is 0 € V7 Yes
it is. This is because Ov € V and Ov = 0. By assumption, for a a scalar and v € V,av € V.
Therefore, —v = (=1)v € V. Thus V has the additive identity and additive inverse. By
assumption, V is closed with respect to the two operations. Thus V is a vector space. If
V C F" is a vector space, then by definition, if «, 8 are scalars and u,v vectors in V| it
follows that av+ fuec V. B

Thus, from the above, subspaces of F™ are just subsets of F™ which are themselves vector
spaces.

Lemma 2.6.3 A set of vectors {x1,--- ,%p} is linearly independent if and only if none of
the vectors can be obtained as a linear combination of the others.

Proof: Suppose first that {x1,--- ,x,} is linearly independent. If x; = Zﬁék ¢jX;, then

0=1x; + Z (—¢j) x5,

J#k
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a nontrivial linear combination, contrary to assumption. This shows that if the set is linearly
independent, then none of the vectors is a linear combination of the others.

Now suppose no vector is a linear combination of the others. Is {xi,---,x,} linearly
independent? If it is not, there exist scalars ¢;, not all zero such that

P
Z CiX; = 0.
i=1

Say ¢ # 0. Then you can solve for x; as

Xk =Y (—¢;) Jex;
itk
contrary to assumption. W
The following is called the exchange theorem.

Theorem 2.6.4 (Exchange Theorem) Let {x1,- - ,X,} be a linearly independent set of vec-
tors such that each x; is in span(y1,---,ys). Thenr < s.

Proof 1: Suppose not. Then r > s. By assumption, there exist scalars a;; such that

S
X; = E a;jiy;
j=1

The matrix whose jit" entry is aj; has more columns than rows. Therefore, by Theorem
2.5.2 there exists a nonzero vector b € F” such that Ab = 0. Thus

0= Zajibi, each j.
i=1
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Then

Zbixi = Zbi Zatij = Z (Z ajibi> y; =0
i=1

i=1  j=1 j=1 \i=1
contradicting the assumption that {xi,--- ,x,} is linearly independent.
Proof 2: Define span{yi,---,ys} = V, it follows there exist scalars cy,--- ,cs such
that

X1 = ZClyl (225)
i=1

Not all of these scalars can equal zero because if this were the case, it would follow that
x1 = 0 and so {x3,---,%,} would not be linearly independent. Indeed, if x; = 0, 1x; +
>, 0x; = x; = 0 and so there would exist a nontrivial linear combination of the vectors
{x1, -+ ,%,} which equals zero.

Say ¢ # 0. Then solve 2.25 for y; and obtain

s-1 vectors here

Yi €span | X1, Y1, s Yk—1,Yk+15" " 5 ¥s

Define {z1,--- ,zs—1} by

{Zla e 7Zs—1} = {Y1a Yk Yk+1, ays}

Therefore, span {x1,2z1,-+- ,2zs—1} = V because if v € V, there exist constants cj,- - ,cs
such that

s—1

vV = Z CiZi + CsYk-

i=1
Now replace the yj in the above with a linear combination of the vectors, {x1,21, - ,Zs—1}
to obtain v € span {x1,%1, - ,2s_1} . The vector yy, in the list {yy, -+ ,¥s}, has now been

replaced with the vector x; and the resulting modified list of vectors has the same span as
the original list of vectors, {y1, - ,¥s}-

Now suppose that r > s and that span{x1,--- ,x;,21,--- ,2,} = V where the vectors,
Z1,- - ,2p are each taken from the set, {y1,---,ys} and [+ p = s. This has now been done
for [ = 1 above. Then since r > s, it follows that [ < s < r and so [+ 1 < r. Therefore, x;;1
is a vector not in the list, {x1,---,x;} and since span {xi, - ,X;,21, -+ ,2,} = V, there
exist scalars ¢; and d; such that

l P
Xi+1 = Zcixi + Zdej. (226)
=1 j=1

Now not all the d; can equal zero because if this were so, it would follow that {xi,--- ,x,}
would be a linearly dependent set because one of the vectors would equal a linear combination
of the others. Therefore, 2.26 can be solved for one of the z;, say zj, in terms of x;41 and
the other z; and just as in the above argument, replace that z; with x;41 to obtain

p-1 vectors here

sSpan X17"'XZ)Xl+17Z1a"'Zkflazkt#»la"'7Zp :V

Continue this way, eventually obtaining

span {xy, -+ ,xs} = V.

But then x, € span{xi,---,Xs} contrary to the assumption that {x;,---,x,} is linearly
independent. Therefore, r < s as claimed.
Proof 3: Suppose r > s. Let z; denote a vector of {y1, - ,ys}. Thus there exists j as

small as possible such that

Span(ylv"' 7}’s> :Span(X]_,"' s Xmy L1, 7Zj)
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where m + j = s. It is given that m = 0, corresponding to no vectors of {xy, -+ ,X;,} and
j = s, corresponding to all the yj, results in the above equation holding. If j > 0 then m < s

and so
m J
X4l = E apXy + E biz;
k=1 i=1

Not all the b; can equal 0 and so you can solve for one of them in terms of x,, 11, X, -+ , X1,
and the other z,. Therefore, there exists

{Zlv"' 7zj71} g {Yh"' 7YS}
such that
span (Yh T ays) = Spall (Xla oy Xmeb1, 21,0 7Zj71)
contradicting the choice of j. Hence j = 0 and
Spal (ylv e 7YS) = Span (Xh T 7Xs)

It follows that
Xs4+1 € span (Xq, -+ ,Xg)

contrary to the assumption the xj are linearly independent. Therefore, r < s as claimed. W

Definition 2.6.5 A finite set of vectors, {x1,- - ,X,} is a basis for F"™ if span (x1,- - ,X,) =
F™ and {x1, - ,X,} is linearly independent.

Corollary 2.6.6 Let {x1,--,X,} and {y1, -+ ,ys} be two bases' of F*. Thenr =s=n.

Proof: From the exchange theorem, r < s and s < r. Now note the vectors,

1 is in the i*" slot

67;:(0,"' 7071a0"' )O)

fori=1,2,--- ,n are a basis for F”. B
Lemma 2.6.7 Let {vy,---,v,} be a set of vectors. Then V = span(vy,---,V,) is a sub-
space.

Proof: Suppose «, 8 are two scalars and let 22:1 ¢,V and 22:1 di v} are two elements

of V. What about . i,
« Z CcpVE + 8 Z dpvy?
k=1 k=1

Is it also in V'? .

achvk +5devk = Z(ack +ﬂdk)vk eV
k=1 k=1

k=1

so the answer is yes.

Definition 2.6.8 A finite set of vectors, {x1, - ,X,} is a basis for a subspace V' of F" if
span (x1, -+ ,X,) =V and {x1, - ,X,-} is linearly independent.

Corollary 2.6.9 Let {x1, - ,x%,} and {y1, -+ ,ys} be two bases for V. Then r = s.
Proof: From the exchange theorem, r < sand s <r.

Definition 2.6.10 Let V' be a subspace of ™. Then dim (V') read as the dimension of V
is the number of vectors in a basis.

1This is the plural form of basis. We could say basiss but it would involve an inordinate amount of
hissing as in “The sixth shiek’s sixth sheep is sick”. This is the reason that bases is used instead of basiss.
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Of course you should wonder right now whether an arbitrary subspace even has a basis.
In fact it does and this is in the next theorem. First, here is an interesting lemma.

Lemma 2.6.11 Suppose v ¢ span (uy,---,u) and {uy,--- ,ui} is linearly independent.
Then {uy,--- ,ug, v} is also linearly independent.

Proof: Suppose Zle cu; + dv = 0. It is required to verify that each ¢; = 0 and
that d = 0. But if d # 0, then you can solve for v as a linear combination of the vectors,

{ul’... ,uk}, .
R

i=1

contrary to assumption. Therefore, d = 0. But then Zle c;u; = 0 and the linear indepen-
dence of {uy,--- ,ux} implies each ¢; = 0 also. W

Theorem 2.6.12 Let V' be a nonzero subspace of ™. Then V has a basis.

Proof: Let vi € V where vi # 0. If span{v1} = V, stop. {vi} is a basis for V.
Otherwise, there exists vo € V' which is not in span{v;}. By Lemma 2.6.11 {vq,v2} is a
linearly independent set of vectors. If span{vy,va} = V stop, {vi,vsa} is a basis for V. If
span{vy,va} # V, then there exists vs ¢ span{vy,va} and {vi,va,v3} is a larger linearly
independent set of vectors. Continuing this way, the process must stop before n + 1 steps
because if not, it would be possible to obtain n + 1 linearly independent vectors contrary to
the exchange theorem. W

In words the following corollary states that any linearly independent set of vectors can
be enlarged to form a basis.
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Corollary 2.6.13 Let V be a subspace of F™ and let {vy,--- ,v,} be a linearly independent
set of vectors in V. Then either it is a basis for V' or there exist vectors, V41, -+ ,Vs such
that {vi, -+ ,Vp, Vpp1, -+ ,Vs} is a basis for V.

Proof: This follows immediately from the proof of Theorem 2.6.12. You do exactly the
same argument except you start with {vy,---,v,} rather than {v;}. B
It is also true that any spanning set of vectors can be restricted to obtain a basis.

Theorem 2.6.14 Let V be a subspace of F" and suppose span(ui---,u,) = V where
the u; are nonzero vectors. Then there exist vectors {vy---,v,} such that {vi---,v,} C
{uy - ,u,} and {vi---,v,} is a basis for V.

Proof: Let r be the smallest positive integer with the property that for some set

{Vl... 7VT}g{u1'.' 7]_lp}7
span (vy---,v,) =W

Then r < p and it must be the case that {vy---,v,} is linearly independent because if it
were not so, one of the vectors, say vi would be a linear combination of the others. But
then you could delete this vector from {vy---,v,} and the resulting list of r — 1 vectors

would still span V' contrary to the definition of r. Il

2.7 An Application To Matrices

The following is a theorem of major significance.

Theorem 2.7.1 Suppose A is an n X n matriz. Then A is one to one (injective) if and
only if A is onto (surjective). Also, if B is an n X n matriz and AB = I, then it follows
BA=1.

Proof: First suppose A is one to one. Consider the vectors, {Aey,--- , Ae,} where ey

is the column vector which is all zeros except for a 1 in the k" position. This set of vectors
is linearly independent because if
n
Z ck.Aek = 0,
k=1

then since A is linear,
n
A (Z ckek> =0
k=1

and since A is one to one, it follows

n
E Crer = 0
k=1

which implies each ¢, = 0 because the e are clearly linearly independent.

Therefore, {Aeq,---, Ae,} must be a basis for F” because if not there would exist a
vector, y ¢ span (Aeq,- .-, Ae,) and then by Lemma 2.6.11, {Aey,--- , Ae,,y} would be
an independent set of vectors having n + 1 vectors in it, contrary to the exchange theorem.
It follows that for y € F™ there exist constants, ¢; such that

Yy :Z ckAek =A (Z ckek>
k=1 k=1

showing that, since y was arbitrary, A is onto.
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Next suppose A is onto. This means the span of the columns of A equals F". If these
columns are not linearly independent, then by Lemma 2.6.3 on Page 63, one of the columns
is a linear combination of the others and so the span of the columns of A equals the span of
the n—1 other columns. This violates the exchange theorem because {ey, - ,e,, } would be
a linearly independent set of vectors contained in the span of only n — 1 vectors. Therefore,
the columns of A must be independent and this is equivalent to saying that Ax = 0 if and
only if x = 0. This implies A is one to one because if Ax = Ay, then A (x —y) =0 and so
x—y=0.

Now suppose AB = I. Why is BA = I? Since AB = I it follows B is one to one since
otherwise, there would exist, x # 0 such that Bx =0 and then ABx = A0=0 # Ix.
Therefore, from what was just shown, B is also onto. In addition to this, A must be one
to one because if Ay = 0, then y = Bx for some x and then x = ABx = Ay = 0 showing
y = 0. Now from what is given to be so, it follows (AB) A = A and so using the associative
law for matrix multiplication,

A(BA) —A=A(BA-1I)=0.

But this means (BA — I) x = 0 for all x since otherwise, A would not be one to one. Hence
BA =1 as claimed. B
This theorem shows that if an n x n matrix B acts like an inverse when multiplied on
one side of A, it follows that B = A~'and it will act like an inverse on both sides of A.
The conclusion of this theorem pertains to square matrices only. For example, let

Lo 1 0 0
A= 0 1 ,B:< ) (2.27)
1 1 -1
1 0
Then
BA_<1 0)
0 1
but
1 0 O
AB = 1 1 -1
1 0 0

2.8 Matrices And Calculus

The study of moving coordinate systems gives a non trivial example of the usefulness of the
ideas involving linear transformations and matrices. To begin with, here is the concept of
the product rule extended to matrix multiplication.

Definition 2.8.1 Let A(t) be an m x n matriz. Say A(t) = (Ai; (t)). Suppose also that
A;; (t) is a differentiable function for all i,j. Then define A’ (t) = (Agj (t)). That is, A’ (t)
is the matriz which consists of replacing each entry by its derivative. Such an m X n matrix
in which the entries are differentiable functions is called a differentiable matrix.

The next lemma is just a version of the product rule.

Lemma 2.8.2 Let A(t) be an m x n matriz and let B (t) be an n X p matriz with the
property that all the entries of these matrices are differentiable functions. Then

(AW B () =A () B({t)+A{t)B (¢).
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Proof: This is like the usual proof.

(A(t+h)B({t+h)—A(t)B(t) =

S =

(A(t+h)B(t—|—h)—A(t+h)B(t))+%(A(t+h)B(t)—A(t)B(t))

B(t+h)—B() A({t+h)—A()
+
h h
and now, using the fact that the entries of the matrices are all differentiable, one can pass
to a limit in both sides as h — 0 and conclude that

S =

= A(t+h) B(t)

(AW)B@®) =A' () B{t)+A(t)B' (tH)m

2.8.1 The Coriolis Acceleration

Imagine a point on the surface of the earth. Now consider unit vectors, one pointing South,
one pointing East and one pointing directly away from the center of the earth.

v
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Denote the first as i, the second as j, and the third as k. If you are standing on the earth
you will consider these vectors as fixed, but of course they are not. As the earth turns, they
change direction and so each is in reality a function of ¢. Nevertheless, it is with respect
to these apparently fixed vectors that you wish to understand acceleration, velocities, and
displacements.

In general, let i*, j*, k* be the usual fixed vectors in space and let i (¢),j (¢),k (¢) be an
orthonormal basis of vectors for each ¢, like the vectors described in the first paragraph.
It is assumed these vectors are C'! functions of . Letting the positive 2 axis extend in the
direction of i (¢), the positive y axis extend in the direction of j (), and the positive z axis
extend in the direction of k (¢), yields a moving coordinate system. Now let u be a vector
and let ty be some reference time. For example you could let tg = 0. Then define the
components of u with respect to these vectors, i, j, k at time ¢y as

u = uti(tg) +u?j (to) + vk (to) .

Let u (¢) be defined as the vector which has the same components with respect to i, j, k but
at time t. Thus
u(t) = ulit) +u?j(t) + u’k (t).

and the vector has changed although the components have not.

This is exactly the situation in the case of the apparently fixed basis vectors on the earth
if u is a position vector from the given spot on the earth’s surface to a point regarded as
fixed with the earth due to its keeping the same coordinates relative to the coordinate axes
which are fixed with the earth. Now define a linear transformation @ (t) mapping R? to R?
by

Q) u=u'i(t) +u?j(t) + v’k (2)

where
u = u'i(to) + u?j (to) + u’k (to)

Thus letting v be a vector defined in the same manner as u and «, 3, scalars,

Q (t) (au+ Bv) = (au' + Bo')i(t) + (au® + Bo?) j(t) + (au® + Bv*) k(t)

(au'i(t) + au?j (t) + au’k (1)) + (Bv'i(t) + Bv°j (t) + B’k (t))
= a(u'i®) +u% @) +aPk (@) + B8 (v'i(t) + 0% () + 0k ()
aQ (t)u+ Q) v

showing that @ (¢) is a linear transformation. Also, @ (t) preserves all distances because,
since the vectors, i(¢t),j (¢),k (t) form an orthonormal set,

Q (1) u| = (Z <ui)2)1/2 = Jul.

i=1

Lemma 2.8.3 Suppose Q (t) is a real, differentiable n x n matriz which preserves distances.
Then Q (1) Q ()" = Q ()" Q (t) = I. Also, if u(t) = Q (t) u, then there exists a vector, Q2 (t)
such that

u () =Q() xul(t).

The symbol x refers to the cross product.

Proof: Recall that (z-w) = % <|z +w|— |z — W|2) . Therefore,

(I0® @+w)F - 1Q) (u-w)*)

(ju+wf* = ju - wf*)

u-w).

QOuwQt)w) =

R N

Il
—
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This implies
(" QWu-w) = (u-w)

for all u, w. Therefore, Q ()" Q () u =uand so Q (t)" Q (t) = Q (t) Q (t)" = I. This proves
the first part of the lemma.
It follows from the product rule, Lemma 2.8.2 that

QWM +QMQ 1) =0
and so
Qmem =-(@mwen’) . (2.28)
From the definition, @ (t)u=u(t),

u () =Q (Hu=Q" (1) Q1) u().

Then writing the matrix of Q' (t) Q (t)" with respect to fixed in space orthonormal basis
vectors, i*,j*,k*, where these are the usual basis vectors for R3, it follows from 2.28 that
the matrix of Q' (t) Q (t)” is of the form

0 —Wws (t) wo (t)
ws (t) 0 —W1 (t)
—W29 (t) w1 (t) 0

for some time dependent scalars w;. Therefore,

/

ul 0 —ws (t) w2 (¥) ul
u? | ()= ws(t) 0 —w1 (t) u? | (¢)
u? —wa (t)  wi (¥) 0 u?

where the u® are the components of the vector u (¢) in terms of the fixed vectors i*,j*, k*.
Therefore,

() =) xut)=Q 1)Q®) u() (2:29)
where
Q () = wy () i"+ws () +ws (t) k*
because
l* J* k*
Q) xut)=| wy wy wy |=
1 2 3

i* (w2u3 — w3u2) +j* (’LU3U1 — w?) + k* (w1u2 — wgul) .
This proves the lemma and yields the existence part of the following theorem. B

Theorem 2.8.4 Leti(t),j(t),k(t) be as described. Then there exists a unique vector € (t)
such that if u (t) is a vector whose components are constant with respect to i(t),j(t),k (¢),
then

u' (t)=Q(t) xu(t).

Proof: It only remains to prove uniqueness. Suppose 5 also works. Thenu (t) = Q (t)u
and so v’ (¢) = Q' (t) u and

Q' (Hu=2xQHu=0xQt)u

for all u. Therefore,
2-Q)xQ(t)u=0

for all u and since @ (¢) is one to one and onto, this implies (2 — 1) xw = 0 for all w and
thus @ —Q; =0. 1
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Now let R (t) be a position vector and let
r(t)=R(t)+rp(t)

where
rp(t)=xO)i®)+y @) +z (@) k().

I‘B(t)

In the example of the earth, R (¢) is the position vector of a point p (¢) on the earth’s
surface and rp (t) is the position vector of another point from p (¢), thus regarding p (¢)
as the origin. rp (¢) is the position vector of a point as perceived by the observer on the
earth with respect to the vectors he thinks of as fixed. Similarly, vp (¢) and ap (t) will be
the velocity and acceleration relative to i(t),j(t),k(¢), and so vg = 2'i + ¢'j + 2’k and
ag =2"i + 9"j + 2"k. Then

v=r =R +2i+yj+ ktai’ +yj + 2k

By, 2.29, if e € {i,j,k}, € = Q X e because the components of these vectors with respect
to i, j, k are constant. Therefore,

zi’ +yj +2k = 2Qxi+yQxj+ 22 xk
= Qx(zi+yj+zk)
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and consequently,
v=R +2i+yj+7k+Qxrg=R +2i+9j+ 2’k +Qx (2i+yj + zk).

Now consider the acceleration. Quantities which are relative to the moving coordinate
system and quantities which are relative to a fixed coordinate system are distinguished by
using the subscript B on those relative to the moving coordinate system.

QxXvp
—~
a—= v/ — R//_'_x//i_’_y//j +Z”k+x/i/ +y/j/ +Z/k/+ Q/ X rB

vE Qxrp(t)

+Qx | 21+ 9§+ ka2t + yj’ + 2K

:RII+aB+QIXrB+2QXVB-i-QX(QXI'B).

The acceleration ap is that perceived by an observer who is moving with the moving coor-
dinate system and for whom the moving coordinate system is fixed. The term Qx (2 x rp)
is called the centripetal acceleration. Solving for ap,

aB:a—R”—Q’xrB—QvaB—Qx(erB). (230)

Here the term — (2% (Q x rp)) is called the centrifugal acceleration, it being an acceleration
felt by the observer relative to the moving coordinate system which he regards as fixed, and
the term —2€ x vp is called the Coriolis acceleration, an acceleration experienced by the
observer as he moves relative to the moving coordinate system. The mass multiplied by the
Coriolis acceleration defines the Coriolis force.

There is a ride found in some amusement parks in which the victims stand next to
a circular wall covered with a carpet or some rough material. Then the whole circular
room begins to revolve faster and faster. At some point, the bottom drops out and the
victims are held in place by friction. The force they feel is called centrifugal force and it
causes centrifugal acceleration. It is not necessary to move relative to coordinates fixed with
the revolving wall in order to feel this force and it is pretty predictable. However, if the
nauseated victim moves relative to the rotating wall, he will feel the effects of the Coriolis
force and this force is really strange. The difference between these forces is that the Coriolis
force is caused by movement relative to the moving coordinate system and the centrifugal
force is not.

2.8.2 The Coriolis Acceleration On The Rotating Earth

Now consider the earth. Let i*,j*, k™, be the usual basis vectors fixed in space with k*
pointing in the direction of the north pole from the center of the earth and let i, j, k be the
unit vectors described earlier with i pointing South, j pointing East, and k pointing away
from the center of the earth at some point of the rotating earth’s surface p. Letting R (¢) be
the position vector of the point p, from the center of the earth, observe the coordinates of
R (t) are constant with respect to i(t),j(¢),k(¢). Also, since the earth rotates from West
to East and the speed of a point on the surface of the earth relative to an observer fixed in
space is w |R|sin ¢ where w is the angular speed of the earth about an axis through the poles
and ¢ is the polar angle measured from the positive z axis down as in spherical coordinates.
It follows from the geometric definition of the cross product that

R =wk* xR
Therefore, the vector of Theorem 2.8.4 is 2 = wk* and so

=0
"o / ’
R'= @ xR+ QxR =Qx (2 xR)
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since 2 does not depend on t. Formula 2.30 implies
ap=a—Ox (2 xR)-2Q xvp —Ox (2 xrp). (2.31)

In this formula, you can totally ignore the term ©2x (€2 x rg) because it is so small when-

ever you are considering motion near some point on the earth’s surface. To see this, note
seconds in a day

w (24) (3600) = 2w, and so w = 7.2722 x 10~° in radians per second. If you are using
seconds to measure time and feet to measure distance, this term is therefore, no larger than

(7.2722 x 107°)? e .

Clearly this is not worth considering in the presence of the acceleration due to gravity which
is approximately 32 feet per second squared near the surface of the earth.
If the acceleration a is due to gravity, then

ap=a—Ox (@ xR)—-2Q xvp =

=g
_GM (R—I— I‘B)
‘R—‘r I‘B|3

—Ox (2 xR)—2Q2xvp=g—2Q X vp.

Note that
OQx (2 xR)=(2-R)Q—|Q°R

and so g, the acceleration relative to the moving coordinate system on the earth is not
directed exactly toward the center of the earth except at the poles and at the equator,
although the components of acceleration which are in other directions are very small when
compared with the acceleration due to the force of gravity and are often neglected. There-
fore, if the only force acting on an object is due to gravity, the following formula describes
the acceleration relative to a coordinate system moving with the earth’s surface.

ap=g—2(Qxvp)

While the vector €2 is quite small, if the relative velocity, vp is large, the Coriolis acceleration
could be significant. This is described in terms of the vectors i (¢),j (¢),k (t) next.

Letting (p,0,¢) be the usual spherical coordinates of the point p (¢) on the surface
taken with respect to i*,j*, k* the usual way with ¢ the polar angle, it follows the i*,j*, k*
coordinates of this point are

psin (¢) cos (9)
psin (¢) sin (0)
pcos ()
It follows,
i =cos (¢) cos (0)i* + cos (¢)sin (0) j* — sin (¢) k™
j=—sin(0)i* + cos(0)j* + Ok™
and

k =sin (¢) cos () i* + sin (¢) sin (6) j* + cos (¢) k*.

It is necessary to obtain k* in terms of the vectors, i,j, k. Thus the following equation
needs to be solved for a, b, ¢ to find k* = ai+bj+ck

/—ljﬁ
0 cos (¢) cos () —sin(f) sin(¢)cos(6)
0 | =| cos(@)sin(f) cos(f) sin(¢)sin(6) b (2.32)
1 —sin () 0 cos (@) c

The first column is i, the second is j and the third is k in the above matrix. The solution
isa = —sin(¢),b=0, and ¢ = cos (¢).
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Now the Coriolis acceleration on the earth equals
K

2(Q x vp) =2w | —sin(¢)i+0j+ cos () k | x (z/i+y'j+2'k).

This equals
2w [(—y' cos @) i+ (2" cosp + 2" sing) j — (' sin @) k] . (2.33)

Remember ¢ is fixed and pertains to the fixed point, p (¢) on the earth’s surface. Therefore,
if the acceleration a is due to gravity,

ap = g—2w[(—y cos @) i+ (' cos g + 2’ sin @) j — (v’ sin @) k]

where g = _% —Qx (2 x R) as explained above. The term Qx (Q x R) is pretty

small and so it will be neglected. However, the Coriolis force will not be neglected.
Example 2.8.5 Suppose a rock is dropped from a tall building. Where will it strike?
Assume a = —gk and the j component of ag is approximately
—2w (z' cos ¢ + 2’ sin @) .

The dominant term in this expression is clearly the second one because z’ will be small.
Also, the i and k contributions will be very small. Therefore, the following equation is
descriptive of the situation.

ap = —gk—27'wsin ¢j.
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2/ = —gt approximately. Therefore, considering the j component, this is

2gtw sin ¢.

Two integrations give (wgt3 /3) sin ¢ for the j component of the relative displacement at
time t.

This shows the rock does not fall directly towards the center of the earth as expected
but slightly to the east.

Example 2.8.6 In 1851 Foucault set a pendulum vibrating and observed the earth rotate
out from under it. It was a very long pendulum with a heavy weight at the end so that it
would vibrate for a long time without stopping®. This is what allowed him to observe the
earth rotate out from under it. Clearly such a pendulum will take 24 hours for the plane of
vibration to appear to make one complete revolution at the north pole. It is also reasonable
to expect that no such observed rotation would take place on the equator. Is it possible to
predict what will take place at various latitudes?

Using 2.33, in 2.31,
agp=a—Ox (2 xR)
—2w [(—y cos @) i+ (' cos ¢ + 2’ sing) j — (v sinp) k]| .
Neglecting the small term, Qx (€2 x R), this becomes

= —gk + T/m—2w [(—y cos ¢) i+ (2’ cos ¢ + 2’ sin @) j — (v’ sin @) k]

where T, the tension in the string of the pendulum, is directed towards the point at which
the pendulum is supported, and m is the mass of the pendulum bob. The pendulum can be
thought of as the position vector from (0,0, 1) to the surface of the sphere #2432+ (z — 1)? =
12. Therefore,

l _
T = —T%—T%HTTZk

and consequently, the differential equations of relative motion are
" o_ i /
' = —-T— 4 2wy’ cos ¢
ml
Yy’ = By (2’ cos ¢ + 2’ sin @)
ml
and

I
=T 2 _ g + 2wy’ sin ¢.
ml

If the vibrations of the pendulum are small so that for practical purposes, z”” = z = 0, the
last equation may be solved for T to get

gm — 2wy’ sin (@) m = T.
Therefore, the first two equations become

2 = — (gm — 2wmy’ sin ¢) il + 2wy’ cos ¢
m

and
"

y" = — (gm — 2wmy’ sin ¢) il — 2w (2" cos p + 2’ sin ) .
m

All terms of the form zy’ or y'y can be neglected because it is assumed z and y remain
small. Also, the pendulum is assumed to be long with a heavy weight so that ' and y’ are
also small. With these simplifying assumptions, the equations of motion become

x4 g% = 2wy’ cos ¢

2There is such a pendulum in the Eyring building at BYU and to keep people from touching it, there is
a little sign which says Warning! 1000 ohms.

Download free eBooks at bookboon.com



and

Yy + g% = —2wz’ cos ¢.

These equations are of the form

' +adx =by, v +a’y = —ba’ (2.34)
where a? = 9 and b = 2w cos ¢. Then it is fairly tedious but routine to verify that for each
constant, c,

. (bt . [ Vb2 + 4a? bt\ . [ Vb + 4a?
z=csin| o |sin ft » y=ccos{ o |sin #t (2.35)

yields a solution to 2.34 along with the initial conditions,

cVb? + 4a?
—

It is clear from experiments with the pendulum that the earth does indeed rotate out from
under it causing the plane of vibration of the pendulum to appear to rotate. The purpose
of this discussion is not to establish these self evident facts but to predict how long it takes
for the plane of vibration to make one revolution. Therefore, there will be some instant in
time at which the pendulum will be vibrating in a plane determined by k and j. (Recall
k points away from the center of the earth and j points East. ) At this instant in time,
defined as t = 0, the conditions of 2.36 will hold for some value of ¢ and so the solution to
2.34 having these initial conditions will be those of 2.35 by uniqueness of the initial value
problem. Writing these solutions differently,

z(t) ) . sin (%) sin Vb2 + 4a2t
nows cos (&) 2
sin (b—zt)
cos (%)
but its direction changes very slowly because b is very small. The plane of vibration is

determined by this vector and the vector k. The term sin (7”’22"‘4(120 changes relatively fast

and takes values between —1 and 1. This is what describes the actual observed vibrations

of the pendulum. Thus the plane of vibration will have made one complete revolution when
t=T for

2 (0) =0,y (0) =0,2' (0) =0,y (0) = (2.36)

This is very interesting! The vector, c( ) always has magnitude equal to |c|

br
— = 27.
5 i
Therefore, the time it takes for the earth to turn out from under the pendulum is
4 27
= _——— = —seco.
2w cos ¢ w ¢
Since w is the angular speed of the rotating earth, it follows w = g—z = {5 in radians per

hour. Therefore, the above formula implies

T = 24 sec ¢.

I think this is really amazing. You could actually determine latitude, not by taking readings
with instruments using the North Star but by doing an experiment with a big pendulum.
You would set it vibrating, observe T in hours, and then solve the above equation for ¢.
Also note the pendulum would not appear to change its plane of vibration at the equator
because limg_, /5 sec ¢ = oo.

The Coriolis acceleration is also responsible for the phenomenon of the next example.

Example 2.8.7 It is known that low pressure areas rotate counterclockwise as seen from
above in the Northern hemisphere but clockwise in the Southern hemisphere. Why?

Neglect accelerations other than the Coriolis acceleration and the following acceleration
which comes from an assumption that the point p () is the location of the lowest pressure.

a= —a (’I“B) rp
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where rg = r will denote the distance from the fixed point p (¢) on the earth’s surface which
is also the lowest pressure point. Of course the situation could be more complicated but
this will suffice to explain the above question. Then the acceleration observed by a person
on the earth relative to the apparently fixed vectors, i, k, j, is

ap = —a(rp) (zityj+zk) — 2w [~y cos (¢) i+ (2" cos (¢) + 2’ sin (¢)) j— (v’ sin (¢) k)]

Therefore, one obtains some differential equations from ag = x”i + 3”j + 2’k by matching
the components. These are

2" +a(rg)r = 2wy cos¢
v +a(rg)y = —2wz'cosp — 2wz’ sin (¢)
2" +a(rg)z = 2wy sing

Now remember, the vectors, i, j, k are fixed relative to the earth and so are constant vectors.
Therefore, from the properties of the determinant and the above differential equations,
!/

i j ok i j k
(rIB > rB)/ = | 2 y/ o S y// S
T Yy =z T Yy =z

i j k

=| —a(rg)x+2wy cos¢p —a(rp)y— 2wz’ cosd — 2wz’ sin(¢) —a(rp)z+ 2wy sing
x y z
Then the k** component of this cross product equals

weos (¢) (y° + x2)l + 2wz sin (¢).
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The first term will be negative because it is assumed p (¢) is the location of low pressure
causing 52+ 22 to be a decreasing function. If it is assumed there is not a substantial motion
in the k direction, so that z is fairly constant and the last term can be neglected, then the
k" component of (r; x rp)’ is negative provided ¢ € (0, g) and positive if ¢ € (g,w).
Beginning with a point at rest, this implies r’z x rg = 0 initially and then the above implies
its k** component is negative in the upper hemisphere when ¢ < 7/2 and positive in the
lower hemisphere when ¢ > 7/2. Using the right hand and the geometric definition of the
cross product, this shows clockwise rotation in the lower hemisphere and counter clockwise
rotation in the upper hemisphere.

Note also that as ¢ gets close to 7/2 near the equator, the above reasoning tends to
break down because cos (¢) becomes close to zero. Therefore, the motion towards the low
pressure has to be more pronounced in comparison with the motion in the k direction in
order to draw this conclusion.

2.9 Exercises

1. Show the map T : R™ — R™ defined by T (x) = Ax where A is an m X n matrix and
x is an m x 1 column vector is a linear transformation.

2. Find the matrix for the linear transformation which rotates every vector in R? through
an angle of /3.

3. Find the matrix for the linear transformation which rotates every vector in R? through
an angle of /4.

4. Find the matrix for the linear transformation which rotates every vector in R? through
an angle of —7/3.

5. Find the matrix for the linear transformation which rotates every vector in R? through
an angle of 2m/3.

6. Find the matrix for the linear transformation which rotates every vector in R? through
an angle of 7/12. Hint: Note that 7/12 = 7/3 — 7 /4.

7. Find the matrix for the linear transformation which rotates every vector in R? through
an angle of 2m/3 and then reflects across the z axis.

8. Find the matrix for the linear transformation which rotates every vector in R? through
an angle of 7/3 and then reflects across the x axis.

9. Find the matrix for the linear transformation which rotates every vector in R? through
an angle of 7/4 and then reflects across the x axis.

10. Find the matrix for the linear transformation which rotates every vector in R? through
an angle of 7/6 and then reflects across the x axis followed by a reflection across the
Y axis.

11. Find the matrix for the linear transformation which reflects every vector in R? across
the z axis and then rotates every vector through an angle of 7/4.

12. Find the matrix for the linear transformation which rotates every vector in R? through
an angle of /4 and next reflects every vector across the x axis. Compare with the
above problem.

13. Find the matrix for the linear transformation which reflects every vector in R? across
the z axis and then rotates every vector through an angle of /6.

14. Find the matrix for the linear transformation which reflects every vector in R? across
the y axis and then rotates every vector through an angle of /6.

15. Find the matrix for the linear transformation which rotates every vector in R? through
an angle of 57/12. Hint: Note that 57/12 = 27/3 — 7/4.
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16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Find the matrix for proj, (v) where u = (1,-2,3)" .
Find the matrix for proj, (v) where u = (1,5,3)" .

Find the matrix for proj, (v) where u = (1,0,3)" .

Give an example of a 2 x 2 matrix A which has all its entries nonzero and satisfies
A? = A. A matrix which satisfies A2 = A is called idempotent.

Let A be an m x n matrix and let B be an n X m matrix where n < m. Show that
AB cannot have an inverse.

Find ker (A) for

1 2 3 2 1
A 0 2 1 1 2
1 4 4 3 3
0 211 2

Recall ker (A) is just the set of solutions to Ax = 0.

If A is a linear transformation, and Ax,= b, show that the general solution to the
equation Ax = b is of the form x, +y where y € ker (A). By this I mean to show that
whenever Az = b there exists y € ker (A) such that x, +y = z. For the definition of
ker (A) see Problem 21.

Using Problem 21, find the general solution to the following linear system.

X1

1 2 3 2 1 11
Z2

0 2 1 1 2 7
r3 | =

1 4 4 3 3 18
T4

0 2 1 1 2 7
Ts

Using Problem 21, find the general solution to the following linear system.

1

1 2 3 2 1 6
T2

02 1 1 2 7
I3 | =

1 4 4 3 3 13
Ty

0 2 1 1 2 7
Zs

Show that the function Ty, defined by Ty, (v) = v — proj,, (v) is also a linear transfor-
mation.

If u=(1, 2,3)T, as in Example 2.4.5 and Ty, is given in the above problem, find the
matrix A, which satisfies Ayx = Ty (x).

Let a be a fixed vector. The function T, defined by T,v = a+ v has the effect of
translating all vectors by adding a. Show this is not a linear transformation. Explain
why it is not possible to realize T, in R® by multiplying by a 3 x 3 matrix.

In spite of Problem 27 we can represent both translations and rotations by matrix
multiplication at the expense of using higher dimensions. This is done by the homo-
geneous coordinates. I will illustrate in R3 where most interest in this is found. For
each vector v = (v, vg, ’Ug)T , consider the vector in R* (vy,va, v3, l)T. What happens
when you do

1 0 0 a1 1
01 0 ag vy |,
0 0 1 as V3
0 0 0 1 1
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Describe how to consider both rotations and translations all at once by forming ap-
propriate 4 x 4 matrices.

29. You want to add ( 1 2 3 ) to every point in R? and then rotate about the x axis
clockwise through the angle of 30°. Find what happens to the point ( 1 1 1 )
30. You are given a linear transformation 7" : F* — F™ and you know that

Tai = bz

-1
where { a; --- a, exists. Show that the matrix A of T" with respect to the

usual basis vectors (Ax = Tx) must be of the form

(b1 bm)(aq . a, )_1

31. You have a linear transformation T and

1 5 -1 1
T 2 = 11,7 -1 =
—6 3 5 )
0 5
T -1 = 3
2 -2

Find the matrix of T". That is find A such that Tx = Ax.
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34.

35.

36.

37.

38.

39.

You have a linear transformation 7' and

1 3 ~1
T = |3 ]|,7 =
—7 3 6

0 1
T -1 | = 3
2 -1

Find the matrix of 7. That is find A such that Tx = Ax.

You have a linear transformation 7" and

1 5) -1 3
T 2 = 2 1,71 -1 =13
—18 ) 15 5
0 2
Tl -1 = )
4 -2

Find the matrix of T. That is find A such that Tx = Ax.

Suppose V is a subspace of F"* and T : V — FP is a nonzero linear transformation.
Show that there exists a basis for Im (T") = T'(V)

{Tvy, -, Tvpn}

and that in this situation,
{Vlv T ,Vm}

is linearly independent.

TIn the situation of Problem 36 where V is a subspace of F", show that there exists
{z1,--- ,2,} a basis for ker (T). (Recall Theorem 2.6.12. Since ker (T') is a subspace,
it has a basis.) Now for an arbitrary Tv € T (V) , explain why

Tv=a1Tvi+ - +an,Tvny
and why this implies
v —(a1vy + -+ amvim) € ker (T) .
Then explain why V = span (v, -+ ,V,,,Z1, " ,%,) .

1In the situation of the above problem, show {vy,---,v,,,Z, -, 2.} is a basis for V
and therefore, dim (V') = dim (ker (T)) + dim (T (V)) .

TLet A be a linear transformation from V to W and let B be a linear transformation
from W to U where V, W, U are all subspaces of some FP. Explain why

A (ker (BA)) C ker (B), ker (A) C ker (BA).

ker(BA)
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40.

41.
42.
43.

44.

1Let {x1,---,x,, } be abasis of ker (A) and let { Ay, -+, Ay} be a basis of A (ker (BA))
Let z € ker (BA) . Explain why

Az € span{Ay1, -+, Aym}
and why there exist scalars a; such that
Az = (ay1 4+ amym)) =0
and why it follows z — (a1y1 + -+ - + amym) € span{xy,--- ,x, }. Now explain why
ker (BA) Cspan{x1, -+ ,X,,,¥1," " »Ym}

and so
dim (ker (BA)) < dim (ker (B)) + dim (ker (A)).

This important inequality is due to Sylvester. Show that equality holds if and only if
A(ker BA) = ker(B).

Generalize the result of the previous problem to any finite product of linear mappings.
If W CV for W,V two subspaces of F” and if dim (W) = dim (V') , show W = V.
Let V be a subspace of F"and let V7, - | V,, be subspaces, each contained in V. Then
V=W &V, (2.37)
if every v € V can be written in a unique way in the form
V=U1+ -+ Uy

where each v; € V;. This is called a direct sum. If this uniqueness condition does not
hold, then one writes
V=vi+---4+V,

and this symbol means all vectors of the form
v1 4+ 4 v, vj € Vj for each j.
Show 2.37 is equivalent to saying that if
0=wvy+ -+ vy, v; €V for each j,

then each v; = 0. Next show that in the situation of 2.37, if 3; = {ull, e ,uﬁn} is a
basis for V;, then {84, -, 05,,} is a basis for V.

TSuppose you have finitely many linear mappings L1, La, -+ , L, which map V to V'
where V is a subspace of F" and suppose they commute. That is, L;L; = L;L; for all
i,7. Also suppose Ly, is one to one on ker (L;) whenever j # k. Letting P denote the
product of these linear transformations, P = LiLs -+ L,,, first show

ker (L) 4 - -+ + ker (L,,) C ker (P)
Next show L; : ker (L;) — ker (L;) . Then show
ker (L1) + -+ + ker (L,,) =ker (L1) ® --- @ ker (L,,) .
Using Sylvester’s theorem, and the result of Problem 42, show

ker (P) =ker (L1) @ --- @ ker (L)
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Hint: By Sylvester’s theorem and the above problem,
dim (ker (P)) < > dim (ker (L;))
= dim (ker (L1) & --- @ ker (L,,)) < dim (ker (P))

Now consider Problem 42.

45. Let M (F",F") denote the set of all n x n matrices having entries in F. With the usual
operations of matrix addition and scalar multiplications, explain why M (F” F™) can
be considered as F"°. Give a basis for M (F",F"). If A € M (F",F"), explain why
there exists a monic (leading coefficient equals 1) polynomial of the form

Mo ap N i +ag
such that
A a1 AR A+ agl =0

The minimal polynomial of A is the polynomial like the above, for which p(4) =0
which has smallest degree. I will discuss the uniqueness of this polynomial later. Hint:
Consider the matrices I, A, A2, --- ,A”z. There are n? 4 1 of these matrices. Can they
be linearly independent? Now consider all polynomials and pick one of smallest degree
and then divide by the leading coefficient.

46. TSuppose the field of scalars is C and A is an n X n matrix. From the preceding
problem, and the fundamental theorem of algebra, this minimal polynomial factors

A=2)" A=) (A= 2p)™

Click here §
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47.

48.

49.

50.

where r; is the algebraic multiplicity of );, and the A; are distinct. Thus
(A= D" (A=XD)? - (A= XND)"™" =0

and so, letting P = (A—MI)" (A—XD)™ - (A= X\eI)™ and L; = (A—M\I)"
apply the result of Problem 44 to verify that

C"=ker(Ly) ®--- @ker (L)

and that A : ker (L;) — ker (L;). In this context, ker (L) is called the generalized
eigenspace for A;. You need to verify the conditions of the result of this problem hold.

In the context of Problem 46, show there exists a nonzero vector x such that
(A — )\jI) x=0.

This is called an eigenvector and the A; is called an eigenvalue. Hint:There must exist
a vector y such that

(A= (A=XaD)? (A= N1 (A= N D)™ y=2#0
Why? Now what happens if you do (A — A;1) to z?

Suppose @ (t) is an orthogonal matrix. This means @ (t) is a real n x n matrix which
satisfies

QWM =1
Suppose also the entries of @ (¢) are differentiable. Show (QT)/ =-QTQ'Q".

Remember the Coriolis force was 2§2 X vg where  was a particular vector which
came from the matrix @ (¢) as described above. Show that

i(t)-i(to) Jj(t)-i(to) k(t)-i(to)
Q)= i(t)-ilt)) §(t)-ilte) k(t)-ilto)
() -k(to) J(t)-k(to) k(t)-ki(to)

There will be no Coriolis force exactly when €2 = 0 which corresponds to @’ (t) = 0.
When will @’ (t) = 07

An illustration used in many beginning physics books is that of firing a rifle hori-
zontally and dropping an identical bullet from the same height above the perfectly
flat ground followed by an assertion that the two bullets will hit the ground at ex-
actly the same time. Is this true on the rotating earth assuming the experiment
takes place over a large perfectly flat field so the curvature of the earth is not an
issue? Explain. What other irregularities will occur? Recall the Coriolis acceleration
is 2w [(—y' cos @) i+ (2’ cos ¢ + 2’ sin @) j — (v’ sin ) k] where k points away from the
center of the earth, j points East, and i points South.
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Chapter 3

Determinants

3.1 Basic Techniques And Properties

Let A be an n x n matrix. The determinant of A, denoted as det (A4) is a number. If the
matrix is a 2x2 matrix, this number is very easy to find.

Definition 3.1.1 Let A = ( “ Z ) . Then
c

det (A) = ad — cb.

The determinant is also often denoted by enclosing the matriz with two vertical lines. Thus
b b
det ( “ > =
c d

c d
) 2 4
Example 3.1.2 Find det ( ) .

-1 6

From the definition this is just (2) (6) — (—1) (4) = 16.
Assuming the determinant has been defined for k x k matrices for &k < n — 1, it is now
time to define it for n x n matrices.

Definition 3.1.3 Let A = (a;;) be an n x n matriz. Then a new matriz called the cofactor
matriz, cof (A) is defined by cof (A) = (c;;) where to obtain c;; delete the i'" row and the
§t column of A, take the determinant of the (n — 1) x (n — 1) matriz which results, (This
is called the ij™" minor of A. ) and then multiply this number by (—1)i+j. To make the

formulas easier to remember, cof (A).. will denote the ijt" entry of the cofactor matriz.
ij

Now here is the definition of the determinant given recursively.

Theorem 3.1.4 Let A be an n X n matriz where n > 2. Then
n n
det (A) = Z aijcof (A);; = Z aijcof (4),; . (3.1)
j=1 i=1

The first formula consists of expanding the determinant along the it" row and the second
expands the determinant along the 7% column.

Note that for a n x n matrix, you will need n! terms to evaluate the determinant in this
way. If n = 10, this is 10! = 3,628,800 terms. This is a lot of terms.

In addition to the difficulties just discussed, why is the determinant well defined? Why
should you get the same thing when you expand along any row or column? I think you
should regard this claim that you always get the same answer by picking any row or column
with considerable skepticism. It is incredible and not at all obvious. However, it requires
a little effort to establish it. This is done in the section on the theory of the determinant
which follows.

Notwithstanding the difficulties involved in using the method of Laplace expansion,
certain types of matrices are very easy to deal with.
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Definition 3.1.5 A matriz M, is upper triangular if M;; = 0 whenever i > j. Thus such
a matriz equals zero below the main diagonal, the entries of the form M;;, as shown.

0 *

A lower triangular matrixz is defined similarly as a matriz for which all entries above the
main diagonal are equal to zero.

You should verify the following using the above theorem on Laplace expansion.

Corollary 3.1.6 Let M be an upper (lower) triangular matriz. Then det (M) is obtained
by taking the product of the entries on the main diagonal.

Proof: The corollary is true if the matrix is one to one. Suppose it is n x n. Then the

matrix is of the form
mi1 a
0 M

where M; is (n — 1) x (n — 1) . Then expanding along the first row, you get my; det (M;)+0.
Then use the induction hypothesis to obtain that det (M) = [/, m;;. B

Example 3.1.7 Let
(i

7
33.7
-1

S O O
O O NN
S W o W

How will people travel in the future, and
how will goods be transported? What re-
sources will we use, and how many will
we need? The passenger and freight traf-
fic sector is developing rapidly, and we

provide the impetus for innovation and
movement. We develop components and
systems for internal combustion engines
that operate more cleanly and more ef-
ficiently than ever before. We are also
pushing forward technologies that are
bringing hybrid vehicles and alternative
drivesinto a new dimension — for private,
corporate, and public use. The challeng-
es are great. We deliver the solutions and

—_

= offer challenging jobs.
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Find det (A).

From the above corollary, this is —6.
There are many properties satisfied by determinants. Some of the most important are
listed in the following theorem.

Theorem 3.1.8 If two rows or two columns in an n X n matrix A are switched, the deter-
minant of the resulting matriz equals (—1) times the determinant of the original matriz. If
A is an n X n matriz in which two rows are equal or two columns are equal then det (A) = 0.
Suppose the i'" row of A equals (vay + yby,--- ,xa, + yb,). Then

det (A) = xdet (A1) + ydet (Az)

where the i row of Ay is (a1, ,an) and the it row of As is (b1, ,by), all other rows
of A1 and As coinciding with those of A. In other words, det is a linear function of each
row A. The same is true with the word “row” replaced with the word “column”. In addition
to this, if A and B are n X n matrices, then

det (AB) = det (A) det (B),
and if A is an n X n matriz, then
det (A) = det (AT).

This theorem implies the following corollary which gives a way to find determinants. As
I pointed out above, the method of Laplace expansion will not be practical for any matrix
of large size.

Corollary 3.1.9 Let A be an nxn matriz and let B be the matriz obtained by replacing the
it" row (column) of A with the sum of the i'" row (column) added to a multiple of another
row (column). Then det (A) = det (B). If B is the matriz obtained from A be replacing the
it" row (column) of A by a times the i*" row (column) then adet (A) = det (B).

Here is an example which shows how to use this corollary to find a determinant.
Example 3.1.10 Find the determinant of the matriz
1 21
1 2 2
1 1 3

First take —1 times the first row and add to the second and the third. The resulting
matrix is

1 2 1
0 O
0 -1 2

get

1 2 1
0 -1 2
0 0 1

It has determinant which is —1 times the determinant of the original matrix. Hence the
original matrix has determinant equal to 1.

The theorem about expanding a matrix along any row or column also provides a way to
give a formula for the inverse of a matrix. Recall the definition of the inverse of a matrix
in Definition 2.1.22 on Page 50. The following theorem gives a formula for the inverse of a
matrix. It is proved in the next section.

Download free eBooks at bookboon.com



Theorem 3.1.11 A~ exists if and only if det(A) # 0. If det(A) # 0, then A~ = (a;jl)
where
a;;t = det(A) " cof (A),

J Jt
for cof (A),; the it cofactor of A.

Theorem 3.1.11 says that to find the inverse, take the transpose of the cofactor matrix
and divide by the determinant. The transpose of the cofactor matrix is called the adjugate
or sometimes the classical adjoint of the matrix A. It is an abomination to call it the adjoint
although you do sometimes see it referred to in this way. In words, A~' is equal to one over
the determinant of A times the adjugate matrix of A.

Example 3.1.12 Find the inverse of the matriz

1
A=1 3
1

N O N

3
1
1

First find the determinant of this matrix. This is seen to be 12. The cofactor matrix of
A is

-2 -2 6
4 -2 0
2 8§ —6

Each entry of A was replaced by its cofactor. Therefore, from the above theorem, the inverse
of A should equal

T 1 1 1

L[ 2 206 ~5 3 &
12 5 T8 3
2 8 —6 1o -1

This way of finding inverses is especially useful in the case where it is desired to find the
inverse of a matrix whose entries are functions.

Example 3.1.13 Suppose

et 0 0
A({t)y=1] 0 cost sint
0 —sint cost

Find A(t)".

First note det (A (t)) = e'. A routine computation using the above theorem shows that
this inverse is

T
1 1 0 0 et 0 0
" 0 elcost elsint = 0 cost —sint
0 —elsint efcost 0 sint cost

This formula for the inverse also implies a famous procedure known as Cramer’s rule.
Cramer’s rule gives a formula for the solutions, x, to a system of equations, Ax =y.
In case you are solving a system of equations, Ax =y for x, it follows that if A~! exists,

x=(AT"A)x=A""(Ax) = A"y

thus solving the system. Now in the case that A~! exists, there is a formula for A~! given
above. Using this formula,

n - n 1
T; = Z a’ijlyj = Z m cof (A)ﬂ Yj.
j=1 j=1
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By the formula for the expansion of a determinant along a column,

* ... yl e *
I . .
T, = — de . : . ,
" det (A) : : :
* e yn ... *
where here the i*" column of A is replaced with the column vector, (y -, y")T, and the

determinant of this modified matrix is taken and divided by det (A). This formula is known
as Cramer’s rule.

Procedure 3.1.14 Suppose A is an n X n matriz and it is desired to solve the system

Ax=y,y = (y1, -~ ,yn)T forx = (z1, - ,mn)T . Then Cramer’s rule says
det Al
€T; =
det A
where A; is obtained from A by replacing the it" column of A with the column (yi, - - - 7yn)T

The following theorem is of fundamental importance and ties together many of the ideas
presented above. It is proved in the next section.

Theorem 3.1.15 Let A be an n X n matriz. Then the following are equivalent.
1. A is one to one.
2. A is onto.
3. det (A) # 0.
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3.2 Exercises

1.

10.

11.

12.

Find the determinants of the following matrices.

1 2 3

(a) 3 2 2 | (The answer is 31.)
09 8
4 3 2

(b) | 1 7 8 |(The answer is 375.)
3 -9 3
1 2 3 2
1 3 2 3

(c) , (The answer is —2.)
4 1 5 0
1 2 1 2

If A=! exist, what is the relationship between det (A) and det (A~!). Explain your
answer.

Let A be an n x n matrix where n is odd. Suppose also that A is skew symmetric.
This means A7 = —A. Show that det(A4) = 0.

Is it true that det (A 4+ B) = det (A) + det (B)? If this is so, explain why it is so and
if it is not so, give a counter example.

Let A be an r x r matrix and suppose there are r — 1 rows (columns) such that all rows
(columns) are linear combinations of these r — 1 rows (columns). Show det (A) = 0.

Show det (aA) = a™ det (A) where here A is an n x n matrix and a is a scalar.

Suppose A is an upper triangular matrix. Show that A~! exists if and only if all
elements of the main diagonal are non zero. Is it true that A~! will also be upper
triangular? Explain. Is everything the same for lower triangular matrices?

Let A and B be two n X n matrices. A ~ B (A is similar to B) means there exists an
invertible matrix S such that A = S~'BS. Show that if A ~ B, then B ~ A. Show
also that A ~ A and that if A~ B and B ~ C, then A ~ C.

In the context of Problem 8 show that if A ~ B, then det (A) = det (B).

Let A be an n x n matrix and let x be a nonzero vector such that Ax = Ax for some
scalar, A. When this occurs, the vector, x is called an eigenvector and the scalar, A
is called an eigenvalue. It turns out that not every number is an eigenvalue. Only
certain ones are. Why? Hint: Show that if Ax = Ax, then (A] — A)x = 0. Explain
why this shows that (Al — A) is not one to one and not onto. Now use Theorem 3.1.15
to argue det (A — A) = 0. What sort of equation is this? How many solutions does it
have?

Suppose det (A — A) = 0. Show using Theorem 3.1.15 there exists x # 0 such that
(M—-A)x=0.

Let F () = det( alt) (1) ) . Verity

c(t) d(t)
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13.

14.

15.

16.

Now suppose

a(t) b(t) c(t)
F(t)=det| d(t) e(t) f(t)
g(t) h(t) i(t)
Use Laplace expansion and the first part to verify F’ (t) =

Conjecture a general result valid for n X n matrices and explain why it will be true.
Can a similar thing be done with the columns?

Use the formula for the inverse in terms of the cofactor matrix to find the inverse of
the matrix
et 0 0
A= 0 et cost etsint

0 elcost—elsint elcost+elsint

Let A be an r x r matrix and let B be an m x m matrix such that » +m = n. Consider
the following n x n block matrix
A
C = 0 .
D B

where the D is an m X r matrix, and the 0 is a r X m matrix. Letting I denote the
k x k identity matrix, tell why

A r
- 0 I, 0 -

D I, 0 B
Now explain why det (C') = det (A) det (B) . Hint: Part of this will require an expla-
nation of why

A

det 0 =det (A).

D I,

See Corollary 3.1.9.

Suppose @ is an orthogonal matrix. This means @ is a real n x n matrix which satisfies
QQT = I. Find the possible values for det (Q).

Suppose @ (t) is an orthogonal matrix. This means @ (¢) is a real n X n matrix which
satisfies Q (£) Q (t)" = I Suppose Q (t) is continuous for ¢ € [a, ], some interval. Also
suppose det (Q (t)) = 1. Show that it follows det (Q (¢)) = 1 for all ¢ € [a, b].

3.3 The Mathematical Theory Of Determinants

It is easiest to give a different definition of the determinant which is clearly well defined
and then prove the one which involves Laplace expansion. Let (iy,--- ,4,) be an ordered
list of numbers from {1,--- ,n}. This means the order is important so (1,2,3) and (2,1, 3)
are different. There will be some repetition between this section and the earlier section on
determinants. The main purpose is to give all the missing proofs. Two books which give
a good introduction to determinants are Apostol [1] and Rudin [23]. A recent book which
also has a good introduction is Baker [3]
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3.3.1 The Function sgn

The following Lemma will be essential in the definition of the determinant.

Lemma 3.3.1 There exists a function, sgn,, which maps each ordered list of numbers from

{1,--- ,n} to one of the three numbers, 0,1, or —1 which also has the following properties.
sgn, (1,---,n) =1 (3.2)
sgn,, (Zl y Py 54, 7in) = —sgn, (7:17' gy Py ;irb) (33)
In words, the second property states that if two of the numbers are switched, the value of the
function is multiplied by —1. Also, in the case where n > 1 and {i1,--- ,in} ={1,--- ,n} so

that every number from {1,--- ,n} appears in the ordered list, (i1, ,in),

sgn,, (ilv T 72.9—17 n, i@-‘rla T 77:7L) =
-0 ) . ) .
(_1)” sgn,, 1 (117"' y19—1,041, """ >Zn) (34)
where n = ig in the ordered list, (i1, -+ ,ip) -

Proof: Define sign(z) =1ifz > 0,—-1if x < 0 and 0if z = 0. If n = 1, there is only
one list and it is just the number 1. Thus one can define sgn, (1) = 1. For the general case
where n > 1, simply define

sgn,, (i1, ,i,) = sign <H (is — z,))

r<s
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This delivers either —1,1, or 0 by definition. What about the other claims? Suppose you
switch 4, with i, where p < ¢ so two numbers in the ordered list (i1, - - , i) are switched.
Denote the new ordered list of numbers as (j1,--- ,jn). Thus j, = i, and j, = i, and if
r ¢ {p,q}, jr =ir. See the following illustration

il i2 e p ip q iq n In
3! 9 2 coop_la cog ciop tn
Then
sgn,, (ji,- -+, Jn) = sign <H (Js — ]T))
r<s
both p,q one of p,q neither p nor ¢
=sign | (ip — iq) H (15 — iq) H (ip — 15) H (is —ir)
p<j<q p<j<q r<s,r,s¢{p,q}

The last product consists of the product of terms which were in [],_, (is —i,) while the
two products in the middle both introduce ¢ — p — 1 minus signs. Thus their product is
positive. The first factor is of opposite sign to the i, — 4, which occured in sgn,, (i1, -+ ,4y,) .
Therefore, this switch introduced a minus sign and

sgn,, (jl?"' 7]71) = —sgn, (ih"' 77/TL)

Now consider the last claim. In computing sgn,, (i1, ,49—1,7, %941, - ,i,) there will
be the product of n — @ negative terms

(ig41 —n) -~ (in —n)

and the other terms in the product for computing sgn,, (i1, ,i9—1,n,%9+1, "+ ,in) are
those which are required to compute sgn,,_; (i1, ,%9—1,%0+1," - ,in) multiplied by terms
of the form (n —4;) which are nonnegative. It follows that

. . . . —0 . . . .
Sgnn (217 o, lg—1,1, 7’9+17 e ,Zn) = (_1)” Sgnn71 (217 e 7297177/94»17 e 7Z’r7,)

It is obvious that if there are repeats in the list the function gives 0. B

Lemma 3.3.2 Every ordered list of distinct numbers from {1,2,--- ,n} can be obtained
from every other ordered list of distinct numbers by a finite number of switches. Also, sgn,,
18 unique.

Proof: This is obvious if n = 1 or 2. Suppose then that it is true for sets of n — 1
elements. Take two ordered lists of numbers, P;, P,. Make one switch in both to place n at
the end. Call the result P* and P3'. Then using induction, there are finitely many switches
in P so that it will coincide with P3'. Now switch the n in what results to where it was in
Ps.

To see sgn,, is unique, if there exist two functions, f and g both satisfying 3.2 and 3.3,
you could start with f(1,---,n) = g(1,---,n) = 1 and applying the same sequence of
switches, eventually arrive at f (i1, -+ ,4in) = ¢ (i1, ,in). If any numbers are repeated,
then 3.3 gives both functions are equal to zero for that ordered list. B

Definition 3.3.3 When you have an ordered list of distinct numbers from {1,2,--- n},
say

(ila"' 7in)a
this ordered list is called a permutation. The symbol for all such permutations is S,. The
number sgn,, (i1, ,i,) is called the sign of the permutation.
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A permutation can also be considered as a function from the set
{1,2,---,n} to {1,2,--- ,n}

as follows. Let f (k) = ig. Permutations are of fundamental importance in certain areas
of math. For example, it was by considering permutations that Galois was able to give a
criterion for solution of polynomial equations by radicals, but this is a different direction
than what is being attempted here.

In what follows sgn will often be used rather than sgn, because the context supplies the
appropriate n.

3.3.2 The Definition Of The Determinant

Definition 3.3.4 Let f be a real valued function which has the set of ordered lists of numbers
from {1,--- n} as its domain. Define

Z fky-ky)
(K1, k)
to be the sum of all the f (ki ---ky) for all possible choices of ordered lists (ki,--- ,kn) of
numbers of {1,--- ,n}. For example,
(k1,k2)
Definition 3.3.5 Let (a;;) = A denote an n x n matriz. The determinant of A, denoted

by det (A) is defined by

det (A) = Z sgn (k1,--+ ,kn) a1k, «* Gk,

(kly"' ykn)
where the sum is taken over all ordered lists of numbers from {1,--- ,n}. Note it suffices to
take the sum over only those ordered lists in which there are no repeats because if there are,
sgn (k1,--- ,kn) =0 and so that term contributes 0 to the sum.

Let A be an n x n matrix A = (a;;) and let (r1,---,r,) denote an ordered list of n
numbers from {1,--- ,n}. Let A(ry,---,7,) denote the matrix whose k*" row is the rj row
of the matrix A. Thus

det (A(ry, -+ ,1ry)) = Z sgn (k1, -y kn) Qg - Gr ks, (3.5)
(k1 k)
and A(1,--- ,n) = A.
Proposition 3.3.6 Let (r1,--- ,r,) be an ordered list of numbers from {1,--- ;n}. Then
sgn (ry, -+ ,rp)det (4) = Z sgn (k1, - kn) Gy, - Qr ks, (3.6)
(kl [ 7kn)
= det (A(ry, - ,m)). (3.7)
Proof: Let (1,---,n)=(1,--- ,r,--+8,-+- ,n) sor <s.
det(A(L"'aTa"'757"'771)): (38)

E Sgn(klv"' 7k'f'a"' 7k87"' 7kn)a1k1"'a'r'kf"'ask's"'a'nknv
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and renaming the variables, calling ks, k. and k.., ks, this equals

= E Sgn(klv"'7ksa"'7k7‘7"'7kn)a1k1"'aTkS"'askr"'ankn

(k1,0 kn)
These got switched
—_——
= Z —sgn klv"', kr,"'uks 7"'7kn A1k, ** Qgk,. " Qrk, = " Ank,
(k1 kn)
=—det (A(1,---,8,--,r - ,n)). (3.9)
Consequently,

det(14(]_7 3 Sy Ty 7n)):—det(14(]_’...’7',... ;S 7n)):—det(,4)

Now letting A (1,---,s,---,r,--+,n) play the role of A, and continuing in this way, switch-
ing pairs of numbers,

det (A (ry, -+ ,m)) = (=1)" det (A4)

where it took p switches to obtain(ry,--- ,7,) from (1,--- ,n). By Lemma 3.3.1, this implies
det (A (ry, -+ ,m,)) = (=1)P det (A4) = sgn (r1,--- ,ry,) det (A)

and proves the proposition in the case when there are no repeated numbers in the ordered
list, (r1,--- ,7,). However, if there is a repeat, say the 7" row equals the s** row, then the
reasoning of 3.8 -3.9 shows that det(A (r1, -+ ,r,)) = 0 and also sgn (r1,--+ ,7,) = 0 so the
formula holds in this case also. B

o™
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Observation 3.3.7 There are n! ordered lists of distinct numbers from {1,--- ,n}.

To see this, consider n slots placed in order. There are n choices for the first slot. For
each of these choices, there are n — 1 choices for the second. Thus there are n (n — 1) ways
to fill the first two slots. Then for each of these ways there are n — 2 choices left for the third
slot. Continuing this way, there are n! ordered lists of distinct numbers from {1,--- ,n} as
stated in the observation.

3.3.3 A Symmetric Definition

With the above, it is possible to give a more symmetric description of the determinant from
which it will follow that det (A) = det (A”).

Corollary 3.3.8 The following formula for det (A) is valid.

1
det (A) = g . Z Z sgn (rla"' aTn) sgn (kla"' 7k’n) QAriky * " Qrp kg, - (310)
) (Tl""”r’n) (kl'r'“vkn)

And also det (AT) = det (A) where AT is the transpose of A. (Recall that for AT = (aiTj),
T
az; = aji-)

Proof: From Proposition 3.3.6, if the r; are distinct,

det (A) = Z sgn (11, ,rn)sgn (k1, -+, kn) Griky - Qro, -

(K1, k)
Summing over all ordered lists, (r1,---,7,) where the r; are distinct, (If the r; are not
distinct, sgn (11, -+ ,7,) = 0 and so there is no contribution to the sum.)

n!det (A) = Z Z Sgn(rlv"' arn)sgn(klv"' )kn)a"’"lkl Qe kg, -
(rise,rn) (Kuyeskn)

This proves the corollary since the formula gives the same number for A as it does for AT
|

Corollary 3.3.9 If two rows or two columns in an n X n matric A, are switched, the
determinant of the resulting matriz equals (—1) times the determinant of the original matriz.
If A is an nxn matriz in which two rows are equal or two columns are equal then det (A) = 0.
Suppose the it" row of A equals (zay + yby,--- ,xa, +yb,). Then

det (A) = x det (A1) + ydet (A)

where the it" row of Ay is (ay,--- ,a,) and the i'" row of Ay is (by,--- ,by,), all other rows
of A1 and As coinciding with those of A. In other words, det is a linear function of each
row A. The same is true with the word “row” replaced with the word “column”.

Proof: By Proposition 3.3.6 when two rows are switched, the determinant of the re-
sulting matrix is (—1) times the determinant of the original matrix. By Corollary 3.3.8 the
same holds for columns because the columns of the matrix equal the rows of the transposed
matrix. Thus if A; is the matrix obtained from A by switching two columns,

det (A) = det (A") = —det (A]) = —det (4).

If A has two equal columns or two equal rows, then switching them results in the same
matrix. Therefore, det (4) = —det (A) and so det (4) = 0.
It remains to verify the last assertion.

det (A) = Z sgn (ky, -+ kn) aig, - (2ark, +ybrr,) - Gnk,
(k17'”7k’n)

=z § sgn (klv"' 7kn) A1ky = Ark; * 0 Ak,
(k1,0 ykn)

+y Z sgn (k1,- -+, kn) Gk, - brky -+ - Gng,, = xdet (A1) + ydet (As) .
(k17...7kn)

The same is true of columns because det (AT) = det (A) and the rows of AT are the columns
of A. N
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3.3.4 Basic Properties Of The Determinant

Definition 3.3.10 A wvector, w, is a linear combination of the vectors {vi,--- ,v,} if
there ezist scalars ci,---c, such that w=>,_, cxvy. This is the same as saying w €
span (vy, -« ,Vv,).

The following corollary is also of great use.

Corollary 3.3.11 Suppose A is an n X n matriz and some column (row) is a linear com-
bination of r other columns (rows). Then det (A) = 0.

Proof: Let A = ( a; --- a, ) be the columns of A and suppose the condition that

one column is a linear combination of 7 of the others is satisfied. Say a; = _,; ¢;a;. Then
by Corollary 3.3.9, det(A) =

det(a1 Zj#cjaj an>:chdet(a1 ceeay e an>=0
i

because each of these determinants in the sum has two equal rows. B
Recall the following definition of matrix multiplication.

Definition 3.3.12 If A and B are n x n matrices, A = (a;;) and B = (b;j), AB = (cij)
where ¢;; = > Qikby;.

One of the most important rules about determinants is that the determinant of a product
equals the product of the determinants.

Theorem 3.3.13 Let A and B be n x n matrices. Then
det (AB) = det (A) det (B) .

Proof: Let c;; be the ij*" entry of AB. Then by Proposition 3.3.6,

det (AB) = Z sgn (kh e akn) Clk, """ Cnk,
(klv'“ 7kn)

= Z Sgn(kla"' 7kn) (Zalrlbr1k1> <Zanrnbrnkn>
r1

(k1,5 kn) T

= Z Z sgn (kla e 7kn) brlkl o b'rnk:n (alrl te anrn)
(Tl"' 7TTL) (k11"' 1kn)

= Z sgn (ry -+ 7)) Q1py - - A, det (B) = det (A) det (B) .1
(7’1 .. 77’71,)
The Binet Cauchy formula is a generalization of the theorem which says the determinant

of a product is the product of the determinants. The situation is illustrated in the following
picture where A, B are matrices.

B A

Theorem 3.3.14 Let A be an n x m matriz with n > m and let B be a m x n matriz. Also
let Ai
1= 17 ,C(n,m)

be the m x m submatrices of A which are obtained by deleting n — m rows and let B; be the
m x m submatrices of B which are obtained by deleting corresponding n —m columns. Then
C(n,m)
det (BA) = ) det (By)det (Ay)

k=1
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Proof: This follows from a computation. By Corollary 3.3.8 on Page 95, det (BA) =

% Z Z sgn (i1 - im)sgn (j1 -~ jm) (BA), ;, (BA),,;, -+ (BA),

ImJm
(i1-+1m) (J1"dm)

= Y Y sl i)l

(F1+im) (J1-+Jm)

BilTlAT1j1 BizrzArzjz T Z BimT’mAijm
ri=1 ro=1 rm=1
Now denote by I; one of the subsets of {1,---,n} which has m elements. Thus there are
C'(n,m) of these.
C(n,m)

= Z % Z sgn (i1 -+~ i) S0 (J1 - Jim) -

k=1 {ri,,rm}=Ik (i1im) (J1-Gm)
Bi1T1A7‘1lei27‘2A7‘2j2 B

tmTm* TmIm

1 . .
= Z Z m! Z Sgn(ll ...Zm) Bil'f‘lBiQ’l‘z “'Bimrm :
k=1 {ri,,rm}=Ik (i1-++m)
Z sgn (]1 o ]m) Alel AT2j2 e Aijm
(J1++dm)

v---v---v----v---vu---v---vv--vv--vv---v---ov--vv--vv--ovv--vv-cvv-cov-coAlcateluLUcent 0
www.alcatel-lucent.com/careers

','
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C(n,m) C(n,m)

Z Z %sgn(rl..-rm) det (By) det (Ax) = Z det (By) det (A)

k=1 {ri,,rmy=Ip k=1

since there are m! ways of arranging the indices {ry,--- ,r,,}. B

3.3.5 Expansion Using Cofactors

Lemma 3.3.15 Suppose a matriz is of the form

Mz(éi)or(f;)) (3.11)

where a is a number and A is an (n — 1) x (n — 1) matriz and * denotes either a column
or a row having length n — 1 and the 0 denotes either a column or a row of length n — 1
consisting entirely of zeros. Then det (M) = adet (A).

Proof: Denote M by (m;;). Thus in the first case, m,,, = a and m,,; = 0 if ¢ # n while
in the second case, my, = a and m;, = 0 if i # n. From the definition of the determinant,

det (M) = Z sgn,, (kla"' akn) Mik, * - Mnk,

(k17”' 7k;n)
Letting 6 denote the position of n in the ordered list, (ki,---,k,) then using the earlier
conventions used to prove Lemma 3.3.1, det (M) equals
n—>0 0 n—1
Z (=" Tsgn, _q (ki s ko—1 kogr, s k) Maky Mk,

(k1,0 k)

Now suppose the second case. Then if k, # n, the term involving myg, in the above
expression equals zero. Therefore, the only terms which survive are those for which 8§ = n
or in other words, those for which k,, = n. Therefore, the above expression reduces to

a Z sgn,, 1 (K1, kn—1) Mg, - M1k, , = adet (A).
(kh ok — 1)

To get the assertion in the first case, use Corollary 3.3.8 to write

AT 0

det (M) = det (MT) = det << . 4 )) =adet (A7) = adet (A) W

In terms of the theory of determinants, arguably the most important idea is that of
Laplace expansion along a row or a column. This will follow from the above definition of a
determinant.

Definition 3.3.16 Let A = (a;;) be an nxn matriz. Then a new matriz called the cofactor
matriz cof (A) is defined by cof (A) = (ci;) where to obtain c;; delete the i'" row and the
jth column of A, take the determinant of the (n — 1) x (n — 1) matriz which results, (This

is called the i7" minor of A. ) and then multiply this number by (—l)iﬂ. To make the
formulas easier to remember, cof (A)Z-j will denote the ijt" entry of the cofactor matriz.

The following is the main result. Earlier this was given as a definition and the outrageous
totally unjustified assertion was made that the same number would be obtained by expanding
the determinant along any row or column. The following theorem proves this assertion.

Theorem 3.3.17 Let A be an n X n matriz where n > 2. Then

det (A Z a;j cof (A Z a;j cof (A (3.12)
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The first formula consists of expanding the determinant along the it" row and the second
expands the determinant along the j*" column.

Proof: Let (a;1,- - ,a) be the it" row of A. Let B; be the matrix obtained from A by
leaving every row the same except the i*" row which in Bj equals (0,---,0,a;,0,---,0).
Then by Corollary 3.3.9,

det (A Z det (B

For example if

a b c
A=\ d e
h 1
and ¢ = 2, then
a b c b a b ¢
Bi=|d 0 0 |[,Ba=]| 0 e 0 |[,Bs=] 0 0 f
h i j h i j h i j

Denote by A% the (n — 1) x (n — 1) matrix obtained by deleting the i*" row and the ;"

column of A. Thus cof (4),; = (=1 det (A%) . At this point, recall that from Proposition

3.3.6, when two rows or two columns in a matrix M, are switched, this results in multiplying
the determinant of the old matrix by —1 to get the determinant of the new matrix. Therefore,
by Lemma 3.3.15,

det(B;) = (1" (—1)”idet<< fgj ) >>
= —1)"* (& A * = a;; CO
= (=1 dt(( 0 aij)) ij cof (A),; .

det (A) = i Qi cof (A)

‘th

Therefore,

which is the formula for expanding det (A) along the ¢** row. Also,

det (A) = det (A7) Z a;; cof AT Z a;; cof (A

which is the formula for expanding det (4) along the " column. W

3.3.6 A Formula For The Inverse

Note that this gives an easy way to write a formula for the inverse of an n x n matrix. Recall
the definition of the inverse of a matrix in Definition 2.1.22 on Page 50.

Theorem 3.3.18 A~1! exists if and only if det(A) # 0. If det(A) # 0, then A~ = (a;jl)
where
~1 =det(A)™! cof (A)

for cof (A),; the it cofactor of A.

Ji

Proof: By Theorem 3.3.17 and letting (a;.) = A, if det (4) # 0,

Za” cof (A);, det(A)™ = det(A)det(A)~! = 1.

Download free eBooks at bookboon.com



LINEAR ALGEBRA |

DETERMINANTS

Now in the matrix A, replace the k** column with the r*" column and then expand along

the k*" column. This yields for k # r,
i air cof (A),;, det(A)~1 =0
i=1
because there are two equal columns by Corollary 3.3.9. Summarizing,
i a;y cof (A),, det (A7 =06,
i=1
Using the other formula in Theorem 3.3.17, and similar reasoning,
i arj cof (A), ; det (A7 =06,
j=1

This proves that if det (4) # 0, then A~! exists with A= = (ai_jl), where
ai_jl = cof (4); det (47",
Now suppose A~! exists. Then by Theorem 3.3.13,
1 =det (I) = det (AA™") = det (A) det (A™")

so det (A) #0. &

The next corollary points out that if an n x n matrix A has a right or a left inverse, then

it has an inverse.
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Corollary 3.3.19 Let A be an n X n matrix and suppose there exists an n X n matriz B
such that BA = I. Then A~' exists and A~' = B. Also, if there exists C' an n x n matriz
such that AC = I, then A~' exists and A~ = C.

Proof: Since BA = I, Theorem 3.3.13 implies det Bdet A = 1 and so det A # 0.
Therefore from Theorem 3.3.18, A~! exists. Therefore,

A™'=(BA)AT' =B(AA™")=BI =B.

The case where CA = [ is handled similarly. B

The conclusion of this corollary is that left inverses, right inverses and inverses are all
the same in the context of n x n matrices.

Theorem 3.3.18 says that to find the inverse, take the transpose of the cofactor matrix
and divide by the determinant. The transpose of the cofactor matrix is called the adjugate
or sometimes the classical adjoint of the matrix A. It is an abomination to call it the adjoint
although you do sometimes see it referred to in this way. In words, A~' is equal to one over
the determinant of A times the adjugate matrix of A.

In case you are solving a system of equations, Ax = y for x, it follows that if A~! exists,

x=(A"T"A)x=A""(Ax)=A""y

thus solving the system. Now in the case that A~ exists, there is a formula for A~! given
above. Using this formula,

n 3 n 1
Tp = Z aijlyj = Z m cof (A)ji Yj-
j=1 j=1

By the formula for the expansion of a determinant along a column,

* . yl e *
1 det | ) .
r, = —— de . : :
" det (A) : : Y
where here the " column of A is replaced with the column vector, (y; -, yn)T, and the

determinant of this modified matrix is taken and divided by det (A). This formula is known
as Cramer’s rule.

Definition 3.3.20 A matriz M, is upper triangular if M;; = 0 whenever i > j. Thus such
a matriz equals zero below the main diagonal, the entries of the form M;; as shown.

* % *
0

*
0 0 =

A lower triangular matriz is defined similarly as a matriz for which all entries above the
main diagonal are equal to zero.

With this definition, here is a simple corollary of Theorem 3.3.17.
Corollary 3.3.21 Let M be an upper (lower) triangular matriz. Then det (M) is obtained
by taking the product of the entries on the main diagonal.
3.3.7 Rank Of A Matrix

Definition 3.3.22 A submatriz of a matriz A is the rectangular array of numbers obtained
by deleting some rows and columns of A. Let A be an m X n matriz. The determinant
rank of the matriz equals r where r is the largest number such that some r X r submatriz
of A has a non zero determinant. The row rank is defined to be the dimension of the span
of the rows. The column rank is defined to be the dimension of the span of the columns.
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Theorem 3.3.23 If A, an m X n matrixz has determinant rank r, then there exist r rows of
the matriz such that every other row is a linear combination of these r rows.

Proof: Suppose the determinant rank of A = (a;;) equals r. Thus some r x r submatrix
has non zero determinant and there is no larger square submatrix which has non zero
determinant. Suppose such a submatrix is determined by the r columns whose indices are

j1<"'<jr

and the r rows whose indices are
i < <y

I want to show that every row is a linear combination of these rows. Consider the [*" row
and let p be an index between 1 and n. Form the following (r + 1) x (r + 1) matrix

Qiyjn "0 Qiyg,  Qigp

Qijy 0 i, Gigp

ag, @y, ap
Of course you can assume | ¢ {iy,---,i.} because there is nothing to prove if the [*"
row is one of the chosen ones. The above matrix has determinant 0. This is because if
p € {j1, -+ ,jr} then the above would be a submatrix of A which is too large to have non
zero determinant. On the other hand, if p € {j1,---,J-} then the above matrix has two

columns which are equal so its determinant is still 0.

Expand the determinant of the above matrix along the last column. Let Cj denote the
cofactor associated with the entry a;,,. This is not dependent on the choice of p. Remember,
you delete the column and the row the entry is in and take the determinant of what is left
and multiply by —1 raised to an appropriate power. Let C' denote the cofactor associated
with a;,. This is given to be nonzero, it being the determinant of the matrix r X r matrix
in the upper left corner. Thus

.
0= alpC + Z C’kaikp
k=1

which implies

I I

—Cy -

Aip = C Qipp = E M Qi p
k=1 k=1

Since this is true for every p and since m;, does not depend on p, this has shown the I*" row

is a linear combination of the i,i4s, - , 4, rows. B

Corollary 3.3.24 The determinant rank equals the row rank.

Proof: From Theorem 3.3.23, every row is in the span of r rows where r is the deter-
minant rank. Therefore, the row rank (dimension of the span of the rows) is no larger than
the determinant rank. Could the row rank be smaller than the determinant rank? If so,
it follows from Theorem 3.3.23 that there exist p rows for p < r = determinant rank, such
that the span of these p rows equals the row space. But then you could consider the r x r
sub matrix which determines the determinant rank and it would follow that each of these
rows would be in the span of the restrictions of the p rows just mentioned. By Theorem
2.6.4, the exchange theorem, the rows of this sub matrix would not be linearly independent
and so some row is a linear combination of the others. By Corollary 3.3.11 the determinant
would be 0, a contradiction. H

Corollary 3.3.25 If A has determinant rank r, then there exist r columns of the matriz
such that every other column is a linear combination of these r columns. Also the column
rank equals the determinant rank.
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Proof: This follows from the above by considering A”. The rows of AT are the columns
of A and the determinant rank of A” and A are the same. Therefore, from Corollary 3.3.24,
column rank of A = row rank of A7 = determinant rank of A7 = determinant rank of A.
|

The following theorem is of fundamental importance and ties together many of the ideas
presented above.

Theorem 3.3.26 Let A be an n x n matriz. Then the following are equivalent.
1. det (A) = 0.
2. A, AT are not one to one.

3. A is not onto.

Proof: Suppose det (4) = 0. Then the determinant rank of A = r < n. Therefore,
there exist r columns such that every other column is a linear combination of these columns
by Theorem 3.3.23. In particular, it follows that for some m, the m!* column is a linear

combination of all the others. Thus letting A = ( a; --- a, --- a, ) where the

columns are denoted by a;, there exists scalars «; such that

amy — E arag.

k#m
T
Now consider the column vector, x = ( ap - —1 oy ) . Then

Ax = —a,, + Z agag = 0.
k#m
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Since also A0 = 0, it follows A is not one to one. Similarly, A7 is not one to one by the
same argument applied to AT. This verifies that 1.) implies 2.).
Now suppose 2.). Then since AT is not one to one, it follows there exists x # 0 such that

ATx =o0.
Taking the transpose of both sides yields
xTA=0"
where the 07 is a 1 x n matrix or row vector. Now if Ay = x, then
x|?=xT (Ay) = (xTA) y=0y=0

contrary to x # 0. Consequently there can be no y such that Ay = x and so A is not onto.
This shows that 2.) implies 3.).

Finally, suppose 3.). If 1.) does not hold, then det (A) # 0 but then from Theorem 3.3.18
A~ exists and so for every y € F” there exists a unique x € F™ such that Ax = y. In fact
x = A~ly. Thus A would be onto contrary to 3.). This shows 3.) implies 1.). B

Corollary 3.3.27 Let A be an n x n matriz. Then the following are equivalent.
1. det(A) # 0.
2. A and AT are one to one.
3. A is onto.

Proof: This follows immediately from the above theorem.

3.3.8 Summary Of Determinants
In all the following A, B are n X n matrices
1. det (A) is a number.

2. det (A) is linear in each row and in each column.

3. If you switch two rows or two columns, the determinant of the resulting matrix is —1
times the determinant of the unswitched matrix. (This and the previous one say

(a;---a,) — det (a; ---a,)

is an alternating multilinear function or alternating tensor.

4. det(eq, - ,e,) = 1.
5. det (AB) = det (A) det (B)
6. det (A) can be expanded along any row or any column and the same result is obtained.
7. det (A) = det (AT)
8. A1 exists if and only if det (A) # 0 and in this case
(A*l)ij = detl( 7y cof (A); (3.13)

9. Determinant rank, row rank and column rank are all the same number for any m x n
matrix.
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3.4 The Cayley Hamilton Theorem

Definition 3.4.1 Let A be an n x n matriz. The characteristic polynomial is defined as
qa (t) =det (¢ — A)

and the solutions to qa (t) = 0 are called eigenvalues. For A a matriz and p(t) = " +
an_1t" "1+ -+ ayt + ag, denote by p (A) the matriz defined by

p(A)= A"+ 1 A"Vt a1 A+ agl.
The explanation for the last term is that A° is interpreted as I, the identity matric.

The Cayley Hamilton theorem states that every matrix satisfies its characteristic equa-
tion, that equation defined by g4 (¢t) = 0. It is one of the most important theorems in linear
algebra'. The proof in this section is not the most general proof, but works well when the
field of scalars is R or C. The following lemma will help with its proof.

Lemma 3.4.2 Suppose for all |\| large enough,
Ag+ AN+ -+ AN =0,
where the A; are n X n matrices. Then each A; = 0.

Proof: Suppose some A; # 0. Let p be the largest index of those which are non zero.
Then multiply by A™P.

AN+ AP b A, N+ 4,=0

Now let A — oo. Thus A, = 0 after all. Hence each 4, =0. &
With the lemma, here is a simple corollary.

Corollary 3.4.3 Let A; and B; be n x n matrices and suppose
Ao+ A A+ -+ AN =Bo+ BiA+ -+ BpA™

for all |A| large enough. Then A; = B; for all i. If A, = B; for each A;, B; then one can
substitute an n x n matriz M for X\ and the identity will continue to hold.

Proof: Subtract and use the result of the lemma. The last claim is obvious by matching
terms. W
With this preparation, here is a relatively easy proof of the Cayley Hamilton theorem.

Theorem 3.4.4 Let A be an n x n matriz and let g (\) = det (AI — A) be the characteristic
polynomial. Then q(A) = 0.

Proof: Let C' (M) equal the transpose of the cofactor matrix of (AI — A) for |A| large.
(If |\| is large enough, then A cannot be in the finite list of eigenvalues of A and so for such
A, (M — A) " exists.) Therefore, by Theorem 3.3.18

CN)=q(\) (A - 4)7".

Say
gN) =ag+a A+ + A"

Note that each entry in C'()\) is a polynomial in A having degree no more than n — 1. For
example, you might have something like

A —6A+9 3-—)\ 0
C(\) = 2X—-6 A -3\ 0
A—1 A—1 AN —3)\+2

LA special case was first proved by Hamilton in 1853. The general case was announced by Cayley some
time later and a proof was given by Frobenius in 1878.
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9 3 0 -6 -1 0 1 00
= =6 0 0 |+AX|] 2 =3 0 [+X] 0 10
1 -1 2 1 1 -3 00 1

Therefore, collecting the terms in the general case,
CA\)=Co+CiA+ -4 Cp A"
for C; some n x n matrix. Then
CANM=A) = (Co+CiA+-+Cpr N )M —A)=q(\) I
Then multiplying out the middle term, it follows that for all |A| sufficiently large,
aol +arIX + -+ IN" = CoA + C1A* + -+ 4+ Cp_ g A"
— [CoA+ CLAN+ -+ Cp 1 AN

= —CoA+ (Cy — CLA)A+ (Cr — CoA) N2 4+ 4+ (Cpg — Cy 1 A)N"H 4 Cp A

Then, using Corollary 3.4.3, one can replace A on both sides with A. Then the right side is
seen to equal 0. Hence the left side, ¢ (A) I is also equal to 0. H

3.5 Block Multiplication Of Matrices
Consider the following problem

A B E F

C D G H

Develop the tools we need for Life Science
Masters Degree in Bioinformatics

UNIVERSITET

Bioinformatics is the
exciting field where biology,
computer science, and
mathematics meet.

We solve problems from
biology and medicine using
methods and tools from
computer science and
mathematics.

L .

Read more about this and our other international masters degree programmes at www.uu.se/master

Download free eBooks at bookboon.com
13

Click on the ad to read more



http://www.uu.se/master

You know how to do this. You get

AE+ BG AF + BH
CE+DG CF+DH |’

Now what if instead of numbers, the entries, A, B,C, D, E, F, G are matrices of a size such
that the multiplications and additions needed in the above formula all make sense. Would
the formula be true in this case? 1 will show below that this is true.

Suppose A is a matrix of the form

All e Alm
a=| o (3.14)
Arl e Arm
where A;; is a s; X p; matrix where s; is constant for j = 1,--- ,m foreach ¢ = 1,--- ,r.

Such a matrix is called a block matrix, also a partitioned matrix. How do you get the
block A;;? Here is how for A an m x n matrix:

nXp;
—_—~

S;Xm 0
( 0 I, O )A Lp, |- (3.15)

0
In the block column matrix on the right, you need to have c¢; — 1 rows of zeros above the
small p; x p; identity matrix where the columns of A involved in A;; are ¢j,--- ,¢; +p;j —1
and in the block row matrix on the left, you need to have r; — 1 columns of zeros to the left
of the s; x s; identity matrix where the rows of A involved in A;; are 74,--- ,r; +5;. An

important observation to make is that the matrix on the right specifies columns to use in
the block and the one on the left specifies the rows used. Thus the block A;; in this case
is a matrix of size s; x p;. There is no overlap between the blocks of A. Thus the identity
n X n identity matrix corresponding to multiplication on the right of A is of the form

Ipl Xp1 0

0 Ipm XPm

where these little identity matrices don’t overlap. A similar conclusion follows from consid-
eration of the matrices I, «s,. Note that in 3.15 the matrix on the right is a block column
matrix for the above block diagonal matrix and the matrix on the left in 3.15 is a block row
matrix taken from a similar block diagonal matrix consisting of the I, «s,.

Next consider the question of multiplication of two block matrices. Let B, A be block
matrices of the form

Bi1 -+ By Ay oo A
: . ; S (3.16)

B -+ By Ay - Ay
and that for all 7, j, it makes sense to multiply B;sA,; for all s € {1,---,p}. (That is the
two matrices, B;; and A,; are conformable.) and that for fixed ij, it follows B;sA; is the

same size for each s so that it makes sense to write ) s BisAsj.

The following theorem says essentially that when you take the product of two matrices,
you can do it two ways. One way is to simply multiply them forming BA. The other way
is to partition both matrices, formally multiply the blocks to get another block matrix and

this one will be BA partitioned. Before presenting this theorem, here is a simple lemma
which is really a special case of the theorem.

Lemma 3.5.1 Consider the following product.

0

r](or10)

0
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where the first is n X r and the second is v X n. The small identity matriz I is an r X r matrix
and there are l zero rows above I and I zero columns to the left of I in the right matriz.
Then the product of these matrices is a block matriz of the form

o © O
o ~ ©
o © o

Proof: From the definition of the way you multiply matrices, the product is

0 0 0 0 0 0
I |10 ---| I |O I e --- I |e, I |0 --- I 1]0
0 0 0 0 0 0

which yields the claimed result. In the formula e; refers to the column vector of length r
which has a 1 in the j** position. B

Theorem 3.5.2 Let B be a q X p block matriz as in 3.16 and let A be a p X n block matriz
as in 3.16 such that B;s is conformable with Ag; and each product, BisAg; fors=1,---,p
is of the same size so they can be added. Then BA can be obtained as a block matriz such
that the ij*" block is of the form

> Bi.As. (3.17)

Proof: From 3.15

0 0
BisAsj = ( 0 I’r‘iXTi 0 )B Istps ( 0 Ips><ps 0 )A IQjXqJ'
0 0

where here it is assumed B;, is r; X ps and Ag; is ps X gj. The product involves the sth
block in the i*" row of blocks for B and the s block in the j** column of A. Thus there
are the same number of rows above the I, .. as there are columns to the left of I, 4, in
those two inside matrices. Then from Lemma 3.5.1

0 0 0 0
Iy, xp, ( 0 Iy xp, O ) = 0 Ihxp, O
0 0 0 0

Since the blocks of small identity matrices do not overlap,

0 0 o0 Ip, xp, 0
S0 Ly, 0 |= =1
s \o 0 o0 0 Lo,
and so
0 0
S BisAy = (0 L 0)B| Ly | (0 By 0)A| Iy,
s s 0 0
0 0
:<0 I’rixri O>BZ Ipsxps (0 Ipsxps O>A I‘Jj><qJ'
s 0 0
0 0
= (0 Lo 0)BIA| Iy | =(0 T 0)BA| I,
0 0
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which equals the 5" block of BA. Hence the ij** block of BA equals the formal multipli-
cation according to matrix multiplication, > _ B;sA.;. B

a

Example 3.5.3 Let an n xn matriz have the form A = (
¢

b
) where P isn—1xn—1.
P

Multiply it by B = ( p 22 ) where B is also an n X n matriz and Q isn—1xn— 1.
r

You use block multiplication

a b p q \ [ ap+br aq+bQ
c P r Q N pc+ Pr cq+ PQ
Note that this all makes sense. For example, b=1xn—-1andr=n—1x1so brisa
1 x 1. Similar considerations apply to the other blocks.
Here is an interesting and significant application of block multiplication. In this theorem,
qar (t) denotes the characteristic polynomial, det (¢ — M) . The zeros of this polynomial will

be shown later to be eigenvalues of the matrix M. First note that from block multiplication,
for the following block matrices consisting of square blocks of an appropriate size,

(e )-Gole)-

det(A 0>:det<A O)det<1 0>:det(A)det(C)
B C B I 0o C
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Theorem 3.5.4 Let A be an m X n matriz and let B be an n x m matriz for m < n. Then

— tnfm

qBa (1) qaB (t),

so the eigenvalues of BA and AB are the same including multiplicities except that BA has
n—m extra zero eigenvalues. Here qa (t) denotes the characteristic polynomial of the matriz

A.
Proof: Use block multiplication to write
AB 0 [ AB ABA
B - BA
I A _( AB ABA
0 I B A B BA |
I A 0 [ AB 0 I A
0 I B BA B 0 I
Therefore,
I A AB 0 0 0
0 I B BA

Since the two matrices above are similar, it follows that

Opxcm 0 AB 0
B  BA '\ B 0uun

have the same characteristic polynomials. See Problem 8 on Page 90. Thus
I 1 - AB
det Hinxm 0 = det ¢ 0
—B tI-BA -B tlnxn

t™det (t — BA) = t" det (tI — AB)
and so det (tI — BA) = gpa (t) =t""™det (tI — AB) =t""™gap(t). R

Therefore,

3.6 Exercises

(3.18)

(3.19)

1. Let m < n and let A be an m x n matrix. Show that A is not one to one. Hint:

Consider the n x n matrix A; which is of the form

()

where the 0 denotes an (n —m) x n matrix of zeros. Thus det A; = 0 and so A; is

not one to one. Now observe that A;x is the vector,

Apx — ( Ax)
0

which equals zero if and only if Ax = 0.

2. Let vy,---,v, be vectors in F” and let M (vq,---,v,) denote the matrix whose i

column equals v;. Define

d(vi, -, vp) =det (M (vi, -+ ,vy)).
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Prove that d is linear in each variable, (multilinear), that
d(Vl,"' S Vi ,vj’... ’vn) = *d(Vl,"' )Vj7"' S Vit ;Vn)> (320)

and
d(ey, - ,ep) =1 (3.21)

where here e; is the vector in F" which has a zero in every position except the j'*
position in which it has a one.

. Suppose f :F" x -.- x F" — F satisfies 3.20 and 3.21 and is linear in each variable.
Show that f = d.

. Show that if you replace a row (column) of an n X n matrix A with itself added to
some multiple of another row (column) then the new matrix has the same determinant
as the original one.

. Use the result of Problem 4 to evaluate by hand the determinant

1 2 3 2
-6 3 2 3
det
2 2 3
3 4 6 4
. Find the inverse if it exists of the matrix
el cost  sint
et —sint cost
el —cost —sint

. Let Ly = y™ +a,_ 1 (x)y™ Y 4+ -+ a; (2)y + ag (z)y where the a; are given
continuous functions defined on an interval, (a,b) and y is some function which has n
derivatives so it makes sense to write Ly. Suppose Ly, = 0 for £k = 1,2,--- ;n. The
Wronskian of these functions, y; is defined as

yi(z) o ya(2)
Wi @=da| 0T
V@) ey (@)

Show that for W (z) = W (y1,- -+ ,yn) () to save space,

vi(z) - oy (@)
W' (z) = det 2 o 2
v (2) y = (@)
W) o g (@)

Now use the differential equation, Ly = 0 which is satisfied by each of these functions,
y; and properties of determinants presented above to verify that W’ +a,,_1 () W = 0.
Give an explicit solution of this linear differential equation, Abel’s formula, and use
your answer to verify that the Wronskian of these solutions to the equation, Ly = 0
either vanishes identically on (a,b) or never.

. Two n x n matrices, A and B, are similar if B = S~!AS for some invertible n x n
matrix S. Show that if two matrices are similar, they have the same characteristic
polynomials. The characteristic polynomial of A is det (Al — A).
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9. Suppose the characteristic polynomial of an n X n matrix A is of the form
"t ap1t" N+ art+ag

and that ag # 0. Find a formula A~! in terms of powers of the matrix A. Show that
A~ exists if and only if ag # 0. In fact, show that ag = (—1)" det (A).

10. fLetting p (t) denote the characteristic polynomial of A, show that p. (t) = p(t — ¢)
is the characteristic polynomial of A 4 eI. Then show that if det (A) = 0, it follows
that det (A + eI) # 0 whenever |¢| is sufficiently small.

11. In constitutive modeling of the stress and strain tensors, one sometimes considers sums
of the form 7 apAF where A is a 3x3 matrix. Show using the Cayley Hamilton
theorem that if such a thing makes any sense, you can always obtain it as a finite sum
having no more than n terms.

12. Recall you can find the determinant from expanding along the j** column.

det (A) = Z Ajj (cof (A)),;

Think of det (A) as a function of the entries, A;;. Explain why the ijt" cofactor is

really just
Odet (A)
8Aij '

(]
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13.

14.

15.

Let U be an open set in R™ and let g:U — R™ be such that all the first partial
derivatives of all components of g exist and are continuous. Under these conditions
form the matrix Dg (x) given by

De (), = 5 = g, )

The best kept secret in calculus courses is that the linear transformation determined
by this matrix Dg (x) is called the derivative of g and is the correct generalization
of the concept of derivative of a function of one variable. Suppose the second partial
derivatives also exist and are continuous. Then show that 3, (cof (Dg)),; ; = 0. Hint:
First explain why >, g; 1 cof (Dg)ij = 0, det (Dg) . Next differentiate with respect to
x; and sum on j using the equality of mixed partial derivatives. Assume det (Dg) # 0
to prove the identity in this special case. Then explain using Problem 10 why there
exists a sequence g — 0 such that for g., (x) = g (x) + exx, det (Dg.,) # 0 and so
the identity holds for g.,. Then take a limit to get the desired result in general. This
is an extremely important identity which has surprising implications. One can build
degree theory on it for example. It also leads to simple proofs of the Brouwer fixed
point theorem from topology. See Evans [9] for example.

A determinant of the form

a/O al ... an
2 2 2
ag ax e ap
n—1 n—1 n—1
ao a/l ... an
ag a? ... a,z

is called a Vandermonde determinant. Show it equals [Jo;;<, (a; —a;). By this is
meant to take the product of all terms of the form (a; — a;) such that j > i. Hint:

1 1
Show it works if » = 1 so you are looking at . Then suppose it holds for
apg Qay

n — 1 and consider the case n. Consider the polynomial in ¢, p (¢) which is obtained
T
from the above by replacing the last column with the column ( 1 ¢ - 7 ) .

Explain why p(a;) = 0 for i = 0,--- ,n — 1. Explain why p () = ¢[[}, (t —a;). Of
course c is the coefficient of t". Find this coefficient from the above description of p (¥)
and the induction hypothesis. Then plug in ¢t = a,, and observe you have the formula
valid for n.

The example in this exercise was shown to me by Marc van Leeuwen and it helped to
correct a misleading proof of the Cayley Hamilton theorem presented in this chapter.
If p(A\) = g () for all A or for all A large enough where p(\),q(\) are polynomials
having matrix coefficients, then it is not necessarily the case that p (4) = ¢ (A4) for A
a matrix of an appropriate size. The proof in question read as though it was using
this incorrect argument. Let

1 1
B, = 0 By — 0 0 N = 0
0 0 0 1 0 0

Show that for all A\, (Al + E1) (M + E3) = (AQ +A) I = (M + E2) (M + Ey) . How-
ever, (NI + E1) (NI 4+ Es) # (NI + E5) (NI 4+ E}) . Explain why this can happen. In
the proof of the Cayley-Hamilton theorem given in the chapter, show that the matrix
A does commute with the matrices C; in that argument. Hint: Multiply both sides
out with IV in place of \. Does N commute with F;?
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16. Explain how 3.19 follows from 3.18. Hint: If you have two real or complex polynomials
p(t),q(t) of degree p and they are equal, for all ¢ # 0, then by continuity, they are
equal for all ¢. Also

174 0 [t 0 I 0
0 tI-BA ) \ 0 I 0 tI—BA
thus the determinant of the one on the left equals "™ det (tI — BA).

17. Explain why the proof of the Cayley-Hamilton theorem given in this chapter cannot
possibly hold for arbitrary fields of scalars.

18. Suppose A is m x n and B is n x m. Letting I be the identity of the appropriate size,
is it the case that det (I + AB) = det (I + BA)? Explain why or why not.
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Chapter 4

Row Operations

4.1 Elementary Matrices
The elementary matrices result from doing a row operation to the identity matrix.
Definition 4.1.1 The row operations consist of the following

1. Switch two rows.

2. Multiply a row by a nonzero number.

3. Replace a row by a multiple of another row added to it.

The elementary matrices are given in the following definition.

Definition 4.1.2 The elementary matrices consist of those matrices which result by apply-
ing a row operation to an identity matriz. Those which involve switching rows of the identity
are called permutation matrices. More generally, if (i1,12,- - ,i,) is a permutation, a ma-
trix which has a 1 in the iy position in row k and zero in every other position of that row is
called a permutation matriz. Thus each permutation corresponds to a unique permutation
matriz.

As an example of why these elementary matrices are interesting, consider the following.

01 0 a b ¢ d r Yy z w
1 0 0 z y z w |=]a b ¢ d
0 0 1 f g h i f g h 1

A 3 x 4 matrix was multiplied on the left by an elementary matrix which was obtained from
row operation 1 applied to the identity matrix. This resulted in applying the operation 1
to the given matrix. This is what happens in general.

Now consider what these elementary matrices look like. First consider the one which
involves switching row 7 and row j where i < j. This matrix is of the form

1 0

0 1

The two exceptional rows are shown. The i** row was the j** and the j' row was the i*"
in the identity matrix. Now consider what this does to a column vector.
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0 1 V; v;
1 e 0 ’Uj V;
0 1 Unp, Up

Now denote by P% the elementary matrix which comes from the identity from switching
rows ¢ and j. From what was just explained consider multiplication on the left by this

elementary matrix.

aix  aiz -+ G1p

(¢751] a;2 Qip
P

aj1  aj2 jp

an1  Qap2 - Anp

From the way you multiply matrices this is a matrix which has the indicated columns.

a11 a12 Q1p

i1 a;2 Aip

Gn1 an2 Gnp

a11 a12 A1p

Qpl an2 Qpp

a1 a2 -+ Qip

apl  Ap2 - Qpp
This has established the following lemma.

Lemma 4.1.3 Let PY denote the elementary matriz which involves switching the it" and
the ji* rows. Then
P7A=B
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where B is obtained from A by switching the it" and the j" rows.

As a consequence of the above lemma, if you have any permutation (iy,--- i), it
follows from Lemma 3.3.2 that the corresponding permutation matrix can be obtained by
multiplying finitely many permutation matrices, each of which switch only two rows. Now
every such permutation matrix in which only two rows are switched has determinant —1.
Therefore, the determinant of the permutation matrix for (iy,--- ,4,) equals (—1)” where
the given permutation can be obtained by making p switches. Now p is not unique. There
are many ways to make switches and end up with a given permutation, but what this shows
is that the total number of switches is either always odd or always even. That is, you could
not obtain a given permutation by making 2m switches and 2k + 1 switches. A permutation
is said to be even if p is even and odd if p is odd. This is an interesting result in abstract
algebra which is obtained very easily from a consideration of elementary matrices and of
course the theory of the determinant. Also, this shows that the composition of permutations
corresponds to the product of the corresponding permutation matrices.

To see permutations considered more directly in the context of group theory, you should
see a good abstract algebra book such as [18] or [14].

Next consider the row operation which involves multiplying the i*” row by a nonzero
constant, c¢. The elementary matrix which results from applying this operation to the i**
row of the identity matrix is of the form

1 0
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Now consider what this does to a column vector.

1 0 (%1 U1
C Vi = CU;
0 1 Up, U,

Denote by E (c,i) this elementary matrix which multiplies the i** row of the identity
by the nonzero constant, c. Then from what was just discussed and the way matrices are
multiplied,

all a12 CEEEEY ... alp
E (¢, i) Qi1 Q2 vttt Qp
a/’n,l an2 ... ... anp

equals a matrix having the columns indicated below.

aii a2 ap
= | E(ed) a;l L E(c,i) a;g e E(ed) a;;,,
an1 An2 a”p
a1l a2 e e alp
= ca;1  CQjy - Cee Clgp
Gn1 An2 e ce Qpp

This proves the following lemma.

Lemma 4.1.4 Let E(c,i) denote the elementary matriz corresponding to the row opera-

tion in which the it" row is multiplied by the nonzero constant, c. Thus E (c,i) involves

multiplying the i*" row of the identity matriz by c. Then

E(c,i)A=1B
where B is obtained from A by multiplying the i row of A by c.

Finally consider the third of these row operations. Denote by F (¢ x i + j) the elementary
matrix which replaces the j** row with itself added to ¢ times the i** row added to it. In
case i < j this will be of the form

1 0
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Now consider what this does to a column vector.

1

0

0

1

Now from this and the way matrices are multiplied,

E(cxi+j)

ailp  ai2
ai1 @42
a2 a2
apl  An2

U1

U5

Un

U1

U5

cv; + v;

Un

a1p

Qnp

equals a matrix of the following form having the indicated columns.

E(cxi+j)

ail ai2
(4251 @2
JE (¢ xi+j)

CLJQ CLJQ
an1 an2
ai1 a12
[¢251 a2

a2 + ca;q a2 + ca;o

an1 an2

7E(CX’L+.7)

a1p

aip

ajp + Caip

Qpp

alp

Qpp

The case where ¢ > j is handled similarly. This proves the following lemma.

Lemma 4.1.5 Let E (¢ X i + j) denote the elementary matriz obtained from I by replacing

the j*" row with ¢ times the i row added to it. Then

where B is obtained from A by replacing the j* row of A with itself added to c times the

it" row of A.

E(cxi+j)A=1B

Download free eBooks at bookboon.com




The next theorem is the main result.

Theorem 4.1.6 To perform any of the three row operations on a matriz A it suffices to do
the row operation on the identity matriz obtaining an elementary matriz E and then take
the product, EA. Furthermore, each elementary matriz is invertible and its inverse is an
elementary matriz.

Proof: The first part of this theorem has been proved in Lemmas 4.1.3 - 4.1.5. It
only remains to verify the claim about the inverses. Consider first the elementary matrices
corresponding to row operation of type three.

E(—cxi+j)E(cxi+j)=1

This follows because the first matrix takes ¢ times row 4 in the identity and adds it to row j.
When multiplied on the left by E (—c x ¢ + j) it follows from the first part of this theorem
that you take the i*" row of E (¢ x i + j) which coincides with the i*" row of I since that
row was not changed, multiply it by —c and add to the j** row of E (¢ x i + j) which was
the j** row of I added to ¢ times the i*" row of I. Thus E (—c x i + j) multiplied on the
left, undoes the row operation which resulted in E (¢ x i + j). The same argument applied
to the product
E(cxi+j)E(—cxi+j)

replacing ¢ with —c¢ in the argument yields that this product is also equal to I. Therefore,
Eexit+j) ' =E(—cxi+j).

Similar reasoning shows that for E (c,¢) the elementary matrix which comes from mul-

tiplying the i*" row by the nonzero constant, c,

E(ci) ' =E (c7h,i).
Finally, consider P% which involves switching the i*" and the j** rows.

PIpY =]
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because by the first part of this theorem, multiplying on the left by P% switches the it"
and j*" rows of P¥ which was obtained from switching the i** and j** rows of the identity.
First you switch them to get P¥ and then you multiply on the left by P which switches
these rows again and restores the identity matrix. Thus (P¥ )_1 =Pi N

4.2 The Rank Of A Matrix

Recall the following definition of rank of a matrix.

Definition 4.2.1 A submatriz of a matriz A is the rectangular array of numbers obtained
by deleting some rows and columns of A. Let A be an m X n matriz. The determinant
rank of the matriz equals r where r is the largest number such that some r X r submatriz
of A has a non zero determinant. The row rank is defined to be the dimension of the span
of the rows. The column rank is defined to be the dimension of the span of the columns.
The rank of A is denoted as rank (A).

The following theorem is proved in the section on the theory of the determinant and is
restated here for convenience.

Theorem 4.2.2 Let A be an m X n matriz. Then the row rank, column rank and determi-
nant rank are all the same.

So how do you find the rank? It turns out that row operations are the key to the practical
computation of the rank of a matrix.

In rough terms, the following lemma states that linear relationships between columns
in a matrix are preserved by row operations.

Lemma 4.2.3 Let B and A be two m X n matrices and suppose B results from a row
operation applied to A. Then the k* column of B is a linear combination of the i1, ,i,
columns of B if and only if the k" column of A is a linear combination of the iy, -~ , i,
columns of A. Furthermore, the scalars in the linear combination are the same. (The linear
relationship between the k" column of A and the iy,--- ,i, columns of A is the same as the
linear relationship between the k' column of B and the iy,--- ,i, columns of B.)

Proof: Let A equal the following matrix in which the aj are the columns

(al as P an)

and let B equal the following matrix in which the columns are given by the by

<b1 by - bn)

Then by Theorem 4.1.6 on Page 118 by, = Faj where E is an elementary matrix. Suppose
then that one of the columns of A is a linear combination of some other columns of A. Say

ap = Z cray.
resS
Then multiplying by F,
by = Fay = » c.Ea, =Y ¢.b,.M
res res

Corollary 4.2.4 Let A and B be two m X n matrices such that B is obtained by applying
a row operation to A. Then the two matrices have the same rank.

Proof: Lemma 4.2.3 says the linear relationships are the same between the columns of
A and those of B. Therefore, the column rank of the two matrices is the same. H

This suggests that to find the rank of a matrix, one should do row operations until a
matrix is obtained in which its rank is obvious.
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Example 4.2.5 Find the rank of the following matrixz and identify columns whose linear
combinations yield all the other columns.

121 3 2
136 0 2 (4.1)
3786 6

Take (—1) times the first row and add to the second and then take (—3) times the first
row and add to the third. This yields

121 3 2
015 -3 0
01 5 =30

By the above corollary, this matrix has the same rank as the first matrix. Now take (—1)
times the second row and add to the third row and then —2 times the second added to the
first yielding

10 -9 9 2

01 5 =30

00 0 0 O

At this point it is clear the rank is 2. This is because every column is in the span of the
first two and these first two columns are linearly independent.

Example 4.2.6 Find the rank of the following matriz and identify columns whose linear
combinations yield all the other columns.

1
1 (4.2)
3

(@20 (VI \V)
co O =
S O W
DD NN

Take (—1) times the first row and add to the second and then take (—3) times the first
row and add to the last row. This yields

1 21 3 2
00 5 =30
00 5 =30

Now multiply the second row by 1/5 and add 5 times it to the last row.

1 21 3 2
001 —3/5 0
0 0 O 0 0
Add (—1) times the second row to the first.
1 2 0 18/5 2
001 =3/50 (4.3)
0 0 O 0 0

It is now clear the rank of this matrix is 2 because the first and third columns form a
basis for the column space.
The matrix 4.3 is the row reduced echelon form for the matrix 4.2.
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4.3 The Row Reduced Echelon Form

The following definition is for the row reduced echelon form of a matrix.

Definition 4.3.1 Let e; denote the column vector which has all zero entries except for the
it" slot which is one. An mxn matriz is said to be in row reduced echelon form if, in viewing
successive columns from left to right, the first nonzero column encountered is e, and if you
have encountered ei,es,--- , ek, the next column is either exy1 or is a linear combination
of the vectors, e1,es, -+ , €.

For example, here are some matrices which are in row reduced echelon form.

01 3 0 3 1 03 =11 0
0 0 0 5,101 4 4 0
0 00 0O 00 0 0 1

Theorem 4.3.2 Let A be an m X n matriz. Then A has a row reduced echelon form
determined by a simple process.

Proof: Viewing the columns of A from left to right take the first nonzero column. Pick
a nonzero entry in this column and switch the row containing this entry with the top row of
A. Now divide this new top row by the value of this nonzero entry to get a 1 in this position
and then use row operations to make all entries below this entry equal to zero. Thus the
first nonzero column is now e;. Denote the resulting matrix by A;. Consider the submatrix
of A; to the right of this column and below the first row. Do exactly the same thing for it
that was done for A. This time the e; will refer to F~!. Use this 1 and row operations
to zero out every entry above it in the rows of A;. Call the resulting matrix A,. Thus A,
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satisfies the conditions of the above definition up to the column just encountered. Continue
this way till every column has been dealt with and the result must be in row reduced echelon
form. B

Definition 4.3.3 The first pivot column of A is the first nonzero column of A. The next
pivot column is the first column after this which is not a linear combination of the columns to
its left. The third pivot column is the next column after this which is not a linear combination
of those columns to its left, and so forth. Thus by Lemma 4.2.3 if a pivot column occurs
as the j*" column from the left, it follows that in the row reduced echelon form there will be
one of the ey as the j*" column.

There are three choices for row operations at each step in the above theorem. A natural
question is whether the same row reduced echelon matrix always results in the end from
following the above algorithm applied in any way. The next corollary says this is the case.

Definition 4.3.4 Two matrices are said to be row equivalent if one can be obtained from
the other by a sequence of row operations.

Since every row operation can be obtained by multiplication on the left by an elementary
matrix and since each of these elementary matrices has an inverse which is also an elementary
matrix, it follows that row equivalence is a similarity relation. Thus one can classify matrices
according to which similarity class they are in. Later in the book, another more profound
way of classifying matrices will be presented.

It has been shown above that every matrix is row equivalent to one which is in row
reduced echelon form. Note

T
=x1€1 + -+ ey

Tn

S0 to say two column vectors are equal is to say they are the same linear combination of the
special vectors e;.

Thus the row reduced echelon form is completely determined by the positions of columns
which are not linear combinations of preceding columns (These become the e; vectors in
the row reduced echelon form.) and the scalars which are used in the linear combinations of
these special pivot columns to obtain the other columns. All of these considerations pertain
only to linear relations between the columns of the matrix, which by Lemma 4.2.3 are all
preserved. Therefore, there is only one row reduced echelon form for any given matrix. The
proof of the following corollary is just a more careful exposition of this simple idea.

Corollary 4.3.5 The row reduced echelon form is unique. That is if B,C are two matrices
in row reduced echelon form and both are row equivalent to A, then B = C.

Proof: Suppose B and C are both row reduced echelon forms for the matrix A. Then
they clearly have the same zero columns since row operations leave zero columns unchanged.
If B has the sequence eq, es, - - - , e, occurring for the first time in the positions, i1, o, - , .,
the description of the row reduced echelon form means that each of these columns is not a
linear combination of the preceding columns. Therefore, by Lemma 4.2.3, the same is true of
the columns in positions i1, i, - - , i, for C. It follows from the description of the row reduced
echelon form, that eq,--- ,e, occur respectively for the first time in columns iy,49,- - , i,
for C. Thus B, C have the same columns in these positions. By Lemma 4.2.3, the other
columns in the two matrices are linear combinations, involving the same scalars, of the
columns in the 41, - - -, ix position. Thus each column of B is identical to the corresponding
column in C. B

The above corollary shows that you can determine whether two matrices are row equiv-
alent by simply checking their row reduced echelon forms. The matrices are row equivalent
if and only if they have the same row reduced echelon form.
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The following corollary follows.

Corollary 4.3.6 Let A be an m x n matriz and let R denote the row reduced echelon form
obtained from A by row operations. Then there exists a sequence of elementary matrices,
Ey,---,E, such that

(EpEp_1---E1)A=R.

Proof: This follows from the fact that row operations are equivalent to multiplication
on the left by an elementary matrix. Wl

Corollary 4.3.7 Let A be an invertible n x n matriz. Then A equals a finite product of
elementary matrices.

Proof: Since A~! is given to exist, it follows A must have rank n because by Theorem
3.3.18 det(A) # 0 which says the determinant rank and hence the column rank of A is n
and so the row reduced echelon form of A is I because the columns of A form a linearly
independent set. Therefore, by Corollary 4.3.6 there is a sequence of elementary matrices,
Ey,---,E, such that

(EpEp—1---E1)A=1.

But now multiply on the left on both sides by Ep_1 then by Ep__l1 and then by Ep__l2 etc.
until you get
A=FE'E;' - E L E;!

and by Theorem 4.1.6 each of these in this product is an elementary matrix. Wl

Corollary 4.3.8 The rank of a matriz equals the number of nonzero pivot columns. Fur-
thermore, every column is contained in the span of the pivot columns.

Proof: Write the row reduced echelon form for the matrix. From Corollary 4.2.4 this
row reduced matrix has the same rank as the original matrix. Deleting all the zero rows
and all the columns in the row reduced echelon form which do not correspond to a pivot
column, yields an r X r identity submatrix in which 7 is the number of pivot columns. Thus
the rank is at least r.

From Lemma 4.2.3 every column of A is a linear combination of the pivot columns since
this is true by definition for the row reduced echelon form. Therefore, the rank is no more
than r. W

Here is a fundamental observation related to the above.

Corollary 4.3.9 Suppose A is an m xn matriz and that m < n. That is, the number of rows
is less than the number of columns. Then one of the columns of A is a linear combination
of the preceding columns of A.

Proof: Since m < n, not all the columns of A can be pivot columns. That is, in the
row reduced echelon form say e; occurs for the first time at r; where r <1y < -+ < 1p
where p < m. It follows since m < n, there exists some column in the row reduced echelon
form which is a linear combination of the preceding columns. By Lemma 4.2.3 the same is
true of the columns of A. B

Definition 4.3.10 Let A be an m xXn matriz having rank, r. Then the nullity of A is defined
to be n —r. Also define ker (A) = {x € F" : Ax = 0}. This is also denoted as N (A).

Observation 4.3.11 Note that ker (A) is a subspace because if a,b are scalars and X,y are
vectors in ker (A), then

A(ax+by) =aAx+bAy=0+0=0

Recall that the dimension of the column space of a matrix equals its rank and since the
column space is just A (F™), the rank is just the dimension of A (F™). The next theorem
shows that the nullity equals the dimension of ker (4).
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Theorem 4.3.12 Let A be an m X n matriz. Then rank (A) 4+ dim (ker (A)) = n..
Proof: Since ker (A) is a subspace, there exists a basis for ker (A), {xy, -+ ,xx}. Also

let {Ay1, -, Ay;} be a basis for A (F"). Let u € F". Then there exist unique scalars ¢;

such that l

Au = Z c;Ay;

i=1

!
A (u ZQ‘}%‘) =0
i=1
and so the vector in parenthesis is in ker (A). Thus there exist unique b; such that
! k
u= Z Cyi + Z ijj
i=1 j=1

Since u was arbitrary, this shows {xy, - ,Xg,y1, -+ ,¥:} spans F”. If these vectors are
independent, then they will form a basis and the claimed equation will be obtained. Suppose

then that l X
Zciyi + Z ijj =0
i=1 j=1

Apply A to both sides. This yields

It follows that

l
Z CiAyi =0
i=1

and so each ¢; = 0. Then the independence of the x; imply each b; = 0. B
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4.4 Rank And Existence Of Solutions To Linear Sys-
tems

Consider the linear system of equations,
Ax=Db (4.4)

where A is an m X n matrix, x is a n x 1 column vector, and b is an m x 1 column vector.

Suppose
A= ( a; -+ a, )

where the a; denote the columns of A. Then x = (xq, - - ,xn)T is a solution of the system
4.4, if and only if

ria;+---+zpa, =b
which says that b is a vector in span (aj,--- ,a,). This shows that there exists a solution
to the system, 4.4 if and only if b is contained in span (aj, - ,a,). In words, there is a
solution to 4.4 if and only if b is in the column space of A. In terms of rank, the following
proposition describes the situation.

Proposition 4.4.1 Let A be an m X n matriz and let b be an m X 1 column vector. Then
there exists a solution to 4.4 if and only if

rank (A | b ) =rank(4). (4.5)

Proof: Place ( A | b ) and A in row reduced echelon form, respectively B and C. If

the above condition on rank is true, then both B and C' have the same number of nonzero
rows. In particular, you cannot have a row of the form

(0 0 %)

where % # 0 in B. Therefore, there will exist a solution to the system 4.4.

Conversely, suppose there exists a solution. This means there cannot be such a row in
B described above. Therefore, B and C' must have the same number of zero rows and so
they have the same number of nonzero rows. Therefore, the rank of the two matrices in 4.5
is the same. B

4.5 Fredholm Alternative

There is a very useful version of Proposition 4.4.1 known as the Fredholm alternative.
I will only present this for the case of real matrices here. Later a much more elegant and
general approach is presented which allows for the general case of complex matrices.

The following definition is used to state the Fredholm alternative.

Definition 4.5.1 Let S CR™. Then St ={z € R™ :z-s =0 for every s € S}. The funny
exponent, 1 is called “perp”.

Now note

ker (AT) = {z : ATz :0} = {z : izkak = O}

k=1
Lemma 4.5.2 Let A be a real m X n matriz, let x € R™ andy € R™. Then
(Ax - y) = (x~ATy)

Proof: This follows right away from the definition of the inner product and matrix
multiplication.

(Ax-y) = ZAkzxzyk = Z (A7), ziye = (x-ATy). B
kol kol
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Now it is time to state the Fredholm alternative. The first version of this is the following
theorem.

Theorem 4.5.3 Let A be a real m X n matriz and let b € R™. There exists a solution, x
to the equation Ax = b if and only if b € ker (AT)J',

Proof: First suppose b € ker (AT)L. Then this says that if ATx = 0, it follows that
b-x =x’b = 0. In other words, taking the transpose, if

xTA =0, then x'b = 0.

Thus, if P is a product of elementary matrices such that PA is in row reduced echelon form,
then if PA has a row of zeros, in the k" position, obtained from the k" row of P times A,
then there is also a zero in the k" position of Pb. This is because the k" position in Pb is

just the k*" row of P times b. Thus the row reduced echelon forms of A and ( A | b )

have the same number of zero rows. Thus rank ( A | b ) =rank(A4). By Proposition

4.4.1, there exists a solution x to the system Ax = b. It remains to prove the converse.
Let z € ker (AT) and suppose Ax = b. I need to verify b -z = 0. By Lemma 4.5.2,

bz=Ax-z=x-ATz=x-0=01

This implies the following corollary which is also called the Fredholm alternative. The
“alternative” becomes more clear in this corollary.

Corollary 4.5.4 Let A be an m X n matriz. Then A maps R™ onto R™ if and only if the
only solution to ATx =0 is x = 0.

Proof: If the only solution to A”x = 0 is x = 0, then ker (A7) = {0} and so ker (AT)L =
R™ because every b € R™ has the property that b-0 = 0. Therefore, Ax = b has a solu-

tion for any b € R™ because the b for which there is a solution are those in ker (AT)L by
Theorem 4.5.3. In other words, A maps R™ onto R™.

Conversely if A is onto, then by Theorem 4.5.3 every b € R™ is in ker (AT)J‘ and so if
ATx =0, then b - x = 0 for every b. In particular, this holds for b = x. Hence if A7x = 0,
thenx=0. &

Here is an amusing example.

Example 4.5.5 Let A be an m X n matriz in which m > n. Then A cannot map onto R™.
The reason for this is that AT is an n x m where m > n and so in the augmented matrix
(A" o)

there must be some free variables. Thus there exists a nonzero vector x such that ATx = 0.

4.6 Exercises

1. Let {uy, -+ ,u,} be vectors in R”. The parallelepiped determined by these vectors
P(uy,--- ,u,) is defined as

P(uh... ,lln) = {Ztkuk ik € [0, 1] for all kj}

k=1

Now let A be an n x n matrix. Show that
{Ax:x € P(uy, - ,u,)}

is also a parallelepiped.
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2. In the context of Problem 1, draw P (e1, e2) where e, es are the standard basis vectors
for R2. Thus e; = (1,0),e; = (0,1). Now suppose

(3 1)

where E is the elementary matrix which takes the third row and adds to the first.
Draw
{Ex:x € P(e,er)}.

In other words, draw the result of doing E to the vectors in P (e1,e3). Next draw the
results of doing the other elementary matrices to P (e1,e3).

3. In the context of Problem 1, either draw or describe the result of doing elementary
matrices to P (e, e, e3). Describe geometrically the conclusion of Corollary 4.3.7.

4. Counsider a permutation of {1,2,--- ,n}. This is an ordered list of numbers taken from
this list with no repeats, {i1, 42, - ,i,}. Define the permutation matrix P (iy,i2, - ,ip)
as the matrix which is obtained from the identity matrix by placing the j** column
of I as the i;h column of P (1,42, -+ ,i,). Thus the 1 in the i;h column of this per-
mutation matrix occurs in the j** slot. What does this permutation matrix do to the
column vector (1,2, --- ,n)T?

5. 1Consider the 3 x 3 permutation matrices. List all of them and then determine the
dimension of their span. Recall that you can consider an m x n matrix as something
in Fnm,

EXPERIENCE THE PC
FULL ENGAGEMENT...

RUN FASTER.
RUN LONGER..
RUN EASIER...
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6. Determine which matrices are in row reduced echelon form.

12 0
(a)<017>

1000

oo 12
000 0
110005

@ |o0oo012 04
00001 3

7. Row reduce the following matrices to obtain the row reduced echelon form. List the
pivot columns in the original matrix.

2 0 3
@ |21 2 2
1 0 3
1 2 3
2 1 =2
b
(b) 3 0 0
3 2 1
1 2 1 3
(c) -3 2 10
3 2 1 1

8. Find the rank and nullity of the following matrices. If the rank is r, identify r columns
in the original matrix which have the property that every other column may be
written as a linear combination of these.

010 2 1 2 2
032 12 1 6 8
(a)
011 5 0 2 3
021 7 03 4
0102010
032605 4
(b)
01120 2 2
02140 3 2
0102112
0326151
(c)
01120 21
02140 31
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9.

10.

11.

12.

13.

14.

15.

16.
17.

Find the rank of the following matrices. If the rank is r, identify r columns in the
original matrix which have the property that every other column may be written
as a linear combination of these. Also find a basis for the row and column spaces of
the matrices.

1 2 0
3 2 1

@15 1
02 1
100
11 1

b

O
02 0
010 2 1 2 2
03 21216 8

(c)
011 5 02 3
021 7 03 4
0102010
032605 4

(d)
01120 2 2
02 140 3 2
010211 2
0326 15 1

©@f 6112021
021403 1

Suppose A is an m x n matrix. Explain why the rank of A is always no larger than
min (m,n) .

Suppose A is an m X n matrix in which m < n. Suppose also that the rank of A equals
m. Show that A maps F™ onto F™. Hint: The vectors ey, - ,e,, occur as columns
in the row reduced echelon form for A.

Suppose A is an m x n matrix and that m > n. Show there exists b € F™ such that
there is no solution to the equation

Ax =b.

Suppose A is an m X n matrix in which m > n. Suppose also that the rank of A
equals n. Show that A is one to one. Hint: If not, there exists a vector, x # 0 such
that Ax = 0, and this implies at least one column of A is a linear combination of the
others. Show this would require the column rank to be less than n.

Explain why an n X n matrix A is both one to one and onto if and only if its rank is
n.

Suppose A is an m X n matrix and {wy,---,w} is a linearly independent set of
vectors in A (F™) C F™. Suppose also that Az; = w;. Show that {z1, -, 2z} is also
linearly independent.

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

Suppose A is an m X n matrix, m > n and the columns of A are independent. Sup-
pose also that {z,---,z;} is a linearly independent set of vectors in F”. Show that
{Azy,--- , Az} is linearly independent.
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18. Suppose A is an m X n matrix and B is an n X p matrix. Show that
dim (ker (AB)) < dim (ker (A4)) + dim (ker (B)) .

Hint: Consider the subspace, B (FP) Nker (A) and suppose a basis for this subspace
is {wy, -+ ,wy}. Now suppose {uy, - ,u,} is a basis for ker (B). Let {z1,--- ,zx}
be such that Bz; = w; and argue that

ker (AB) C span (uy, -« , Uy, 21, ,2k) .

19. Let m < n and let A be an m X n matrix. Show that A is not one to one.

20. Let A be an m x n real matrix and let b € R". Show there exists a solution, x to the
system
ATAx = A"Tb
Next show that if x,x; are two solutions, then Ax = Ax;. Hint: First show that

(ATA)T = AT A. Next show if x € ker (ATA) , then Ax = 0. Finally apply the Fred-
holm alternative. Show ATb € ker(AT A)+. This will give existence of a solution.

21. Show that in the context of Problem 20 that if x is the solution there, then |b — Ax| <
|b — Ay| for every y. Thus Ax is the point of A (R™) which is closest to b of every
point in A (R™). This is a solution to the least squares problem.

22. tHere is a point in R* : (1,2, 3, 4)T . Find the point in span which

wWw N o=
N W = O

is closest to the given point.

v
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23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

tHere is a point in R* : (1,2, 3, 4)T . Find the point on the plane described by = + 2y —
4z 4+ 4w = 0 which is closest to the given point.

Suppose A, B are two invertible n X n matrices. Show there exists a sequence of row
operations which when done to A yield B. Hint: Recall that every invertible matrix
is a product of elementary matrices.

If A is invertible and n x n and B is n X p, show that AB has the same null space as
B and also the same rank as B.

Here are two matrices in row reduced echelon form

_A:

o O =
o = O

1 1
1 ]1,B=]0
0 0

o = O
o = O

Does there exist a sequence of row operations which when done to A will yield B?
Explain.

Is it true that an upper triagular matrix has rank equal to the number of nonzero
entries down the main diagonal?

Let {v1,---,Vn_1} be vectors in F™. Describe a systematic way to obtain a vector v,,
which is perpendicular to each of these vectors. Hint: You might consider something
like this

el e2 e en
V11 V12 T Vin
det
VUn-1)1 Yn-1)2 " VYmn-1)n

where v;; is the j*" entry of the vector v;. This is a lot like the cross product.

Let A be an m x n matrix. Then ker (A) is a subspace of F". Is it true that every
subspace of F” is the kernel or null space of some matrix? Prove or disprove.

Let A be an n x n matrix and let P be the permutation matrix which switches the *"
and j*" rows of the identity. Show that P AP% produces a matrix which is similar
to A which switches the i** and j* entries on the main diagonal.

Recall the procedure for finding the inverse of a matrix on Page 51. It was shown that
the procedure, when it works, finds the inverse of the matrix. Show that whenever
the matrix has an inverse, the procedure works.

If EA = B where F is invertible, show that A and B have the same linear relationships
among their columns.

You could define column operations by analogy to row operations. That is, you
switch two columns, multiply a column by a nonzero scalar, or add a scalar multiple
of a column to another column. Let E be one of these column operations applied to
the identity matrix. Show that AFE produces the column operation on A which was
used to define E.
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Chapter 5

Some Factorizations

5.1 LU Factorization

An LU factorization of a matrix involves writing the given matrix as the product of a
lower triangular matrix which has the main diagonal consisting entirely of ones, L, and an
upper triangular matrix U in the indicated order. The L goes with “lower” and the U with
“upper”. It turns out many matrices can be written in this way and when this is possible,
people get excited about slick ways of solving the system of equations, Ax = y. The method
lacks generality but is of interest just the same.

0 1
Example 5.1.1 Can you write ( 10 ) in the form LU as just described?

To do so you would need

) (e h ) -0 )

Therefore, b = 1 and a = 0. Also, from the bottom rows, za = 1 which can’t happen and
have a = 0. Therefore, you can’t write this matrix in the form LU. It has no LU factorization.
This is what I mean above by saying the method lacks generality.

Which matrices have an LU factorization? It turns out it is those whose row reduced
echelon form can be achieved without switching rows and which only involve row operations
of type 3 in which row j is replaced with a multiple of row ¢ added to row j for i < j.

5.2 Finding An LU Factorization

There is a convenient procedure for finding an LU factorization. It turns out that it is
only necessary to keep track of the multipliers which are used to row reduce to upper
triangular form. This procedure is described in the following examples and is called the
multiplier method. It is due to Dolittle.

3
Example 5.2.1 Find an LU factorization for A=1 2 1 —4
2

Write the matrix next to the identity matrix as shown.

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

The process involves doing row operations to the matrix on the right while simultaneously
updating successive columns of the matrix on the left. First take —2 times the first row and
add to the second in the matrix on the right.

1 00 1 2 3
2 10 0 -3 -10
0 0 1 1 5 2
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Note the method for updating the matrix on the left. The 2 in the second entry of the first
column is there because —2 times the first row of A added to the second row of A produced
a 0. Now replace the third row in the matrix on the right by —1 times the first row added
to the third. Thus the next step is

1 00 1 2 3
2 10 0 -3 -10
1 0 1 0o 3 -1

Finally, add the second row to the bottom row and make the following changes

1 0 0 1 2 3
1 0 0 -3 -10
1 -1 1 0o 0 -11

At this point, stop because the matrix on the right is upper triangular. An LU factorization
is the above.
The justification for this gimmick will be given later.

12 1 2 1
2 2 11
Example 5.2.2 Find an LU factorization for A = 0

2 3 1 3 2

101 1 2
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This time everything is done at once for a whole column. This saves trouble. First
multiply the first row by (—1) and then add to the last row. Next take (—2) times the first
and add to the second and then (—2) times the first and add to the third.

10 0 0 1 2 1 2 1
21 00 0 -4 0 -3 -1
2010 0O -1 -1 -1 0
10 01 0o -2 0 -1 1

This finishes the first column of L and the first column of U. Now take — (1/4) times the
second row in the matrix on the right and add to the third followed by — (1/2) times the
second added to the last.

1 0 00 1 2 1 2 1
2 1 0 0 0 -4 0 -3 -1
2 1/4 1 0 0 0 -1 —1/4 1/4
1 1/2 0 1 0 0 0 1/2 32

This finishes the second column of L as well as the second column of U. Since the matrix
on the right is upper triangular, stop. The LU factorization has now been obtained. This
technique is called Dolittle’s method. »»

This process is entirely typical of the general case. The matrix U is just the first upper
triangular matrix you come to in your quest for the row reduced echelon form using only
the row operation which involves replacing a row by itself added to a multiple of another
row. The matrix L is what you get by updating the identity matrix as illustrated above.

You should note that for a square matrix, the number of row operations necessary to
reduce to LU form is about half the number needed to place the matrix in row reduced
echelon form. This is why an LU factorization is of interest in solving systems of equations.

5.3 Solving Linear Systems Using An LU Factorization

The reason people care about the LU factorization is it allows the quick solution of systems
of equations. Here is an example.

1 2 3 2 *

Example 5.3.1 Suppose you want to find the solutions to 4 3 1 1 Y =
1230 :
w

2
3

Of course one way is to write the augmented matrix and grind away. However, this
involves more row operations than the computation of an LU factorization and it turns out
that an LU factorization can give the solution quickly. Here is how. The following is an LU
factorization for the matrix.

1 2 3 2 1 00 1 2 3 2
4 3 1 1 |=1410 0 -5 —-11 -7
1 2 3 0 1 01 0 O 0 -2
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Let Ux =y and consider Ly = b where in this case, b =(1, 2, 3)T. Thus

1 0 0 Y1
1 0 1 Y3
1
which yields very quickly that y = | —2 | . Now you can find x by solving Ux = y. Thus
2

in this case,

X
1 2 3 2 1
0 -5 —11 -7 Y 1o =2
00 0 -2 : 2
w
which yields
3 7
347
9 _ 11y
x=] 5 3 ,teR
¢
~1

Work this out by hand and you will see the advantage of working only with triangular
matrices.

It may seem like a trivial thing but it is used because it cuts down on the number of
operations involved in finding a solution to a system of equations enough that it makes a
difference for large systems.

5.4 The PLU Factorization

As indicated above, some matrices don’t have an LU factorization. Here is an example.

M =

> = =
w NN

3 2

30 (5.1)
1 1

In this case, there is another factorization which is useful called a PLU factorization. Here
P is a permutation matrix.

Example 5.4.1 Find a PLU factorization for the above matrix in 5.1.

Proceed as before trying to find the row echelon form of the matrix. First add —1 times
the first row to the second row and then add —4 times the first to the third. This yields

100 1 2 3 2
1 10 0 0 0 -2
4 0 1 0 -5 —-11 -7

There is no way to do only row operations involving replacing a row with itself added to a
multiple of another row to the second matrix in such a way as to obtain an upper triangular
matrix. Therefore, consider M with the bottom two rows switched.

1 2
M=\ 4 3
1 2

w = W
S = N
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Now try again with this matrix. First take —1 times the first row and add to the bottom
row and then take —4 times the first row and add to the second row. This yields

1 00 1 2 3 2
4 1 0 0 -5 —-11 -7
1 01 0 0 0 -2

The second matrix is upper triangular and so the LU factorization of the matrix M’ is
1 00 1 2 3 2
4 1 0 0 -5 —11 -7
1 01 0 0 0 -2

Thus M’ = PM = LU where L and U are given above. Therefore, M = P?M = PLU and

1 2 3 2 1 00 1 00 1 2 3 2
12 3 01]=]001 4 1 0 0 -5 —-11 -7
4 3 11 01 0 1 01 0 0 0 -2

This process can always be followed and so there always exists a PLU factorization of a
given matrix even though there isn’t always an LU factorization.

1
Example 5.4.2 Use a PLU factorization of M = 1 to solve the system
4

W NN
_ W W
— O N

Mx =b where b =(1,2,3)".
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Let Ux = y and consider PLy = b. In other words, solve,

1 0 0 1 00 Y1
0 0 1 4 10 y2 | =1 2
01 0 1 01 Y3 3
Then multiplying both sides by P gives
1 00 Y1
4 1 0 Y2 = 3
1 01 Y3 2

and so
n
Y=1 92 = .
Y3
Now Ux =y and so it only remains to solve
il
1 2 3 2 1
T2
0 -5 —-11 -7

00 0 -2 s

T4

which yields

T é-‘rgt
9 11
S I B L
I3 t
1
Ty -3

5.5 Justification For The Multiplier Method

Why does the multiplier method work for finding an LU factorization? Suppose A is a
matrix which has the property that the row reduced echelon form for A may be achieved
using only the row operations which involve replacing a row with itself added to a multiple
of another row. It is not ever necessary to switch rows. Thus every row which is replaced
using this row operation in obtaining the echelon form may be modified by using a row
which is above it. Furthermore, in the multiplier method for finding the LU factorization,
we zero out the elements below the pivot entry in first column and then the next and so on
when scanning from the left. In terms of elementary matrices, this means the row operations
used to reduce A to upper triangular form correspond to multiplication on the left by lower
triangular matrices having all ones down the main diagonal and the sequence of elementary
matrices which row reduces A has the property that in scanning the list of elementary
matrices from the right to the left, this list consists of several matrices which involve only
changes from the identity in the first column, then several which involve only changes from
the identity in the second column and so forth. More precisely, E, --- E1A = U where U is

upper triangular, Ej having all zeros below the main diagonal except for a single column.
Will be L

Therefore, A = E; " --- Ep__llEp_ 'U. You multiply the inverses in the reverse order. Now each
of the E;” ! is also lower triangular with 1 down the main diagonal. Therefore their product
has this property. Recall also that if F; equals the identity matrix except for having an a
in a single column somewhere below the main diagonal, E; !'is obtained by replacing the a
in F; with —a, thus explaining why we replace with —1 times the multiplier in computing
L. In the case where A is a 3 x m matrix, E; ' E;}lEp*l is of the form
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o = O
—_ o O
—_— o O

1
0
b

o = O
—_ o O
o O =
o = O

1 0 1 0
a 0O |=1]a 1
0 1 b ¢
Note that scanning from left to right, the first two in the product involve changes in the
identity only in the first column while in the third matrix, the change is only in the second.

If the entries in the first column had been zeroed out in a different order, the following
would have resulted.

1 0 0 1 0 0 1 0 0 1 0 0
01 0 a 1 0 01 0]=|wa 10
b 0 1 0 0 1 0 ¢ 1 b ¢ 1

However, it is important to be working from the left to the right, one column at a time.

A similar observation holds in any dimension. Multiplying the elementary matrices which
involve a change only in the j** column you obtain A equal to an upper triangular, n x m
matrix U which is multiplied by a sequence of lower triangular matrices on its left which is
of the following form, in which the a;; are negatives of multipliers used in row reducing to
an upper triangular matrix.

1 o --- 0 1 0 - 0 1 0 0
an 1 : 0 1 0 1

0

aip-1 0 -+ 1 0 agp—o -+ 1 0 pn—1 1

From the matrix multiplication, this product equals

a1p—-1 - Ap,n—1 1

Notice how the end result of the matrix multiplication made no change in the a;;. It just
filled in the empty spaces with the a;; which occurred in one of the matrices in the product.
This is why, in computing L, it is sufficient to begin with the left column and work column
by column toward the right, replacing entries with the negative of the multiplier used in the
row operation which produces a zero in that entry.

5.6 Existence For The PLU Factorization

Here I will consider an invertible n x n matrix and show that such a matrix always has
a PLU factorization. More general matrices could also be considered but this is all T will
present.

Let A be such an invertible matrix and consider the first column of A. If A;; # 0, use
this to zero out everything below it. The entry A;; is called the pivot. Thus in this case
there is a lower triangular matrix L; which has all ones on the diagonal such that

* *
L1PIA= 5.2
1P (0 A1> (5.2)

Here P, = I. In case Aj; = 0, let r be such that A,; # 0 and r is the first entry for which
this happens. In this case, let P; be the permutation matrix which switches the first row
and the r** row. Then as before, there exists a lower triangular matrix L; which has all
ones on the diagonal such that 5.2 holds in this case also. In the first column, this L, has
zeros between the first row and the 7" row.
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Go to A;. Following the same procedure as above, there exists a lower triangular matrix
and permutation matrix L}, Py such that

pPA =" "
2l 5A1 <0A2

1 0 1 0
Ly = , |, 2= ,

Then using block multiplication, Theorem 3.5.2,

1 0 1 0 * ok B

0 L 0 P 0 A )
_ 1 0 * * _ * *
Lo L 0 PyA; )\ 0 LyPyA,

* PR *
0 = * =Ly L1 P A
0 0 A

and L, has all the subdiagonal entries equal to 0 except possibly some nonzero entries in
the second column starting with position ro where P, switches rows ro and 2. Continuing
this way, it follows there are lower triangular matrices L; having all ones down the diagonal
and permutation matrices P; which switch only two rows such that

Ln1Po1Ly_oPy_oLp_3- LoPol PLA=U (5.3)
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where U is upper triangular. The matrix L; has all zeros below the main diagonal except
for the j' column and even in this column it has zeros between position j and r; where P;
switches rows j and r;. Of course in the case where no switching is necessary, you could get
all nonzero entries below the main diagonal in the j** column for L;.

The fact that L; is the identity except for the 4t column means that each Py, for k > j
almost commutes with L;. Say P switches the k" and the ¢** rows for ¢ > k > j. When
you place Py on the right of L; it just switches the k" and the ¢! columns and leaves the
j'" column unchanged. Therefore, the same result as placing Py on the left of L; can be
obtained by placing P} on the right of L; and modifying L; by switching the k" and the ¢
entries in the j*" column. (Note this could possibly interchange a 0 for something nonzero.)
It follows from 5.3 there exists P, the product of permutation matrices, P = P,_1--- P;
each of which switches two rows, and L a lower triangular matrix having all ones on the
main diagonal, L = Lj,_; --- L5 L7, where the L; are obtained as just described by moving a
succession of Py, from the left to the right of L; and modifying the 4t column as indicated,
such that

LPA=U.
Then
A=PTL7'U
It is customary to write this more simply as

A=PLU

where L is an upper triangular matrix having all ones on the diagonal and P is a permutation
matrix consisting of P --- P,,_1 as described above. This proves the following theorem.

Theorem 5.6.1 Let A be any invertible n X n matrixz. Then there exists a permutation
matriz P and a lower triangular matriz L having oll ones on the main diagonal and an
upper triangular matriz U such that

A=PLU

5.7 The QR Factorization

As pointed out above, the LU factorization is not a mathematically respectable thing be-
cause it does not always exist. There is another factorization which does always exist. Much
more can be said about it than I will say here. At this time, I will only deal with real ma-
trices and so the inner product will be the usual real dot product. Letting A be an m x n
real matrix and letting (-,-) denote the usual real inner product,

(Ax,y) = Z (Ax)i Yi = Z ZAijﬂiji = Z Z (AT)ji YiZj

> (ATy) ;= (x,A"y)

J

Thus, when you take the matrix across the comma, you replace with a transpose.
Definition 5.7.1 An n x n real matriz Q is called an orthogonal matrix if
QR =Q"Q=1
Thus an orthogonal matriz is one whose inverse is equal to its transpose.
From the above observation,
|OxI” = (@x,Qx) = (x.Q"Qx) = (x,Ix) = (x,x) = |x|’

This shows that orthogonal transformations preserve distances. Conversely you can also
show that if you have a matrix which does preserve distances, then it must be orthogonal.

Example 5.7.2 One of the most important examples of an orthogonal matriz is the so
called Householder matriz. You have v a unit vector and you form the matriz

I—2vv’
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This is an orthogonal matriz which is also symmetric. To see this, you use the rules of
matrix operations.
(I - 2VVT)T = JT - (QVVT)T
= I—2vv’
so it is symmetric. Now to show it is orthogonal,
(I — 2VVT) (I — 2VVT) = T —2vvl —ovvTl 4+ avvlvvT
= T —dvwwl +avwl =1

2 o .
because vI'v = v -v = |v|° = 1. Therefore, this is an example of an orthogonal matriz.

Consider the following problem.

Problem 5.7.3 Given two vectors X,y such that |x| = |y| # 0 but x # y and you want an
orthogonal matriz @ such that Qx =y and Qy = x. The thing which works is the House-

holder matriz

QEI—2ﬁ(x—y)T
Here is why this works.
Qx—y) = (x—y)ﬂﬁ(x—yﬁx—y)
- (x-y)- l;:;2|x—y\2=y—x
Qx+y) = (x+y>—2ﬁ(x—yﬁx+y>
= oY) m 2 (k) (k)
= (xry) =2 (k= by = x+y
Hence
Qx+Qy = x+y
Qx—-Qy = y-—x

Adding these equations, 2Qx = 2y and subtracting them yields 2Qy = 2x.

A picture of the geometric significance follows.

The orthogonal matrix ) reflects across the dotted line taking x to y and y to x.

Definition 5.7.4 Let A be an m xn matriz. Then a QR factorization of A consists of two
matrices, @ orthogonal and R upper triangular (right triangular) having all the entries on
the main diagonal nonnegative such that A = QR.

With the solution to this simple problem, here is how to obtain a QR factorization for

any matrix A. Let
A= (alaaQ?”' aan)
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where the a; are the columns. If a; =0, let @1 = I. If a; # 0, let

|a|

0

b= )

0

and form the Householder matrix
a;—b
Q151—2L1 ml@l—bf
|-

As in the above problem Q1a; = b and so

_ |31| *
Qﬂ_(o @)

where Ay is a m—1xn—1 matrix. Now find in the same way as was just donea m—1xm—1

matrix o such that
- * %
A =
Q24> ( 0 A, >

(1 0
@=(4 4

Let
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Then

_ 1 0 |a1| *
o=y o (o)

la;| * =
= : * %
0 0 A

Continuing this way until the result is upper triangular, you get a sequence of orthogonal
matrices Q,Qp—1 - - Q1 such that

QpQp-1---Q1A=R (5.4)

where R is upper triangular.
Now if )1 and @2 are orthogonal, then from properties of matrix multiplication,

Q1Q2 (Q1Q2)" = Q1Q2Q7QT = QuIQT =1

and similarly

(@1Q2)" Q1Q2 = 1.

Thus the product of orthogonal matrices is orthogonal. Also the transpose of an orthogonal
matrix is orthogonal directly from the definition. Therefore, from 5.4

A=(QpQp-1--Q1)" R=QR.
This proves the following theorem.

Theorem 5.7.5 Let A be any real m x n matriz. Then there exists an orthogonal matriz
Q@ and an upper triangular matrix R having nonnegative entries on the main diagonal such
that

A=QR

and this factorization can be accomplished in a systematic manner.

> >

5.8 Exercises

2 0
1. Find a LU factorization of 2 1 3
2 3
1 2
2. Find a LU factorization of 1 3 21
5 0 3
1
3. Find a PLU factorization of 1 2 2
2 1
21 2 1
4. Find a PLU factorizationof | 2 4 2 4 1
1 2 1 3 2
1 2 1
. .. 1 2 2
5. Find a PLU factorization of
2 4 1
3 2 1
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10.

11.

12.

Is there only one LU factorization for a given matrix? Hint: Consider the equation

(o))

Here is a matrix and an LU factorization of it.

1 2 5 0 1 0 1 2 5 0
A=111 4 9 | = 0 0 -1 -1 9
01 2 5 0 -1 1 0 O 1 14

Use this factorization to solve the system of equations

1
Ax =] 2
3

. Find a QR factorization for the matrix

. Find a QR factorization for the matrix

1
3
1

S O N
N —
=)

If you had a QR factorization, A = QR, describe how you could use it to solve the
equation Ax = b.

If @ is an orthogonal matrix, show the columns are an orthonormal set. That is show

that for
Q = ( ql e qn )

it follows that q; - q; = ;5. Also show that any orthonormal set of vectors is linearly
independent.

Show you can’t expect uniqueness for QR factorizations. Consider

000
00 1
00 1
and verify this equals
0 1 0 0 0 V2
V2 0 1V2 00 0
W2 0 —4V2 00 0
and also
1 00 00 0
010 0 0 1
00 1 0 0 1

Using Definition 5.7.4, can it be concluded that if A is an invertible matrix it will
follow there is only one QR factorization?
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13. Suppose {ay,--- ,a,} are linearly independent vectors in R™ and let

a=(ar - an)

Form a QR factorization for A.

M1 Ti2 o Tin

0 raa 0 Ty
(a0 o a)=(a — a)| 0™

0 0 Tnn

Show that for each k < n,

span(a1,~-~ ,ak) = span(q1,~- an)

Prove that every subspace of R™ has an orthonormal basis. The procedure just de-
scribed is similar to the Gram Schmidt procedure which will be presented later.

14. Suppose @, R, converges to an orthogonal matrix @) where @,, is orthogonal and R,
is upper triangular having all positive entries on the diagonal. Show that then @,
converges to @ and R,, converges to the identity.

Click here

to learn more /8
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Chapter 6

Spectral Theory

Spectral Theory refers to the study of eigenvalues and eigenvectors of a matrix. It is of
fundamental importance in many areas. Row operations will no longer be such a useful tool
in this subject.

6.1 Eigenvalues And Eigenvectors Of A Matrix

The field of scalars in spectral theory is best taken to equal C although I will sometimes
refer to it as F when it could be either C or R.

Definition 6.1.1 Let M be an n x n matriz and let x € C™ be a nonzero vector for which
Mx = Mx (6.1)

for some scalar, \. Then x is called an eigenvector and X is called an eigenvalue (charac-
teristic value) of the matriz M.

’Eigenvectors are never equal to zero! ‘

The set of all eigenvalues of an n x n matrix M, is denoted by o (M) and is referred to as
the spectrum of M.

Eigenvectors are vectors which are shrunk, stretched or reflected upon multiplication by
a matrix. How can they be identified? Suppose x satisfies 6.1. Then

M-M)x=0

for some x # 0. Therefore, the matrix M — Al cannot have an inverse and so by Theorem
3.3.18

det (AT — M) =0. (6.2)
In other words, A must be a zero of the characteristic polynomial. Since M is an n xn matrix,
it follows from the theorem on expanding a matrix by its cofactor that this is a polynomial
equation of degree n. As such, it has a solution, A € C. Is it actually an eigenvalue? The
answer is yes and this follows from Theorem 3.3.26 on Page 102. Since det (Al — M) =0
the matrix Al — M cannot be one to one and so there exists a nonzero vector, x such that
(M — M)x = 0. This proves the following corollary.

Corollary 6.1.2 Let M be an nxn matriz and det (M — AI) = 0. Then there exists x € C*
such that (M — X\)x = 0.

As an example, consider the following.

Example 6.1.3 Find the eigenvalues and eigenvectors for the matriz

5 —10 -5
A= 2 14 2
-4 -8 6

You first need to identify the eigenvalues. Recall this requires the solution of the equation

1 00 5 —-10 -5
det [A[ O 1 0 | — 2 14 2 =0
0 01 -4 -8 6
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When you expand this determinant, you find the equation is
(A —5) (\* = 20X + 100) = 0

and so the eigenvalues are
5,10, 10.

I have listed 10 twice because it is a zero of multiplicity two due to
A? — 20X 4100 = (A — 10)°.

Having found the eigenvalues, it only remains to find the eigenvectors. First find the
eigenvectors for A = 5. As explained above, this requires you to solve the equation,

1 00 5 —=10 -5 T 0
51 0 1 0 | — 2 14 2 y | =10
0 0 1 -4 =8 z 0

That is you need to find the solution to

0 10 5 T
—2 -9 -2 y | =
4 g8 -1 z

By now this is an old problem. You set up the augmented matrix and row reduce to get the
solution. Thus the matrix you must row reduce is

0 10 5 0
—2 -9 -2 0 |. (6.3)
4 8 -1 0

The reduced row echelon form is

5
1o -3 0
1
01 5 0
00 0 O
and so the solution is any vector of the form
5 5
1% 1
z 1

where z € F. You would obtain the same collection of vectors if you replaced z with 4z.
Thus a simpler description for the solutions to this system of equations whose augmented
matrix is in 6.3 is
5
z| -2 (6.4)
4

where z € F. Now you need to remember that you can’t take z = 0 because this would
result in the zero vector and

Eigenvectors are never equal to zero!

Other than this value, every other choice of z in 6.4 results in an eigenvector. It is a good
idea to check your work! To do so, I will take the original matrix and multiply by this vector
and see if I get 5 times this vector.
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5 —10 -5 ) 25 5
2 14 2 -2 |=1 -10 | =5 -2
-4 -8 6 4 20 4

so it appears this is correct. Always check your work on these problems if you care about
getting the answer right.

The variable, z is called a free variable or sometimes a parameter. The set of vectors in
6.4 is called the eigenspace and it equals ker (A\] — A) . You should observe that in this case
the eigenspace has dimension 1 because there is one vector which spans the eigenspace. In
general, you obtain the solution from the row echelon form and the number of different free
variables gives you the dimension of the eigenspace. Just remember that not every vector
in the eigenspace is an eigenvector. The vector, 0 is not an eigenvector although it is in the
eigenspace because

Eigenvectors are never equal to zero!

Next consider the eigenvectors for A = 10. These vectors are solutions to the equation,

100 5 —10 =5 x 0
101 0 1 0 |— 2 14 2 y |=120
0 0 1 -4 -8 6 z 0
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That is you must find the solutions to

5 10 5 T 0
-2 -4 -2 y | =10
4 8 4 z 0

which reduces to consideration of the augmented matrix

5 10 5 0
-2 -4 -2 0
4 8 4 0

The row reduced echelon form for this matrix is

1 2 1
0 0 0O
0 0 0O
and so the eigenvectors are of the form
—2y—z -2 -1
Yy =yl 1 +z| O
z 0 1

You can’t pick z and y both equal to zero because this would result in the zero vector and

Eigenvectors are never equal to zero!

However, every other choice of z and y does result in an eigenvector for the eigenvalue
A = 10. As in the case for A = 5 you should check your work if you care about getting it
right.

5 —10 -5 -1 —10 -1
2 14 2 0 = 0 =10 0
-4 -8 6 1 10 1

so it worked. The other vector will also work. Check it.

The above example shows how to find eigenvectors and eigenvalues algebraically. You
may have noticed it is a bit long. Sometimes students try to first row reduce the matrix
before looking for eigenvalues. This is a terrible idea because row operations destroy the
value of the eigenvalues. The eigenvalue problem is really not about row operations. A
general rule to remember about the eigenvalue problem is this.

If it is not long and hard it is usually wrong!

The eigenvalue problem is the hardest problem in algebra and people still do research on
ways to find eigenvalues. Now if you are so fortunate as to find the eigenvalues as in the
above example, then finding the eigenvectors does reduce to row operations and this part
of the problem is easy. However, finding the eigenvalues is anything but easy because for
an n X n matrix, it involves solving a polynomial equation of degree n and none of us are
very good at doing this. If you only find a good approximation to the eigenvalue, it won’t
work. It either is or is not an eigenvalue and if it is not, the only solution to the equation,
(M — M) x = 0 will be the zero solution as explained above and

Eigenvectors are never equal to zero!

Here is another example.
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Example 6.1.4 Let

2 2 =2
A= 1 3 -1
-1 1 1
First find the eigenvalues.
1 0 0 2 2 =2
det |A| 0 1 0 |- 1 3 -1 =0
0 01 -1 1 1

This is A*> — 6A% + 8\ = 0 and the solutions are 0, 2, and 4.

0 Can be an Eigenvalue!

Now find the eigenvectors. For A = 0 the augmented matrix for finding the solutions is

2 2 -2 0
1 3 -1 0
-1 1 1 0
and the row reduced echelon form is
1 0 -1 0
01 0 O
0O 0 0 O

where z # 0.
Next find the eigenvectors for A = 2. The augmented matrix for the system of equations
needed to find these eigenvectors is

0o -2 2 0

-1 -1 1 0

1 -1 1 0
and the row reduced echelon form is

10 0 O

01 -1 0

0 0 0 O

and so the eigenvectors are of the form

o

[t

where z # 0.
Finally find the eigenvectors for A = 4. The augmented matrix for the system of equations
needed to find these eigenvectors is

2 -2 2
-1 1 1 0
1 -1 3
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and the row reduced echelon form is

1 -1 0 0
0 0 1 0
0 0 0 O
Therefore, the eigenvectors are of the form
1
Y 1
0
where y # 0.
Example 6.1.5 Let
2 -2 -1
A= -2 -1 =2
14 25 14

Find the eigenvectors and eigenvalues.

In this case the eigenvalues are 3,6,6 where I have listed 6 twice because it is a zero of
algebraic multiplicity two, the characteristic equation being

A=3)(A—6)>=0.
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It remains to find the eigenvectors for these eigenvalues. First consider the eigenvectors for
A = 3. You must solve

1 0 0 2 -2 -1 T 0
31 o1 0 |- —2 -1 -2 y | =120
0 0 1 14 25 14 z 0

Using routine row operations, the eigenvectors are nonzero vectors of the form

z 1
-z | =z —1
z 1

Next consider the eigenvectors for A = 6. This requires you to solve

1 0 0 2 -2 -1 T 0
61 01 0 |- -2 -1 -2 y | =10
0 0 1 14 25 14 z 0

and using the usual procedures yields the eigenvectors for A = 6 are of the form

_1

8
:| -4

1

or written more simply,

-1
z| -2

8

where z € F.

Note that in this example the eigenspace for the eigenvalue A\ = 6 is of dimension 1
because there is only one parameter which can be chosen. However, this eigenvalue is of
multiplicity two as a root to the characteristic equation.

Definition 6.1.6 If A is an n X n matrix with the property that some eigenvalue has alge-
braic multiplicity as a root of the characteristic equation which is greater than the dimension
of the eigenspace associated with this eigenvalue, then the matriz is called defective.

There may be repeated roots to the characteristic equation, 6.2 and it is not known
whether the dimension of the eigenspace equals the multiplicity of the eigenvalue. However,
the following theorem is available.

Theorem 6.1.7 Suppose Mv; = A\;jvi,i=1,--- ,r, v; #0, and that if i # j, then \; # \;.
Then the set of eigenvectors, {vy,--- ,v,} is linearly independent.

Proof. Suppose the claim of the lemma is not true. Then there exists a subset of this
set of vectors

{Wla"' 7WT'} g {v17"' 7Vk}

such that

> ejw;=0 (6.5)
j=1
where each ¢; # 0. Say Mw; = pi;w; where

{/’[/17"' ,NT} g {)\la"' 7)\16}7
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the u; being distinct eigenvalues of M. Out of all such subsets, let this one be such that r
is as small as possible. Then necessarily, » > 1 because otherwise, ¢c;w; = 0 which would
imply w; = 0, which is not allowed for eigenvectors.

Now apply M to both sides of 6.5.

ZCjujo =0. (66)
j=1

Next pick p;, # 0 and multiply both sides of 6.5 by ;. Such a p, exists because r > 1.
Thus

ch,ukwj =0 (6.7)
j=1
Subtract the sum in 6.7 from the sum in 6.6 to obtain

ch (g, = 1) wj =0
j=1

Now one of the constants c; (,uk - uj) equals 0, when j = k. Therefore, r was not as small
as possible after all. B

In words, this theorem says that eigenvectors associated with distinct eigenvalues are
linearly independent.

Sometimes you have to consider eigenvalues which are complex numbers. This occurs in
differential equations for example. You do these problems exactly the same way as you do
the ones in which the eigenvalues are real. Here is an example.

Example 6.1.8 Find the eigenvalues and eigenvectors of the matrix

0
A= 0 2 -1
0 1 2
You need to find the eigenvalues. Solve
1 00 0
det | Al O 1 0 [|—-| 0 2 -1 =0.
0 0 1 2

This reduces to (A — 1) (/\2 —4X +5) = 0. The solutions are A\ = 1,A =2+ i, A =2 — 4.
There is nothing new about finding the eigenvectors for A = 1 so consider the eigenvalue
A =2+ 1. You need to solve

100 0 x 0
2+l o1 0 |- ~1 y | =10
00 1 2 2 0

In other words, you must consider the augmented matrix

142 0 0 0
0 1 1 0
0 -1 3 0

for the solution. Divide the top row by (1 + %) and then take —i times the second row and
add to the bottom. This yields

o O =
O = O
S = O
o O O
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Now multiply the second row by —¢ to obtain

0 0
- 0
0 0 0
Therefore, the eigenvectors are of the form
0
Zz| 1
1

You should find the eigenvectors for A = 2 — i. These are

so it worked.
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6.2 Some Applications Of Eigenvalues And Eigenvec-
tors

Recall that n X n matrices can be considered as linear transformations. If F'is a 3 x 3 real
matrix having positive determinant, it can be shown that F' = RU where R is a rotation
matrix and U is a symmetric real matrix having positive eigenvalues. An application of
this wonderful result, known to mathematicians as the right polar decomposition, is to
continuum mechanics where a chunk of material is identified with a set of points in three
dimensional space.

The linear transformation, F' in this context is called the deformation gradient and
it describes the local deformation of the material. Thus it is possible to consider this
deformation in terms of two processes, one which distorts the material and the other which
just rotates it. It is the matrix U which is responsible for stretching and compressing. This
is why in continuum mechanics, the stress is often taken to depend on U which is known in
this context as the right Cauchy Green strain tensor. This process of writing a matrix as a
product of two such matrices, one of which preserves distance and the other which distorts
is also important in applications to geometric measure theory an interesting field of study
in mathematics and to the study of quadratic forms which occur in many applications such
as statistics. Here I am emphasizing the application to mechanics in which the eigenvectors
of U determine the principle directions, those directions in which the material is stretched
or compressed to the maximum extent.

Example 6.2.1 Find the principle directions determined by the matriz

29 6 6
11 11 11
6 41 19
11 44 44
6 10 41
11 44 44

The eigenvalues are 3,1, and %

It is nice to be given the eigenvalues. The largest eigenvalue is 3 which means that in
the direction determined by the eigenvector associated with 3 the stretch is three times as
large. The smallest eigenvalue is 1/2 and so in the direction determined by the eigenvector
for 1/2 the material is compressed, becoming locally half as long. It remains to find these
directions. First consider the eigenvector for 3. It is necessary to solve

29 6 6
6 41 19 —

31 01 0 - T o = 0
6 19 41

4 6 6
m —1u —1 0
_6 9 _19
11 a4 14
6 _19 91
11 4 44
The row reduced echelon form is
1 0 -3 0
01 -1 0
00 0 O

and so the principle direction for the eigenvalue 3 in which the material is stretched to the
maximum extent is
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A direction vector in this direction is

3/V11
1/V11
1/V/11

You should show that the direction in which the material is compressed the most is in the

direction
0

,1/\@
1/v2

Note this is meaningful information which you would have a hard time finding without
the theory of eigenvectors and eigenvalues.

Another application is to the problem of finding solutions to systems of differential
equations. It turns out that vibrating systems involving masses and springs can be studied
in the form

x" = Ax (6.8)

where A is a real symmetric n x n matrix which has nonpositive eigenvalues. This is
analogous to the case of the scalar equation for undamped oscillation, " 4+ w?2z = 0. The
main difference is that here the scalar w? is replaced with the matrix —A. Consider the
problem of finding solutions to 6.8. You look for a solution which is in the form

x () = veM (6.9)
and substitute this into 6.8. Thus
X// _ V)\2e/\t — e/\tAv

and so
Av = Av.

Therefore, A needs to be an eigenvalue of A and v needs to be an eigenvector. Since A
has nonpositive eigenvalues, \> = —a? and so A = +ia where —a? is an eigenvalue of A.
Corresponding to this you obtain solutions of the form

x (t) = vcos (at) , vsin (at) .

Note these solutions oscillate because of the cos(at) and sin (at) in the solutions. Here is
an example.

Example 6.2.2 Find oscillatory solutions to the system of differential equations, x"" = Ax
where

_5 _1 _1
3 3 3

| _r _13 s
A_ 3 6 6
_1 5 _13

3 6 6

The eigenvalues are —1,—2, and —3.

According to the above, you can find solutions by looking for the eigenvectors. Consider
the eigenvectors for —3. The augmented matrix for finding the eigenvectors is

1 1
3 3

and its row echelon form is
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Therefore, the eigenvectors are of the form

It follows
0 0

—1 | cos (\/gt) , —1 | sin (\/gt)
1 1

are both solutions to the system of differential equations. You can find other oscillatory
solutions in the same way by considering the other eigenvalues. You might try checking
these answers to verify they work.

This is just a special case of a procedure used in differential equations to obtain closed
form solutions to systems of differential equations using linear algebra. The overall philos-
ophy is to take one of the easiest problems in analysis and change it into the eigenvalue
problem which is the most difficult problem in algebra. However, when it works, it gives
precise solutions in terms of known functions.
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6.3 Exercises

1.

10.

11.

12.

13.

14.

If A is the matrix of a linear transformation which rotates all vectors in R? through
30°, explain why A cannot have any real eigenvalues.

. If Ais an n X n matrix and c is a nonzero constant, compare the eigenvalues of A and

CcA.

If A is an invertible n x n matrix, compare the eigenvalues of A and A~'. More
generally, for m an arbitrary integer, compare the eigenvalues of A and A™.

Let A, B be invertible n x n matrices which commute. That is, AB = BA. Suppose
x is an eigenvector of B. Show that then Ax must also be an eigenvector for B.

Suppose A is an n X n matrix and it satisfies A™ = A for some m a positive integer
larger than 1. Show that if A is an eigenvalue of A then |A| equals either 0 or 1.

Show that if Ax = Ax and Ay = Ay, then whenever a, b are scalars,
A(ax + by) = X (ax + by) .

Does this imply that ax + by is an eigenvector? Explain.

-1 -1 7
Find the eigenvalues and eigenvectors of the matrix —1 0 4 |. Determine
-1 -1 5
whether the matrix is defective.
-3 =7 19
Find the eigenvalues and eigenvectors of the matrix -2 -1 8 .Determine
-2 =3 10
whether the matrix is defective.
-7 =12 30
Find the eigenvalues and eigenvectors of the matrix -3 =7 15
-3 -6 14
7T -2 0
Find the eigenvalues and eigenvectors of the matrix 8 —1 0 |. Determine
-2 4 6
whether the matrix is defective.
3 -2 -1
Find the eigenvalues and eigenvectors of the matrix | 0 5 1
0 2 4

whether the matrix is defective.

12 3 —10 | . Determine
12 4 -11

6 8 —23
Find the eigenvalues and eigenvectors of the matrix ( 4 5 —16 |. Determine
Find the eigenvalues and eigenvectors of the matrix (

whether the matrix is defective.

20 9 -18
Find the eigenvalues and eigenvectors of the matrix 6 5 —6 . Determine
30 14 =27

whether the matrix is defective.
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15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

1 26  —17

Find the eigenvalues and eigenvectors of the matrix 4 -4 4 . Determine
-9 -18 9
whether the matrix is defective.
3 -1 =2
Find the eigenvalues and eigenvectors of the matrix 11 3 -9 | . Determine
8 0 —6
whether the matrix is defective.
-2 1 2
Find the eigenvalues and eigenvectors of the matrix —11 -2 9 | . Determine
-8 0 7
whether the matrix is defective.
2 1 -1
Find the eigenvalues and eigenvectors of the matrix | 2 3 —2 | .Determine whether
2 2 -1
the matrix is defective.
4 -2 =2
Find the complex eigenvalues and eigenvectors of the matrix | 0 2 -2
2 0 2
9 6 -3
Find the eigenvalues and eigenvectors of the matrix 0 6 0 . Determine
-3 -6 9
whether the matrix is defective.
4 -2 =2
Find the complex eigenvalues and eigenvectors of the matrix | 0 2 —2 |. De-
2 0 2
termine whether the matrix is defective.
-4 2 0
Find the complex eigenvalues and eigenvectors of the matrix 2 -4 0
-2 2 =2
Determine whether the matrix is defective.
1 1 -6
Find the complex eigenvalues and eigenvectors of the matrix 7 -5 —6
-1 7 2
Determine whether the matrix is defective.
4 20
Find the complex eigenvalues and eigenvectors of the matrix -2 4 0 | . Deter-
-2 2

mine whether the matrix is defective.

Here is a matrix.

o o o =
S O = 2
S N> O
N OO O
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Find values of a, b, ¢ for which the matrix is defective and values of a, b, ¢ for which it
is nondefective.

26. Here is a matrix.
a 1 0
0 b 1
0 0 ¢

where a, b, ¢ are numbers. Show this is sometimes defective depending on the choice
of a,b,c. What is an easy case which will ensure it is not defective?

27. Suppose A is an n X n matrix consisting entirely of real entries but a + b is a complex
eigenvalue having the eigenvector, x + iy. Here x and y are real vectors. Show that
then a — @b is also an eigenvalue with the eigenvector, x — iy. Hint: You should
remember that the conjugate of a product of complex numbers equals the product of
the conjugates. Here a + ib is a complex number whose conjugate equals a — ib.

28. Recall an n x n matrix is said to be symmetric if it has all real entries and if A = A”.
Show the eigenvalues of a real symmetric matrix are real and for each eigenvalue, it
has a real eigenvector.

29. Recall an n x n matrix is said to be skew symmetric if it has all real entries and if
A = —AT. Show that any nonzero eigenvalues must be of the form b where 32 = —1.
In words, the eigenvalues are either 0 or pure imaginary.

30. Is it possible for a nonzero matrix to have only 0 as an eigenvalue?

31. Show that the eigenvalues and eigenvectors of a real matrix occur in conjugate pairs.

vu---v---v----v---vu---v---vv--vv--vv---v---ov--vv--vv--ovv--vv-cvv-cov-coAlcateluLUcent 0
www.alcatel-lucent.com/careers

"' N S

One generation’s transformation is the next’s status quo.

In the near future, people may soon think it's strange that
devices ever had to be “plugged in.” To obtain that status, there
needs to be “The Shift".
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32.

33.

34.

35.

36.

37.

Suppose A is an n X n matrix having all real eigenvalues which are distinct. Show
there exists S such that S™'AS = D, a diagonal matrix. If

A1 0
D=
0 An
define e” by
eM 0
el =
0 et
and define

et = SePS1
Next show that if A is as just described, so is tA where t is a real number and the
eigenvalues of At are t\. If you differentiate a matrix of functions entry by entry so
that for the ij®" entry of A’ (t) you get aj; (t) where a;; (t) is the ij*" entry of A(t),
show p

dt

Next show det (eAt) # 0. This is called the matrix exponential. Note I have only
defined it for the case where the eigenvalues of A are real, but the same procedure will

work even for complex eigenvalues. All you have to do is to define what is meant by
ea+ib.

(eAt) — AeAt

[~
N
o=

Find the principle directions determined by the matrix . The

([
o= N N"\I
=

o=
ol

eigenvalues are %, 1, and % listed according to multiplicity.

Find the principle directions determined by the matrix
5 1 _1
3 3 3
—% % % The eigenvalues are 1,2, and 1. What is the physical interpreta-
11 7
3 6 6

tion of the repeated eigenvalue?

Find oscillatory solutions to the system of differential equations, x”/ = Ax where A =
-3 -1 -1
-1 -2 0 The eigenvalues are —1, —4, and —2.
-1 0 -2
Let A and B be n X n matrices and let the columns of B be
b17 e ,bn
and the rows of A are
alT’ . 733;.
Show the columns of AB are
Ab; --- Ab,
and the rows of AB are
alB...al'B.

Let M be an n x n matrix. Then define the adjoint of M, denoted by M* to be the
transpose of the conjugate of M. For example,

2 i\ (2 1-i
1+i 3 ) \ —-i 3 J°
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38.

39.

40.

41.

42.

43.

44.

A matrix M, is self adjoint if M* = M. Show the eigenvalues of a self adjoint matrix
are all real.

Let M be an n X n matrix and suppose X1, -+ ,X, are n eigenvectors which form a
linearly independent set. Form the matrix S by making the columns these vectors.
Show that S~! exists and that S~1MS is a diagonal matrix (one having zeros every-
where except on the main diagonal) having the eigenvalues of M on the main diagonal.
When this can be done the matrix is said to be diagonalizable.

Show that a n x n matrix M is diagonalizable if and only if F™ has a basis of eigenvec-
tors. Hint: The first part is done in Problem 38. It only remains to show that if the
matrix can be diagonalized by some matrix S giving D = S™'MS for D a diagonal
matrix, then it has a basis of eigenvectors. Try using the columns of the matrix S.

Let
1 2 2
A= 3 4 0
5
and let
0 1
B— 1 1

1 2
Multiply AB verifying the block multiplication formula. Here Ay, = < > ,A19 =

3 4
(3),1421:(0 1)andA22:(3).

Suppose A, B are n x n matrices and ) is a nonzero eigenvalue of AB. Show that then
it is also an eigenvalue of BA. Hint: Use the definition of what it means for A to be
an eigenvalue. That is,

ABx = X\x

where x # 0. Maybe you should multiply both sides by B.

Using the above problem show that if A, B are n X n matrices, it is not possible that
AB — BA = al for any a # 0. Hint: First show that if A is a matrix, then the
eigenvalues of A — al are A — a where A is an eigenvalue of A.

Consider the following matrix.

o --- 0 —ay

1 0 —aq
C =

0 1 —0p—1

Show det (A — C) =ap+Aay+--- an_1 A"+ X", This matrix is called a companion
matrix for the given polynomial.

A discreet dynamical system is of the form
x(k+1)=Ax(k), x(0) = xg
where A is an n x n matrix and x (k) is a vector in R™. Show first that

x (k) = AFxq

Download free eBooks at bookboon.com



LINEAR ALGEBRA | SPECTRAL THEORY

for all kK > 1. If A is nondefective so that it has a basis of eigenvectors, {vy, -+ ,v,}
where
AVj = )\jVj

you can write the initial condition X in a unique way as a linear combination of these
eigenvectors. Thus
n
Xp = E a;Vv;
Jj=1

Now explain why
X (k) = Z(I,jAij = ZGJJ’)\?VJ'
j=1 j=1
which gives a formula for x (k) , the solution of the dynamical system.

45. Suppose A is an n X n matrix and let v be an eigenvector such that Av = Av. Also
suppose the characteristic polynomial of A is

det A\ —A) = X"+ an A" 4 +a X+ a

Explain why
(A” +a, AV At aOI) v=20

If A is nondefective, give a very easy proof of the Cayley Hamilton theorem based on
this. Recall this theorem says A satisfies its characteristic equation,

A" 4 a1 A" @A+ agl = 0.

46. Suppose an n x n nondefective matrix A has only 1 and —1 as eigenvalues. Find A'2.
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47. Suppose the characteristic polynomial of an n x n matrix A is 1—A". Find A™" where
m is an integer. Hint: Note first that A is nondefective. Why?

48. Sometimes sequences come in terms of a recursion formula. An example is the Fi-
bonacci sequence.
zo=1=21, Tny1 =Tn +Tn1

Show this can be considered as a discreet dynamical system as follows.

Tn+1 . 11 In T - 1
Ty B 1 0 T To N 1
Now use the technique of Problem 44 to find a formula for x,,.

49. Let A be an n X n matrix having characteristic polynomial
det M — A) = A"+ ap A" '+ + a1 )+ ag

Show that ag = (—1)" det (A).

6.4 Schur’s Theorem

Every matrix is related to an upper triangular matrix in a particularly significant way. This
is Schur’s theorem and it is the most important theorem in the spectral theory of matrices.

Lemma 6.4.1 Let {x1,--- ,X,} be a basis for F™. Then there exists an orthonormal ba-
sis for ", {uy, -+ ,u,} which has the property that for each k < n, span(xy, -+ ,Xp) =
span (ug, -« ,ug).

Proof: Let {x1,---,x,} be a basis for F". Let u; = x;1/|x;|. Thus for k = 1,
span (u;) = span (x1) and {u; } is an orthonormal set. Now suppose for some k < n, uy, - -,
uy, have been chosen such that (u; -u;) = 6;; and span (x1,--- ,x;) = span (ug, -, Uug).
Then define

k
Xk1 = D jo1 (Xk41 - 1j)
Uy = =1 i (6.10)

k
Xg+1 — ijl (Xkt+1 - u5) vy

where the denominator is not equal to zero because the x; form a basis and so

Xp+1 & span (xi,- - ,Xg) = span (ug, - -+, ug)
Thus by induction,
Up41 € span (U, -« , Uk, Xgpt1) = span (X1, -+ , Xk, Xp+1) -
Also, xj41 € span(uy,- - ,ug, ugy1) which is seen easily by solving 6.10 for xj4; and it
follows
span (Xla e 7kaxk+1) = Span (u17 s, Uk, uk+1) .
Ifi <k,
k
(W1 - W) = C' | (Kp1 - wp) Z Xp1 W) (u)-w) | =
j=1
k
C | (xp+1 - Z X1 - W) 015 | = C((Kpg1 - W) — (Xp41 - 1)) = 0.
j=1

The vectors, {u; }?:1, generated in this way are therefore an orthonormal basis because
each vector has unit length. l
The process by which these vectors were generated is called the Gram Schmidt process.

Here is a fundamental definition.

Definition 6.4.2 An n x n matriz U, is unitary if UU* = I = U*U where U* is defined to
be the transpose of the conjugate of U.
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Proposition 6.4.3 An n X n matriz is unitary if and only if the columns (rows) are an
orthonormal set.

Proof: This follows right away from the way we multiply matrices. If U is an n X n
complex matrix, then
(U*U);; = uju; = (u;,u;)
and the matrix is unitary if and only if this equals d;; if and only if the columns are
orthonormal.
Note that if U is unitary, then so is U”. This is because

(") uT=wnvT = (v (W))T — U =1" =1
Thus an n x n matrix is unitary if and only if the rows are an orthonormal set. B
Theorem 6.4.4 Let A be an n x n matrixz. Then there exists a unitary matriz U such that
U*AU =T, (6.11)

where T is an upper triangular matriz having the eigenvalues of A on the main diagonal
listed according to multiplicity as roots of the characteristic equation.

Proof: The theorem is clearly true if A is a 1 x 1 matrix. Just let U = 1 the 1 x 1
matrix which has 1 down the main diagonal and zeros elsewhere. Suppose it is true for
(n—1) x (n — 1) matrices and let A be an n x n matrix. Then let v; be a unit eigenvector
for A . Then there exists A; such that

AV1 = )\1V1, ‘V1| =1.

Extend {v;} to a basis and then use Lemma 6.4.1 to obtain {vy,---,v,}, an orthonormal
basis in F™. Let Uy be a matrix whose i** column is v,;. Then from the above, it follows Uy
is unitary. Then Uj AU, is of the form

B= )\1 *
0 A

where A7 is an n — 1 X n — 1 matrix. The above matrix B has the same eigenvalues as A.
Also note in case of an eigenvalue p for B,

a a *
= B =
so x is an eigenvector for A; with the same eigenvalue p. Now by induction there exists an
(n—1) x (n — 1) unitary matrix U; such that
Ul AUy =T,

an upper triangular matrix. Consider

1 0
U 1= ~
0 U,
This is a unitary matrix and

1 0 A 1 0 A
Ui Us AUGU, = - Lot S = =7
0 Uf 0 A1 0 U1 0 Tnfl

where T is upper triangular. Then let U = UpU;. Since (UpU1)" = UjUg, it follows A
is similar to T" and that UyU; is unitary. Hence A and T have the same characteristic
polynomials and since the eigenvalues of T are the diagonal entries listed according to
algebraic multiplicity, these are also the eigenvalues of A listed according to multiplicity. H
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Corollary 6.4.5 Let A be a real n X n matriz having only real eigenvalues. Then there
exists a real orthogonal matriz QQ and an upper triangular matriz T such that

QTAQ =T
and furthermore, if the eigenvalues of A are listed in decreasing order,
AM2>X 2> 2>\,

Q@ can be chosen such that T is of the form

Al x e %
0 X
0 - 0 M\

Proof: Repeat the above argument but pick a real eigenvector for the first step which
corresponds to A; as just described. Then use induction as above. Simply replace the word
“unitary” with the word “orthogonal”. H

As a simple consequence of the above theorem, here is an interesting lemma.

Lemma 6.4.6 Let A be of the form

SIMPLY CLEVER

Do you like cars? Would you like to be a part of a successful brand?
As a constructer at SKODA AUTO you will put great things in motion. Things that will Sl U A (9 of

X b . www.employerforlife.com
ease everyday lives of people all around Send us your CV. We will give it an entirely
new new dimension. LS
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where Py, is an my, X my, matriz. Then

det (A) = [ ] det (Px).
k

Also, the eigenvalues of A consist of the union of the eigenvalues of the P;.
Proof: Let Uy be an my X my unitary matrix such that
Uy P U, = T,

where Ty, is upper triangular. Then it follows that for

v, -~~~ 0 ug -~ 0
0 - U, 0 - U
and also
Ul* O P1 e * Ul e O Tl e *
0o --- U 0 --- P, 0 - U, 0 - T

Therefore, since the determinant of an upper triangular matrix is the product of the diagonal
entries,

det (A) = Hdet (Ty) = Hdet (Py) -
k k

From the above formula, the eigenvalues of A consist of the eigenvalues of the upper trian-
gular matrices Ty, and each T} has the same eigenvalues as P;,. B
What if A is a real matrix and you only want to consider real unitary matrices?

Theorem 6.4.7 Let A be a real n X n matriz. Then there exists a real unitary (orthogonal)
matriz Q and a matriz T of the form

T= L (6.12)

0 P,
where P; equals either a real 1 X 1 matriz or P; equals a real 2 X 2 matriz having as its
eigenvalues a conjugate pair of eigenvalues of A such that QTAQ = T. The matriz T is

called the real Schur form of the matrix A. Recall that a real unitary matriz is also called
an orthogonal matrix.

Proof: Suppose
AV1 = )\1V1, |V1| =1

where Ay is real. Then let {vy,---,v,} be an orthonormal basis of vectors in R™. Let Qg
be a matrix whose i*" column is v;. Then Q§AQy is of the form

Al % e
0
: Ay

0
where A; is a real n — 1 X n — 1 matrix. This is just like the proof of Theorem 6.4.4 up to
this point.
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Now consider the case where A\ = « + i where 5 # 0. It follows since A is real that
vi = z; + tw; and that v{ = z; — iwy is an eigenvector for the eigenvalue o — i3. Here
z1 and wj are real vectors. Since Vi and v; are eigenvectors corresponding to distinct
eigenvalues, they form a linearly independent set. From this it follows that {z;, w1} is an
independent set of vectors in C", hence in R™. Indeed,{vy,V1} is an independent set and
also span (v, V1) = span (z1, w1 ) . Now using the Gram Schmidt theorem in R™, there exists
{u1,uy}, an orthonormal set of real vectors such that span (u;,us) = span(vy,vy). For
example,
21> w1 — (W1 - 21) 21

u; =21/|z1], up = 5
|z1|" w1 — (W1 - 21) 23

Let {uj,us,--- ,u,} be an orthonormal basis in R™ and let Qo be a unitary matrix whose
it" column is u; so Qo is a real orthogonal matrix. Then Au; are both in span (u;,us) for
j=1,2 and so u{Auj = 0 whenever k > 3. It follows that Q5AQo is of the form

*
*

* A —
@ 4Qo 0 A

o
Il
/N

s
*
~—

: Ay

0
where A7 is now an n — 2 x n — 2 matrix and P; is a 2 x 2 matrix. Now this is similar to A
and so two of its eigenvalues are a + i and a — if3.

Now find @1 an n — 2 X n — 2 matrix to put A; in an appropriate form as above and
come up with Ay either an n —4 x n — 4 matrix or an n — 3 X n — 3 matrix. Then the only
other difference is to let

0 --- 0
010 0
Q=100
L@
0 0

thus putting a 2 x 2 identity matrix in the upper left corner rather than a one. Repeating this
process with the above modification for the case of a complex eigenvalue leads eventually
to 6.12 where @ is the product of real unitary matrices @); above. When the block P; is
2 x 2, its eigenvalues are a conjugate pair of eigenvalues of A and if it is 1 x 1 it is a real
eigenvalue of A.

Here is why this last claim is true

)\Il—P1 *
MN-T= :
0 M, — P,

where I is the 2 x 2 identity matrix in the case that P} is 2 x 2 and is the number 1 in the
case where Py is a 1 x 1 matrix. Now by Lemma 6.4.6,

det (AT = T) = ] det (A — Py).
k=1

Therefore, A is an eigenvalue of T if and only if it is an eigenvalue of some P,. This proves
the theorem since the eigenvalues of T' are the same as those of A including multiplicity
because they have the same characteristic polynomial due to the similarity of A and 7. B

Of course there is a similar conclusion which says that the blocks can be ordered according
to order of the size of the eigenvalues.
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Corollary 6.4.8 Let A be a real n x n matriz. Then there exists a real orthogonal matriz
Q and an upper triangular matriz T such that

P *
QTAQ=T = .o
0 P,
where P; equals either a real 1 X 1 matriz or P; equals a real 2 X 2 matriz having as its

eigenvalues a conjugate pair of eigenvalues of A. If Py corresponds to the two eigenvalues
ar £if, =0 (Pr), Q can be chosen such that

lo (P)] > |o (P2)] > ---

o (Pe)| = v/} + B}

The blocks, Py can be arranged in any other order also.

where

Definition 6.4.9 When a linear transformation A, mapping a linear space V to V has a
basis of eigenvectors, the linear transformation is called non defective. Otherwise it is called
defective. An n xn matriz A, is called normal if AA* = A*A. An important class of normal
matrices is that of the Hermitian or self adjoint matrices. An n x n matriz A is self adjoint
or Hermitian if A = A*.

You can check that an example of a normal matrix which is neither symmetric nor
6i —(1+4)Vv2
(1—14)v2 6i
The next lemma is the basis for concluding that every normal matrix is unitarily similar
to a diagonal matrix.

Hermitian is
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Lemma 6.4.10 If T is upper triangular and normal, then T is a diagonal matriz.

Proof: This is obviously true if 7" is 1 x 1. In fact, it can’t help being diagonal in this
case. Suppose then that the lemma is true for (n — 1) x (n — 1) matrices and let T be an
upper triangular normal n X n matrix. Thus T is of the form

po ) el fu 07
0o a T

TT* _ tu a* E OT _ |t11|2 + a*a a*Tl*
0 T a Tl* Tia TlTl*
T t;; 0T t1; a* _ |1511|2 ti1a*
a 717 0 T at;; aa* + 17T

Since these two matrices are equal, it follows a = 0. But now it follows that 1771} = T1T7
and so by induction 77 is a diagonal matrix D;. Therefore,

t T
r_ [ M 0

0 D
a diagonal matrix.

Now here is a proof which doesn’t involve block multiplication. Since T is normal,
T*T = TT*. Writing this in terms of components and using the description of the adjoint
as the transpose of the conjugate, yields the following for the ik!" entry of T*T = TT*.

Then

TT* T
J J J J
Now use the fact that T is upper triangular and let ¢ = k = 1 to obtain the following from
the above.
2 2 2
DIty =D ltaf* = [t
J J

You see, t;; = 0 unless j = 1 due to the assumption that T' is upper triangular. This shows
T is of the form

0 --- 0
0 *x -+ %
0 -~ 0 =

Now do the same thing only this time take ¢ = k = 2 and use the result just established.
Thus, from the above,
Dol =D ltjal* = [taa],
J J

showing that to; = 0 if j > 2 which means T" has the form

* 0 0 --- 0
0O x 0 -~ 0
0 0 = *

00 0 0 =
Next let i+ = k = 3 and obtain that T looks like a diagonal matrix in so far as the first 3

rows and columns are concerned. Continuing in this way, it follows T is a diagonal matrix.
[ |
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Theorem 6.4.11 Let A be a normal matriz. Then there exists a unitary matriz U such
that U* AU is a diagonal matriz. Also if A is normal and U is unitary, then U*AU is also
normal.

Proof: From Theorem 6.4.4 there exists a unitary matrix U such that U* AU equals
an upper triangular matrix. The theorem is now proved if it is shown that the property of
being normal is preserved under unitary similarity transformations. That is, verify that if
A is normal and if B = U*AU, then B is also normal. But this is easy.

B*B = UA"UU*AU =U*A*AU
U*AA*U = U*AUU*A*U = BB”.

Therefore, U* AU is a normal and upper triangular matrix and by Lemma 6.4.10 it must be
a diagonal matrix. W
The converse is also true. See Problem 9 below.

Corollary 6.4.12 If A is Hermitian, then all the eigenvalues of A are real and there exists
an orthonormal basis of eigenvectors. Also there exists a unitary U such that U*AU = D, a
diagonal matrixz whose diagonal is comprised of the eigenvalues of A. The columns of U are
the corresponding eigenvectors. By permuting the columns of U one can cause the diagonal
entries of D to occur in any desired order.

Proof: Since A is normal, there exists unitary, U such that U*AU = D, a diagonal
matrix whose diagonal entries are the eigenvalues of A. Therefore, D* = U*A*U = U*AU =
D showing D is real.

Finally, let

U:(u1 u; - un)

where the u; denote the columns of U and

A1 0
D =
0 An
The equation, U* AU = D implies
AU frng ( Aul Au2 e Aun )
- UD= ( MU Aoty - Apun ) (6.13)

where the entries denote the columns of AU and UD respectively. Therefore, Au; = A\;u;
and since the matrix is unitary, the i entry of U*U equals d;; and so

P— * P— Y .
0ij = uju; = uy - u;.

This proves the corollary because it shows the vectors {u;} are orthonormal. Therefore, they
form a basis because every orthonormal set of vectors is linearly independent. It follows
from 6.13 that one can achieve any order for the A; by permuting the columns of U. B

Corollary 6.4.13 If A is a real symmetric matriz, then A is Hermitian and there exists
a real unitary (orthogonal) matriz U such that UT AU = D where D is a diagonal matriz
whose diagonal entries are the eigenvalues of A. By arranging the columns of U the diagonal
entries of D can be made to appear in any order.

Proof: It is clear that A = A* = AT. Thus A is real and all eigenvalues are real and it is
Hermitian. Now by Corollary 6.4.5, there is an orthogonal matrix U such that UT AU = T.
Since A is normal, so is T" by Theorem 6.4.11. Hence by Lemma 6.4.10 T is a diagonal
matrix. Then it follows the diagonal entries are the eigenvalues of A and the columns of U
are the corresponding eigenvectors. Permuting these columns, one can cause the eigenvalues
to appear in any order on the diagonal. l

Download free eBooks at bookboon.com



LINEAR ALGEBRA | SPECTRAL THEORY

The converse for the above theorems about normal and Hermitian matrices is also true.
That is, the Hermitian matrices, (A = A*) are exactly those for which there is a unitary U
such that U* AU is a real diagonal matrix. The normal matrices are exactly those for which
there is a unitary U such that U* AU is a diagonal matrix, maybe not real.

To summarize these types of matrices which have just been discussed, here is a little
diagram.

diagonalizable, nondefective

normal

Hermitian

real symmetric

unifarily diagonalizable
real diagonal matrix

unitarily diagonalizable

not diagonalizable with unitary matrix

6.5 Trace And Determinant

The determinant has already been discussed. It is also clear that if A = S~!BS so that
A, B are similar, then
det (4) = det (S™")det (S)det (B) = det (S~'S) det (B)
= det (I)det (B) = det (B)
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The trace is defined in the following definition.

Definition 6.5.1 Let A be an n x n matriz whose ij'" entry is denoted as a;j. Then
trace (A) = Z @i
i

In other words it is the sum of the entries down the main diagonal.
Theorem 6.5.2 Let A be an m x n matrix and let B be an n x m matriz. Then
trace (AB) = trace (BA).
Also if B=S"1AS so that A, B are similar, then
trace (A) = trace (B) .

Proof:

trace (AB) = Z (Z AikBki> = Z Z BkiAik = trace (BA)
k i

i K
Therefore,
trace (B) = trace (S™'AS) = trace (ASS™') = trace (4). B

Theorem 6.5.3 Let A be an nxn matriz. Then trace (A) equals the sum of the eigenvalues
of A and det (A) equals the product of the eigenvalues of A.

This is proved using Schur’s theorem and is in Problem 17 below. Another important
property of the trace is in the following theorem.

6.6 Quadratic Forms
Definition 6.6.1 A quadratic form in three dimensions is an expression of the form

T

(x y z)A Yy (6.14)

where A is a 3 x 3 symmetric matriz. In higher dimensions the idea is the same except you
use a larger symmetric matriz in place of A. In two dimensions A is a 2 X 2 matriz.

For example, consider

(x Y z) -4 0 -4 Yy (6.15)

—_
|
.
w
I

which equals 322 — 8zy + 22z — 8yz + 322. This is very awkward because of the mixed terms
such as —8zy. The idea is to pick different axes such that if z,y, z are taken with respect
to these axes, the quadratic form is much simpler. In other words, look for new variables,
2',y, and 2z’ and a unitary matrix U such that

Ul v | =1 vy (6.16)
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and if you write the quadratic form in terms of the primed variables, there will be no mixed
terms. Any symmetric real matrix is Hermitian and is therefore normal. From Corollary
6.4.13, it follows there exists a real unitary matrix U, (an orthogonal matrix) such that
UT AU = D a diagonal matrix. Thus in the quadratic form, 6.14

x x
(x Yy Z)A Yy = (:c' y z’)UTAU y'
z 2!

l,/

= < oy 2 )D y

z/

and in terms of these new variables, the quadratic form becomes
A (@) 4+ 22 (1) 4 e ()

where D = diag (A1, A2, A\3) . Similar considerations apply equally well in any other dimen-
sion. For the given example,

-3vV2 0 V2 3 -4 1
VB 3V6 gV | a0
Ve -3 3vs )\ 1 -4 3
1 1 1
V2 Ve VB 200
2 1 ]| =
0 % —% |=[0 -4 0
U U 0 0
V2 V6 B

and so if the new variables are given by

1 1 1 /
V2 V6 VB z
2 1 —
0 % & v |l=1v |
1 4 o .
V2 V6 VB

it follows that in terms of the new variables the quadratic form is 2 (z/)* — 4 (y)* + 8 (/).
You can work other examples the same way.

6.7 Second Derivative Test

Under certain conditions the mixed partial derivatives will always be equal. This aston-
ishing fact was first observed by Euler around 1734. It is also called Clairaut’s theorem.

Theorem 6.7.1 Suppose f : U CF? — R where U is an open set on which fs, fys fzy and
fya exist. Then if fyy and fy, are continuous at the point (x,y) € U, it follows

fa:y (1.7y) = fyr ({E,y) .

Proof: Since U is open, there exists r > 0 such that B ((z,y),r) C U. Now let [t],|s]| <
r/2,t, s real numbers and consider

' h(t) h(0)
Als,t) = _Af(@+ty+s) = flat+ty) = (fz,y+s) = flz,y)} (6.17)

Note that (z 4+ ¢,y + s) € U because

(@+ty+s)— (@) = |ts)]=(2+s2)"
7”2 7"2 1/2 '

< (—+=— =— <

= (4*4) 2!
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Asimplied above, h (t) = f (x + t,y + s)—f (z + ¢, y). Therefore, by the mean value theorem
from calculus and the (one variable) chain rule,

Asid) = —(h()~h(0) = - (at)t
= %(fz(:zz+at,y+s)*fz($+0¢tay))

for some a € (0,1). Applying the mean value theorem again,
A (S,t) = fa:y (:L' +at,y+ ﬂs)

where «, 5 € (0,1).
If the terms f (x +t,y) and f (z,y + s) are interchanged in 6.17, A (s,t) is unchanged
and the above argument shows there exist 7,9 € (0,1) such that

A(s,t) = fyz (x+7t,y+9s).
Letting (s,t) — (0,0) and using the continuity of f,, and f,, at (z,y),

(s,t)lgrgo,o) A(s,1) = foy (2, y) = fya (z,y). B

The following is obtained from the above by simply fixing all the variables except for the
two of interest.

Corollary 6.7.2 Suppose U is an open subset of F* and f : U — R has the property
that for two indices, k,l, fzy, fors foizn, and fz,o, exist on U and fy, o, and fz,4, are both
continuous at x € U. Then fr,z, (X) = fa,z, (X) .

Thus the theorem asserts that the mixed partial derivatives are equal at x if they are
defined near x and continuous at x.

Now recall the Taylor formula with the Lagrange form of the remainder. What follows
is a proof of this important result based on the mean value theorem or Rolle’s theorem.

(]
B By 2020, wind could provide one-tenth of our planet's
ra I n p O W e r electricity needs. Already today, SKF's innovative know-
how is crucial to running a large proportion of the
world’s wind turbines.
Up to 25 % of the generating costs relate to mainte-
nance. These can be reduced dramatically thanks to our
stems for on-line condition monitoring and automatic
jcation. We help make it more economical to create
eaper energy out of thin air.
our experience, expertise, and creativity,
industries ca st performance beyond expectations.
Therefore we'need the best employees who can
eet this challenge!
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Theorem 6.7.3 Suppose f has n+ 1 derivatives on an interval, (a,b) and let ¢ € (a,b).
Then if x € (a,b), there exists & between ¢ and x such that

L E) (e (n+1)

(In this formula, the symbol 22:1 ay, will denote the number 0.)

Proof: It can be assumed x # ¢ because if x = ¢ there is nothing to show. Then there
exists K such that

nfrk)
fx) — (f @+ / k!(c) (z—¢)f + K (z - c)”“> =0 (6.18)
k=1
In fact,
n F (e
@O+ F @)
- (z— )"t '
Now define F (t) for ¢ in the closed interval determined by x and ¢ by
" fk)
Ft)=f(x) - <f 6+ ! k!(t) (z—t)" + K (z— t)"“) :
k=1

The ¢ in 6.18 got replaced by t.
Therefore, F' (¢) =0 by the way K was chosen and also F' () = 0. By the mean value
theorem or Rolle’s theorem, there exists & between = and ¢ such that F’ (§) = 0. Therefore,

" f(k+1) noofk)
0 - s+ e - S e k- e

k=1 ’ k=1 ’
" p(k+1) n=l e(k41)

= ro+Y e Y T gt k-
k=1 ’ k=0 ’
(n+1)

G L SR SURR ok

(n+1)
- 06 g kg
Then therefore,
n+1
(n+1)!

The following is a special case and is what will be used.

Theorem 6.7.4 Leth: (—6,1+ ) = R have m+1 derivatives. Then there existst € [0,1]
such that
AR (0) R (1)

(m+1)!°

Now let f: U — R where U C R™ and suppose f € C™ (U). Let x € U and let r > 0 be
such that
B(x,r) CU.

Then for ||v|| < r, consider
fxttv) = f(x) = h(t)
for ¢ € [0,1]. Then by the chain rule,

n n n
/I
E (x+tv)vg, h ,;, Eﬁ wjam (x+tv)vz; B

k=1

Then from the Taylor formula stopping at the second derivative, the following theorem can
be obtained.
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Theorem 6.7.5 Let f: U — R and let f € C?>(U). Then if
B(xr)CU,

and ||v|| < r, there exists t € (0,1) such that.

f(x+v)= kZT v + = Zzﬁxjaxk (x + tv) v, (6.19)

Definition 6.7.6 Define the following matriz.

O f (x+tv)
6xj 81}i '

Hij (X-l—tV) =

It is called the Hessian matriz. From Corollary 6.7.2, this is a symmetric matriz. Then in
terms of this matriz, 6.19 can be written as

Foctv) =16+ Y (fj () it 2V H (v v
Then this implies f (x +v) =
)+ Z +1VTH( ) v+ % (vI (H (x+tv) —H (x)) V). (6.20)

Using the above formula, here is the second derivative test.

Theorem 6.7.7 In the above situation, suppose fo, (x) =0 for each x;. Then if H (x) has
all positive eigenvalues, x is a local minimum for f. If H (x) has all negative eigenvalues,
then x is a local maximum. If H (x) has a positive eigenvalue, then there exists a direction
in which f has a local minimum at x, while if H (x) has a negative eigenvalue, there exists
a direction in which H (x) has a local mazimum at x.

Proof: Since f,; (x) = 0 for each x;, formula 6.20 implies
1
3 (v" (H (x+tv) —H (x)) V)

where H (x) is a symmetric matrix. Thus, by Corollary 6.4.12 H (x) has all real eigenvalues.
Suppose first that H (x) has all positive eigenvalues and that all are larger than 8% > 0.
Then H (x) has an orthonormal basis of eigenvectors, {v;};_, and if u is an arbitrary vector,
u=>"_, u;v; where u; = u-v;. Thus

x)u= (Z ukv{> H (x) Zujvj = Zu?)\j > 6 Zu? =62 |ul?.
k=1 j=1 j=1 j=1

From 6.20 and the continuity of H, if v is small enough,

fx+v)=f(x) —l—%vTH (x) v+

1 2 2 1 2 2 52 2
Fetv) 2 f () + 587 v = 6% v = £ () + v

This shows the first claim of the theorem. The second claim follows from similar reasoning.
Suppose H (x) has a positive eigenvalue A2. Then let v be an eigenvector for this eigenvalue.
From 6.20,

11€2VTH (x) v—&—lt2 (v (H (x+tv) —H (x)) V)

f(x+tv) = f(x) +2 5

which implies

[ (x+tv)

f(x) +%t2)\2 v |? +%t2 (v (H (x+tv) —H (x)) V)

Y

1
£ 60+ N2 v
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whenever ¢ is small enough. Thus in the direction v the function has a local minimum at
X. The assertion about the local maximum in some direction follows similarly. W

This theorem is an analogue of the second derivative test for higher dimensions. As in
one dimension, when there is a zero eigenvalue, it may be impossible to determine from the
Hessian matrix what the local qualitative behavior of the function is. For example, consider

fila,y) =2+ 47 folzy) = —a* + 4%
Then Df; (0,0) = 0 and for both functions, the Hessian matrix evaluated at (0,0) equals

(o)

but the behavior of the two functions is very different near the origin. The second has a
saddle point while the first has a minimum there.

6.8 The Estimation Of Eigenvalues

There are ways to estimate the eigenvalues for matrices. The most famous is known as
Gerschgorin’s theorem. This theorem gives a rough idea where the eigenvalues are just from
looking at the matrix.

Theorem 6.8.1 Let A be an n x n matriz. Consider the n Gerschgorin discs defined as
D, = /\E(C:|/\—aii|§2\aij|
J#i

Then every eigenvalue is contained in some Gerschgorin disc.
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This theorem says to add up the absolute values of the entries of the i*" row which are
off the main diagonal and form the disc centered at a;; having this radius. The union of
these discs contains o (A) .

Proof: Suppose Ax = Ax where x # 0. Then for A = (a;;), let |zg| > |z;]| for all z;.
Thus |zg| # 0.

Z AT = ()\ — akk) L.
i#k
Then
okl Y larg| > Y lagl |25 > > anja;| = A= aii] |2 -
J#k J#k Jj#k
Now dividing by |z|, it follows A is contained in the k** Gerschgorin disc. B

Example 6.8.2 Here is a matriz. Estimate its eigenvalues.

S W N

1 1
5 0
19
According to Gerschgorin’s theorem the eigenvalues are contained in the disks
Di={XAeC:|A=2[<2},Dy;={AeC:|A-5| <3},

Dy={AeC:|]A-9] <1}

It is important to observe that these disks are in the complex plane. In general this is the
case. If you want to find eigenvalues they will be complex numbers.

So what are the values of the eigenvalues? In this case they are real. You can compute
them by graphing the characteristic polynomial, A\* — 16A% + 70\ — 66 and then zoom-
ing in on the zeros. If you do this you find the solution is {A =1.2953},{\ = 5.5905},
{A=9.1142}. Of course these are only approximations and so this information is useless
for finding eigenvectors. However, in many applications, it is the size of the eigenvalues
which is important and so these numerical values would be helpful for such applications. In
this case, you might think there is no real reason for Gerschgorin’s theorem. Why not just
compute the characteristic equation and graph and zoom? This is fine up to a point, but
what if the matrix was huge? Then it might be hard to find the characteristic polynomial.
Remember the difficulties in expanding a big matrix along a row or column. Also, what if
the eigenvalues were complex? You don’t see these by following this procedure. However,
Gerschgorin’s theorem will at least estimate them.

6.9 Advanced Theorems

More can be said but this requires some theory from complex variables!. The following is a
fundamental theorem about counting zeros.

Theorem 6.9.1 Let U be a region and let v : [a,b] — U be closed, continuous, bounded
variation, and the winding number, n(v,z) = 0 for all z ¢ U. Suppose also that f is
analytic on U having zeros ay,- - - ,a,, where the zeros are repeated according to multiplicity,
and suppose that none of these zeros are on 7y ([a,b]). Then

LIf you haven’t studied the theory of a complex variable, you should skip this section because you won’t
understand any of it.
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1 / IHOFNE -
— dz = n (v, ak) .
2mi /., f(2) ; (7, k)
Proof: It is given that f(z) = H;ﬂ:l (z —a;) g (z) where g(z) # 0 on U. Hence using
the product rule,

S

FE S 1)

fo) T &m0 g(e)

where % is analytic on U and so

RO P < WP S 0 C B N
Qm‘[/f(z)d —jz:; (O, ])+27Ti[yg(z)d ; (v,a;). 1

Now let A be an n x n matrix. Recall that the eigenvalues of A are given by the zeros
of the polynomial, p4 (z) = det (2] — A) where I is the n x n identity. You can argue
that small changes in A will produce small changes in p4 (z) and p/; (2). Let v, denote a
very small closed circle which winds around z, one of the eigenvalues of A, in the counter
clockwise direction so that n (v, zi) = 1. This circle is to enclose only z; and is to have no
other eigenvalue on it. Then apply Theorem 6.9.1. According to this theorem

RN R ACEN
2mi Jy pa(2)

is always an integer equal to the multiplicity of zx as a root of pa (t). Therefore, small
changes in A result in no change to the above contour integral because it must be an integer
and small changes in A result in small changes in the integral. Therefore whenever B is close
enough to A, the two matrices have the same number of zeros inside +;, the zeros being
counted according to multiplicity. By making the radius of the small circle equal to € where
€ is less than the minimum distance between any two distinct eigenvalues of A, this shows
that if B is close enough to A, every eigenvalue of B is closer than ¢ to some eigenvalue of
A R

Theorem 6.9.2 If \ is an eigenvalue of A, then if all the entries of B are close enough to
the corresponding entries of A, some eigenvalue of B will be within € of \.

Consider the situation that A (t) is an n X n matrix and that ¢ — A (¢) is continuous for
te€0,1].

Lemma 6.9.3 Let A\ (t) € 0 (A(t)) fort <1 and let £y = Ug>i0 (A(s)). Also let Ky be the
connected component of A (t) in ;. Then there exists n > 0 such that KyNo (A(s)) # 0 for
all s € [t,t + 7).

Proof: Denote by D (A(t),d) the disc centered at A (¢) having radius § > 0, with other
occurrences of this notation being defined similarly. Thus

D(A(t),0) ={z€C:|X(t)— 2| <d}.

Suppose ¢ > 0 is small enough that A(t) is the only element of o (A (¢)) contained in
D (X(t),0) and that p 4+ has no zeroes on the boundary of this disc. Then by continuity, and
the above discussion and theorem, there exists n > 0,¢ + 7 < 1, such that for s € [t,t + 7],
Pa(s) also has no zeroes on the boundary of this disc and A(s) has the same number
of eigenvalues, counted according to multiplicity, in the disc as A (t). Thus o (A (s)) N
D (X(t),0) #0 for all s € [t,t +n]. Now let

H= |J o(A@s)ND(A(1),0).

s€[t,t+n]
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It will be shown that H is connected. Suppose not. Then H = P U @ where P, Q are
separated and A (t) € P. Let so = inf {s: A (s) € Q for some A(s) € 0 (A(s))}. There exists
A(so) € 0(A(s0))ND(A(t),d). If A(sg) ¢ Q, then from the above discussion there are
A(s) € o (A(s))NQ for s > sg arbitrarily close to A (sg) . Therefore, A (sg) € @ which shows
that sgp > t because A () is the only element of o (A (¢)) in D (A (t),d) and A(t) € P. Now
let s, T so. Then A (s,,) € P for any A (s,) € 0 (A (sp))ND (A(t),0d) and also it follows from
the above discussion that for some choice of s,, — sg, A(s,) — A(so) which contradicts P
and (Q separated and nonempty. Since P is nonempty, this shows Q = (). Therefore, H is
connected as claimed. But K; O H and so Ky No (A(s)) #Dforall se t,t+n]. A

Theorem 6.9.4 Suppose A(t) is an n x n matriz and that ¢ — A(t) is continuous for
t€[0,1]. Let A(0) € 0 (A(0)) and define ¥ = Usepo,j0 (A (t)) . Let Ky = Ko denote the
connected component of A(0) in 3. Then KoNo (A(t)) #0 for allt € [0,1].

Proof: Let S = {t €[0,1]: KoNo (A(s)) #0 for all s € [0,¢]}. Then 0 € S. Let tg =
sup (S) . Say o (A (to)) = A1 (to) -+, Ar (to) -

Claim: At least one of these is a limit point of Ky and consequently must be in K
which shows that S has a last point. Why is this claim true? Let s, 1 to so s, € S.
Now let the discs, D (); (to),6),i =1,--- ,r be disjoint with p4,) having no zeroes on v,
the boundary of D (\; (t9), ). Then for n large enough it follows from Theorem 6.9.1 and
the discussion following it that o (A (s,,)) is contained in U;_; D (X; (o) ,9). It follows that
Ko N (o (A(to)) +D(0,0)) # 0 for all § small enough. This requires at least one of the
\; (to) to be in Ky. Therefore, tg € S and S has a last point.

Now by Lemma 6.9.3, if tg < 1, then Ky U K; would be a strictly larger connected set
containing A (0). (The reason this would be strictly larger is that Ko No (A(s)) = 0 for
some s € (t,t +n) while Ky No (A(s)) # 0 for all s € [t,t+ n].) Therefore, to =1. R
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Corollary 6.9.5 Suppose one of the Gerschgorin discs, D; is disjoint from the union of
the others. Then D; contains an eigenvalue of A. Also, if there are n disjoint Gerschgorin
discs, then each one contains an eigenvalue of A.

Proof: Denote by A (t) the matrix (af;) where if i # j, al; = ta;; and af; = az;. Thus to
get A (t) multiply all non diagonal terms by ¢. Let ¢ € [0,1]. Then A (0) = diag (a11,** , Gnn)
and A (1) = A. Furthermore, the map, t — A(t) is continuous. Denote by D! the Ger-
schgorin disc obtained from the j** row for the matrix A (¢). Then it is clear that D! C D;
the j'"* Gerschgorin disc for A. It follows a;; is the eigenvalue for A (0) which is contained
in the disc, consisting of the single point a;; which is contained in D;. Letting K be the
connected component in ¥ for ¥ defined in Theorem 6.9.4 which is determined by a;;, Ger-
schgorin’s theorem implies that K No (A(t)) € U}_, D} C U}_D; = D; U (U;j%;D;) and
also, since K is connected, there are not points of K in both D; and (Uj; D;) . Since at least
one point of K is in D;,(a;), it follows all of K must be contained in D;. Now by Theorem
6.9.4 this shows there are points of K No (A) in D;. The last assertion follows immediately.
]

This can be improved even more. This involves the following lemma.

Lemma 6.9.6 In the situation of Theorem 6.9.4 suppose A (0) = KoNo (A(0)) and that
A (0) is a simple root of the characteristic equation of A (0). Then for all t € [0,1],

o(A(t)NKy=A(t)
where A (t) is a simple root of the characteristic equation of A(t).

Proof: Let S={t €[0,1] : KoNo (A(s)) = A(s), a simple eigenvalue for all s € [0,¢]}.
Then 0 € S so it is nonempty. Let to = sup (S) and suppose A\; # Ay are two elements of
o (A (tg))NKy. Then choosing n > 0 small enough, and letting D; be disjoint discs containing
A; respectively, similar arguments to those of Lemma 6.9.3 can be used to conclude

Hi = Use[to—n,to]o— (A (S)) N Dl

is a connected and nonempty set for ¢ = 1,2 which would require that H; C K. But
then there would be two different eigenvalues of A (s) contained in Ky, contrary to the
definition of ¢y. Therefore, there is at most one eigenvalue A () € KoNo (A (tg)). Could
it be a repeated root of the characteristic equation? Suppose A (tg) is a repeated root of
the characteristic equation. As before, choose a small disc, D centered at A (¢g) and n small
enough that

H = Usefto—nto) (A (5)) N D

is a nonempty connected set containing either multiple eigenvalues of A (s) or else a single
repeated root to the characteristic equation of A (s). But since H is connected and contains
A (to) it must be contained in Ky which contradicts the condition for s € S for all these
s € [to — n,to] . Therefore, ty € S as hoped. If ¢y < 1, there exists a small disc centered
at A(to) and n > 0 such that for all s € [tg,to + 7], A(s) has only simple eigenvalues in
D and the only eigenvalues of A (s) which could be in Ky are in D. (This last assertion
follows from noting that A (¢9) is the only eigenvalue of A () in Ky and so the others are
at a positive distance from K. For s close enough to tg, the eigenvalues of A (s) are either
close to these eigenvalues of A (ty) at a positive distance from Ky or they are close to the
eigenvalue A (¢p) in which case it can be assumed they are in D.) But this shows that ¢ is
not really an upper bound to S. Therefore, t) = 1 and the lemma is proved. B
With this lemma, the conclusion of the above corollary can be sharpened.

Corollary 6.9.7 Suppose one of the Gerschgorin discs, D; is disjoint from the union of
the others. Then D; contains exactly one eigenvalue of A and this eigenvalue is a simple
root to the characteristic polynomial of A.
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Proof: In the proof of Corollary 6.9.5, note that a; is a simple root of A (0) since
otherwise the i*" Gerschgorin disc would not be disjoint from the others. Also, K, the
connected component determined by a;; must be contained in D; because it is connected
and by Gerschgorin’s theorem above, K N o (A (f)) must be contained in the union of the
Gerschgorin discs. Since all the other eigenvalues of A (0), the a;;, are outside Dj, it follows
that K No (A(0)) = a;;. Therefore, by Lemma 6.9.6, K No (A (1)) = K No (A) consists of
a single simple eigenvalue. H

Example 6.9.8 Consider the matrix

S = WD

1
1
1

o = O

The Gerschgorin discs are D (5,1),D (1,2), and D (0,1). Observe D (5,1) is disjoint
from the other discs. Therefore, there should be an eigenvalue in D (5,1). The actual
eigenvalues are not easy to find. They are the roots of the characteristic equation, ¢> — 6t +
3t + 5 = 0. The numerical values of these are —. 66966, 1.4231, and 5. 246 55, verifying the
predictions of Gerschgorin’s theorem.

6.10 Exercises

1. Explain why it is typically impossible to compute the upper triangular matrix whose
existence is guaranteed by Schur’s theorem.

2. Now recall the QR factorization of Theorem 5.7.5 on Page 141. The QR algorithm
is a technique which does compute the upper triangular matrix in Schur’s theorem.
There is much more to the QR algorithm than will be presented here. In fact, what
I am about to show you is not the way it is done in practice. One first obtains what
is called a Hessenburg matrix for which the algorithm will work better. However,
the idea is as follows. Start with A an n X n matrix having real eigenvalues. Form
A = QR where @Q is orthogonal and R is upper triangular. (Right triangular.) This
can be done using the technique of Theorem 5.7.5 using Householder matrices. Next
take A; = RQ. Show that A = QA;Q7. In other words these two matrices, A, A; are
similar. Explain why they have the same eigenvalues. Continue by letting A; play the
role of A. Thus the algorithm is of the form A,, = QR,, and A, +; = R,,+1Q. Explain
why A = Q,A,QT for some @Q,, orthogonal. Thus A, is a sequence of matrices each
similar to A. The remarkable thing is that often these matrices converge to an upper
triangular matrix 7" and A = QT'Q” for some orthogonal matrix, the limit of the Q,,
where the limit means the entries converge. Then the process computes the upper
triangular Schur form of the matrix A. Thus the eigenvalues of A appear on the
diagonal of T. You will see approximately what these are as the process continues.

()

which has eigenvalues 3 and 2. I suggest you use a computer algebra system to do the

computations.
0 —1
2 0

Show that the algorithm cannot converge for this example. Hint: Try a few iterations
of the algorithm. Use a computer algebra system if you like.

3. 1Try the QR algorithm on

4. tNow try the QR algorithm on
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0 -1 0 -2
5. TShow the two matrices A = 40 and B = 5 0 are similar; that

is there exists a matrix S such that A = S~!BS but there is no orthogonal matrix
Q such that QT BQ = A. Show the QR algorithm does converge for the matrix B
although it fails to do so for A.

6. Let F' be an m x n matrix. Show that F*F has all real eigenvalues and furthermore,
they are all nonnegative.

7. If Ais areal n x n matrix and A is a complex eigenvalue A = a+ib, b # 0, of A having
eigenvector z + iw, show that w # 0.

8. Suppose A = QT DQ where @ is an orthogonal matrix and all the matrices are real.
Also D is a diagonal matrix. Show that A must be symmetric.

9. Suppose A is an n X n matrix and there exists a unitary matrix U such that
A=U"DU
where D is a diagonal matrix. Explain why A must be normal.
10. If A is Hermitian, show that det (A) must be real.

11. Show that every unitary matrix preserves distance. That is, if U is unitary,

Ux| = [x].

12. Show that if a matrix does preserve distances, then it must be unitary.
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13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

1TShow that a complex normal matrix A is unitary if and only if its eigenvalues have
magnitude equal to 1.

Suppose A is an n X n matrix which is diagonally dominant. Recall this means
> laij| < laiil
J#i

show A~! must exist.

Give some disks in the complex plane whose union contains all the eigenvalues of the
matrix

1+2t 4 2
0 t 3
5 6 7

Show a square matrix is invertible if and only if it has no zero eigenvalues.

Using Schur’s theorem, show the trace of an m x n matrix equals the sum of the
eigenvalues and the determinant of an n x n matrix is the product of the eigenvalues.

Using Schur’s theorem, show that if A is any complex n X n matrix having eigenvalues
{A:} listed according to multiplicity, then -, ; [A;; ? > S I\i|°. Show that equality
holds if and only if A is normal. This inequality is called Schur’s inequality. [20]

Here is a matrix.
1234 6 5 3

0 —654 9 123
98 123 10,000 11
56 78 98 400

I know this matrix has an inverse before doing any computations. How do I know?

Show the critical points of the following function are

1
(07 _37 0) ) (27 _37 0) 7and <17 _37 _3)
and classify them as local minima, local maxima or saddle points.
f(z,y,2) = —32* 4+ 623 — 62% + 22 — 220 — 2y% — 12y — 18 — 222,
Here is a function of three variables.
f(x,y,2) = 132% 4+ 22y + 8wz + 13y + 8yz + 1022

change the variables so that in the new variables there are no mixed terms, terms
involving zy, yz etc. Two eigenvalues are 12 and 18.

Here is a function of three variables.
f(x,y,2) = 22% — 42+ 2+ Yyx — 9y — 3z + 32 + 5y — Y2y — 722
change the variables so that in the new variables there are no mixed terms, terms
involving xy,yz etc. The eigenvalues of the matrix which you will work with are
17 19
—5.2, L
Here is a function of three variables.

f(z,y,2) = —2® + 22y + 202 —y* + 2yz — 2> +

change the variables so that in the new variables there are no mixed terms, terms
involving zy, yz etc.
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25.

26.

27.

28.

29.

30.

31.
32.
33.
34.

35.
36.

37.

Show the critical points of the function,
f(z,y,2) = —2yx® — 6yx — 422 — 1222 + y* + 2y2.
are points of the form,
(2,y,2) = (t,2t> + 6t, —t> — 3t)
for t € R and classify them as local minima, local maxima or saddle points.

Show the critical points of the function
1 1
flx,y,2) = 53:4 —4a3 4+ 82% — 3za® + 1222+ 22 + Ay + 2+ 57:2.

are (0,—1,0),(4,-1,0), and (2,—1,—12) and classify them as local minima, local
maxima or saddle points.

Let f(z,y) = 3a* — 2422 + 48 — yx? + 4y. Find and classify the critical points using
the second derivative test.

Let f (z,y) = 32* — 522 + 2 — y?2% + 2. Find and classify the critical points using the
second derivative test.

Let f(x,y) = 52* — 722 — 2 — 3y?22 + 1132 — 4y*. Find and classify the critical points
using the second derivative test.

Let f (z,y,2) = —22* — 3ya? + 32% + 5222 + 3y? — 6y + 3 — 32y + 3z + 2. Find and
classify the critical points using the second derivative test.

Let f(x,y,2) = 3yz? — 322 — 222 — y? + 2y — 1 + 32y — 32 — 322. Find and classify
the critical points using the second derivative test.

Let @ be orthogonal. Find the possible values of det (Q).
Let U be unitary. Find the possible values of det (U).
If a matrix is nonzero can it have only zero for eigenvalues?

A matrix A is called nilpotent if A¥ = 0 for some positive integer k. Suppose A is a
nilpotent matrix. Show it has only 0 for an eigenvalue.

If A is a nonzero nilpotent matrix, show it must be defective.

Suppose A is a nondefective n X n matrix and its eigenvalues are all either 0 or 1.
Show A% = A. Could you say anything interesting if the eigenvalues were all either
0,1,or —1? By DeMoivre’s theorem, an n'” root of unity is of the form

(o (32) ()

Could you generalize the sort of thing just described to get A™ = A? Hint: Since A
is nondefective, there exists S such that S~*AS = D where D is a diagonal matrix.

This and the following problems will present most of a differential equations course.
Most of the explanations are given. You fill in any details needed. To begin with,
consider the scalar initial value problem

Y =ay, y(to) = vo

When a is real, show the unique solution to this problem is y = yoe**~*). Next
suppose

y'=(a+ib)y, y(to) = yo (6.21)
where y (t) = w(t) + iv (t). Show there exists a unique solution and it is given by

y(t) = ,
Yoe® 1) (cosb (t — to) +isinb (t — tg)) = el@+i)(E—to)y (6.22)
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Next show that for a real or complex there exists a unique solution to the initial value
problem
y' =ay+f, y(to) =10

and it is given by
t
y(t) = ea(t_t")yo + eat/ e~ f (s)ds.

to

Hint: For the first part write as ¢y’ — ay = 0 and multiply both sides by e~%. Then
explain why you get

T ey (t)) =0, y (to) = 0.
Now you finish the argument. To show uniqueness in the second part, suppose
y' =(a+ib)y, y(to) =0
and verify this requires y (t) = 0. To do this, note
7 =(a—1ib)7, y(to) =0

and that |y|* (to) = 0 and
LW OF =y OT0 T Oy ()

= (a+ib)y () () + (a—ib) G (£) y (t) = 2aly ()]

Thus from the first part |y (£)]* = 0e~2%* = 0. Finally observe by a simple computation
that 6.21 is solved by 6.22. For the last part, write the equation as

Y —ay=f
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38.

39.

40.

a

and multiply both sides by e¢~% and then integrate from to to ¢ using the initial

condition.

Now consider A an n x n matrix. By Schur’s theorem there exists unitary @ such that
Q'AQ =T
where T is upper triangular. Now consider the first order initial value problem

x' = Ax, x (to) = xo.

Show there exists a unique solution to this first order system. Hint: Let y = Q~!x
and so the system becomes

y' =Ty, y(to) =Q 'xo (6.23)
Now letting y = (y1, - ,yn)T , the bottom equation becomes

y; = tan¥Yn, Yn (tO) = (QilXO)n .
Then use the solution you get in this to get the solution to the initial value problem
which occurs one level up, namely
y;zfl = t(n—l)(n—l)ynfl + t(n—l)nyna Yn—1 (tO) = (Qile)n_l
Continue doing this to obtain a unique solution to 6.23.

Now suppose ® (t) is an n x n matrix of the form

o) =(x(t) - xu(0)) (6.24)

where
X} (t) = Axg ().
Explain why
O (t) = AD (t)
if and only if ® (¢) is given in the form of 6.24. Also explain why ifc € F™*,y (¢) = ® (¢) ¢
solves the equation y’ (t) = Ay (¢) .

In the above problem, consider the question whether all solutions to
x = Ax (6.25)

are obtained in the form @ (¢)c for some choice of ¢ € F”. In other words, is the
general solution to this equation ® (¢) ¢ for ¢ € F"? Prove the following theorem using
linear algebra.

Theorem 6.10.1 Suppose @ (t) is an n X n matriz which satisfies ' (t) = AP (t).
Then the general solution to 6.25 is ® (t)c if and only if ® (t)" exists for some t.
Furthermore, if ® (t) = A® (t), then either ® (t)™" ezists for all t or ® (t)”" never
exists for any t.

(det (P (t)) is called the Wronskian and this theorem is sometimes called the Wronskian
alternative.)

Hint: Suppose first the general solution is of the form ® () ¢ where c is an arbitrary
constant vector in F". You need to verify ® (t)_1 exists for some ¢t. In fact, show
®(t)"" exists for every t. Suppose then that ® (o) ' does not exist. Explain why
there exists ¢ € F” such that there is no solution x to the equation ¢ = ® (o) x. By
the existence part of Problem 38 there exists a solution to

x' = Ax, x(tp) =c
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42.

43.

but this cannot be in the form ® () c. Thus for every t, ® (¢) ' exists. Next suppose
for some to, ® (to) " exists. Let z’ = Az and choose ¢ such that

Zz (to) =& (to) C
Then both z (), ® (¢) ¢ solve

x' = Ax, x (to) =z (to)

Apply uniqueness to conclude z = ® (¢) c. Finally, consider that ® (¢t)c for ¢ € F”
either is the general solution or it is not the general solution. If it is, then ® (t)f1
exists for all ¢. If it is not, then ® (£)”" cannot exist for any ¢ from what was just
shown.

Let @' (t) = A® (t). Then @ (t) is called a fundamental matrix if ® (£)~" exists for all
t. Show there exists a unique solution to the equation

x' = Ax+f, x(to) = x¢ (6.26)

and it is given by the formula

x(t) =@ ()P (tg) " xo+ D (t) /t O (s) ' £ (s)ds

to

Now these few problems have done virtually everything of significance in an entire un-
dergraduate differential equations course, illustrating the superiority of linear algebra.
The above formula is called the variation of constants formula.

Hint: Uniquenss is easy. If x1, X2 are two solutions then let u (t) = x1 (¢) — x2 (t) and
argue ' = Au, u(¢p) = 0. Then use Problem 38. To verify there exists a solution, you
could just differentiate the above formula using the fundamental theorem of calculus
and verify it works. Another way is to assume the solution in the form

x(t) = (t)c(t)

and find c(¢) to make it all work out. This is called the method of variation of
parameters.

Show there exists a special ® such that @' (¢t) = A®(¢t), ®(0) = I, and suppose
@ (t)~" exists for all t. Show using uniqueness that

d(—t)=d(t)""
and that for all ¢, s € R
D(t+s)=D(t)P(s)
Explain why with this special ®, the solution to 6.26 can be written as

x(t):@(t—to)xo—i—/tfb(t—s)f(s)ds.

to
Hint: Let ® (¢) be such that the j** column is x; (t) where

3- = AXj7 X; (0) = Ej.

Use uniqueness as required.

You can see more on this problem and the next one in the latest version of Horn
and Johnson, [17]. Two n X n matrices A, B are said to be congruent if there is an
invertible P such that

B = PAP*
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Let A be a Hermitian matrix. Thus it has all real eigenvalues. Let ny be the number
of positive eigenvalues, n_, the number of negative eigenvalues and ng the number of
zero eigenvalues. For k a positive integer, let I, denote the k x k identity matrix and
Oy, the k x k zero matrix. Then the inertia matrix of A is the following block diagonal
n X n matrix.

O,

Show that A is congruent to its inertia matrix. Next show that congruence is an equiv-
alence relation on the set of Hermitian matrices. Finally, show that if two Hermitian
matrices have the same inertia matrix, then they must be congruent. Hint: First
recall that there is a unitary matrix, U such that

D,
U*AU = D,

Oy

where the D,,, is a diagonal matrix having the positive eigenvalues of A, D,,_ being
defined similarly. Now let |Dn_ | denote the diagonal matrix which replaces each entry
of D, with its absolute value. Consider the two diagonal matrices

Dy, 2

D=D"= ‘Dn,|_1/2
L,

0

Now consider D*U*AUD.

The Wake

the only emission we want to leave behind

Low-speed Engines Medium-speed Engines Turbochargers Propellers Propulsion Packages PrimeServ

The design of eco-friendly marine power and propulsion solutions is crucial for MAN Diesel & Turbo.
Power competencies are offered with the world’s largest engine programme — having outputs spanning
from 450 to 87,220 kW per engine. Get up front!

Find out more at www.mandieselturbo.com

Engineering the Future — since 1758.

MAN Diesel & Turbo

Download free eBooks at bookboon.com
199

Click on the ad to read more



http://www.mandieselturbo.com

44.

45.

46.

47.

48.

Show that if A, B are two congruent Hermitian matrices, then they have the same
inertia matrix. Hint: Let A = SBS™* where S is invertible. Show that A, B have the
same rank and this implies that they are each unitarily similar to a diagonal matrix
which has the same number of zero entries on the main diagonal. Therefore, letting
V4 be the span of the eigenvectors associated with positive eigenvalues of A and Vg
being defined similarly, it suffices to show that these have the same dimensions. Show
that (Ax,x) > 0 for all x € V4. Next consider S*Vy4. For x € V4, explain why

(BS*x,8"x) = (S‘lA(S*)_lS*x,S*x)
= (57'4x,9"x) = (AX, (71" S*x) = (Ax,x) >0

Next explain why this shows that S*V}y is a subspace of Vg and so the dimension of Vg
is at least as large as the dimension of V. Hence there are at least as many positive
eigenvalues for B as there are for A. Switching A, B you can turn the inequality
around. Thus the two have the same inertia matrix.

Let A be an m x n matrix. Then if you unraveled it, you could consider it as a vector
in C™. The Frobenius inner product on the vector space of m x n matrices is defined
as

(A, B) = trace (AB™)

Show that this really does satisfy the axioms of an inner product space and that it
also amounts to nothing more than considering m X n matrices as vectors in C™.

1Consider the n x n unitary matrices. Show that whenever U is such a matrix, it

follows that
|Ulgnn = vn

Next explain why if {Ug} is any sequence of unitary matrices, there exists a subse-
quence {Ug,, }°_, such that lim,, o Ux,, = U where U is unitary. Here the limit
takes place in the sense that the entries of Uy, converge to the corresponding entries
of U.

1Let A, B be two n x n matrices. Denote by o (A) the set of eigenvalues of A. Define

dist (o (A),0 (B)) = Aga(p;) min {|\ — u|: p € o (B)}

Explain why dist (¢ (4),0 (B)) is small if and only if every eigenvalue of A is close
to some eigenvalue of B. Now prove the following theorem using the above problem
and Schur’s theorem. This theorem says roughly that if A is close to B then the
eigenvalues of A are close to those of B in the sense that every eigenvalue of A is close
to an eigenvalue of B.

Theorem 6.10.2 Suppose limy_,o, A, = A. Then

kll)ngo dist (o (Ag),0(4)) =0

b
Let A= | ¢ J be a 2 x 2 matrix which is not a multiple of the identity. Show
c

that A is similar to a 2 x 2 matrix which has at least one diagonal entry equal to 0.
Hint: First note that there exists a vector a such that Aa is not a multiple of a. Then
consider

B=(a Aa>_1A<a 4a )

Show B has a zero on the main diagonal.
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49. 1 Let A be a complex n x n matrix which has trace equal to 0. Show that A is similar
to a matrix which has all zeros on the main diagonal. Hint: Use Problem 30 on
Page 130 to argue that you can say that a given matrix is similar to one which has
the diagonal entries permuted in any order desired. Then use the above problem and
block multiplication to show that if the A has k nonzero entries, then it is similar to
a matrix which has k — 1 nonzero entries. Finally, when A is similar to one which has
at most one nonzero entry, this one must also be zero because of the condition on the
trace.

50. TAn n X n matrix X is a comutator if there are n x n matrices A, B such that X =
AB — BA. Show that the trace of any comutator is 0. Next show that if a complex
matrix X has trace equal to 0, then it is in fact a comutator. Hint: Use the above
problem to show that it suffices to consider X having all zero entries on the main
diagonal. Then define

2 L FEitiA
g YU oifi=
0 n

6.11 Cauchy’s Interlacing Theorem for Eigenvalues

Recall that every Hermitian matrix has all real eigenvalues. The Cauchy interlacing theorem
compares the location of the eigenvalues of a Hermitian matrix with the eigenvalues of a
principal submatrix. It is an extremely interesting theorem.

Theorem 6.11.1 Let A be a Hermitian n X n matriz and let

y B

where B is (n —1) x (n—1). Let the eigenvalues of B be pq < po < -+ < p,,_q. Then if
the eigenvalues of A are Ay < Ao < -+ < Ay, it follows that Ay < p; < Ay < pig < --- <

Proof: First note that B is Hermitian because

y B* y B

It is easiest to consider the case where strict inequality holds for the eigenvalues for B.
There exists U unitary, depending on B such that U*BU = D where

My 0

O /J’n—l

Now let {e;} be a decreasing sequence of very small positive numbers converging to 0 and
let By be defined by

/“Ll +€k O
fo + 2ek
U*BkU = Dk, Dk =

0 1+ (n—1)eg
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where U is the above unitary matrix. Thus the eigenvalues of By, fi; < -+ < fi,_; are
strictly increasing and fi; = p; + jey. Let Ay be given by

A= * Y
y B

Lo, (1o _ (10 a y* 1 0

o v ) \o v/ — \o v v By 0 U
B a y* 1 o* ) a y'U
B Uy U*By o U ) \ Uy D,

We can replace y with y; such that limg_, yx =y but z; = U*yy has the property that
each component of zj is nonzero. This will probably take place automatically but if not,
make the change. This makes a change in Ay but still limy_,., Ay = A. The main part of
this argument which follows has to do with fixed k.

Expanding det (AI — Ay) along the top row, the characteristic polynomial for Ay, is then

aW=0-a) [T i) - Zm A =p) - A=) (A=) (6:2)
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where (A — ;) indicates that this factor is omitted from the product H?;ll (A= 1) . To see
why this is so, consider the case where By, is 3 x 3. In this case, you would have

A—a z Z9 Z3

1 oT 1 o7 A — [
-y _| = oo 00
0 U 0 U 29 0 A — iy 0

In general, you would have an n X n matrix on the right with the same appearance. Then
expanding as indicated, the determinant is

3 21 0 0
A—a) [TV =) —Zrdet | 2 A—j, 0
=1 23 0 A—iy
21 A— iy 0 21 A— iy 0
+Zodet | 29 0 0 —Zgdet | 29 0 A — g
3 0 A— i 3 0 0

—_g Tl O ) (= i) 2 (A= ) (A )
== o) ( )0 Bt bl B )

1=

Notice how, when you expand the 3 x 3 determinants along the first column, you have only
one non-zero term and the sign is adjusted to give the above claim. Clearly, it works the
same for any size matrix. Since the [i; are strictly increasing in i, it follows from 6.27 that
q(f1;) q (f1is1) < 0. However, since each |z;| # 0, none of the ¢ (f;) can equal 0 and so
q(iv;)q (ﬂiﬂ) < 0. Hence, from the intermediate value theorem of calculus, there is a root
of ¢ (\) in each of the disjoint open intervals (f;, fi;,1). There are n — 2 of these intervals
and so this accounts for n— 2 roots of ¢ (A). What of ¢ (f1,)? Its sign is the same as (—1)"""
and ¢ (ﬂnfl) < 0 . Therefore, there is a root to ¢ (A) which is larger than f,,_;. Indeed,
limy 00 ¢ (A) = 00 so there exists a root of ¢ (A\) strictly larger than fi,,_,. This accounts
for n — 1 roots of ¢ (\). Now consider ¢ (fi;). Suppose first that n is odd. Then you have
q(ft,) > 0. Hence, there is a root of ¢ (A) which is no larger than fi; because in this case,
limy_, oo g (A) = —oo. If n is even, then ¢ (f1;) < 0 and so there is a root of ¢ (A) which
is smaller than fi; because in this case, limy_,_ ¢ (A) = co. This accounts for all roots of
q (M\). Hence, if the roots of ¢ (A) are Ay < Ay < -+ < A, it follows that

A < iy < Aa < fig < e < iy g < An

To get the complete result, simply take the limit as & — oo. Then limy_,o 1, = p;, and
Ay, — A and so the eigenvalues of Ay converge to the corresponding eigenvalues of A (See
Problem 47 on Page 187), and so, passing to the limit, gives the desired result in which it
may be necessary to replace < with <. W

Definition 6.11.2 Let A be an n X n matriz. An (n—1r) X (n—7r) matriz is called a
principal submatrixz of A if it is obtained by deleting from A the rows i1,i2, - ,i. and the
columns 11,19, , 1.

Now the Cauchy interlacing theorem is really the following corollary.

Corollary 6.11.3 Let A be an n x n Hermitian matriz and let B be an (n —1) x (n — 1)
principal submatriz. Then the interlacing inequality holds A1 < p; < Ao < g < --- <
U1 < An where the p,; are the eigenvalues of B listed in increasing order and the \; are
the eigenvalues of A listed in increasing order.

Download free eBooks at bookboon.com



LINEAR ALGEBRA | SPECTRAL THEORY

Proof: Suppose B is obtained from A by deleting the i*"* row and the i** column. Then
let P be the permutation matrix which switches the it row with the first row. It is an
orthogonal matrix and so its inverse is its transpose. The transpose switches the i'" column

with the first column. See Problem 33 on Page 130. Thus PAPT = < “ yB ) and it
y

follows that the result of the multiplication is indeed as shown, a Hermitian matrix because
P, PT are orthogonal matrices. Now the conclusion of the corollary follows from Theorem
6.11.1. W
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N, 1

U, 1

A close to Bleigenvalues, 135

A invariant, 184

Abel’s formula, 83, 197, 387, 462

absolute convergence!convergence, 268

adjugate, 63, 75

algebraic number!minimal polynomial, 159
algebraic numbers, 158

algebraic numbers!field, 160

almost linear, 333

almost linear system, 333

analytic function of matrix, 318

Archimedean property, 10

assymptotically stable, 333

augmented matrix, 16

autonomous, 333

Banach space, 259

basis, 45, 146

Binet Cauchy ! volumes, 230

Binet Cauchy formula, 71

block matrix, 79

block matrix!multiplication, 80

block multiplication, 79

bounded linear transformations, 259

Cauchy Schwarz inequality, 21, 215, 257
Cauchy sequence, 227, 258, 341, 485

Cayley Hamilton theorem, 78, 196, 205, 459, 471
centrifugal acceleration@centrifugal acceleration, 51
centripetal acceleration@centripetal acceleration, 51
characteristic and minimal polynomial, 179, 450
characteristic equation, 109

characteristic polynomial, 78, 177

characteristic value, 109

Cholesky factorization, 256, 499

codomain, 1

cofactor, 62, 73

column rank, 75, 89

commutative ring, 343

companijon matrix, 199, 293

complete, 277

completeness axiom, 9

complex conjugate, 4

complex numberslabsolute value, 4

complex numbers!field, 4

complex numbers@complex numbers, 4

complex roots, 5

composition of linear transformations, 174

comutator, 144, 440

condition number, 265

conformable, 28

conjugate linear, 220

converge, 341

convex combination, 180, 453

convex hull, 180, 453

convex hulllcompactness, 180, 453

coordinate axis, 19

coordinates, 19

Coriolis acceleration, 51

Coriolis acceleration@Coriolis acceleration!earth@
earth, 53

Coriolis force, 51

counting zeros, 135

Courant Fischer theorem, 238

Cramer’s rule, 64, 75

cyclic basis, 189

cyclic set, 187

damped vibration, 330

defective, 113

DeMoivre identity, 5

dense, 11

density of rationals, 11

determinant!block upper triangular matrix, 124, 384

determinant!definition, 68

determinantlestimate for Hermitian matrix, 214

determinantlexpansion along a column, 62

determinantlexpansion along a row, 62

determinantlexpansion along row, column, 73

determinant/Hadamard inequality, 214

determinantlinverse of matrix, 63
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determinant!matrix inverse, 74

determinant!partial derivative, cofactor, 83, 388

determinant!permutation of rows, 69

determinant!product, 71

determinant!product of eigenvalues, 129

determinant!product of eigenvalules, 139, 427

determinant!row, column operations, 63, 70

determinant!summary of properties, 77

determinant!symmetric definition, 69

determinant!transpose, 69

diagonalizable, 172, 231

diagonalizable! minimal polynomial condition, 198,
465

diagonalizable!basis of eigenvectors, 121, 421

diagonalization, 235

diameter, 340

differentiable matrix, 48

differential equations!first order systems, 141, 434

digraph, 29

dimension of vector space, 147

direct sum, 60, 182, 378

directed graph, 29

discrete Fourier transform, 254, 494

division of real numbers, 11

Dolittle’s method, 100

domain, 1

dot product, 20

dyadics, 167

dynamical system, 121, 423

eigenspace, 110, 184

eigenvalue, 61, 109, 380

eigenvalues, 78, 135, 177

eigenvalues!AB and BA, 81

eigenvector, 61, 109, 380

eigenvectors!distinct eigenvalues independence, 113

elementary matrices, 85

elementary symmetric polynomials, 343

empty set, 1

equality of mixed partial derivatives, 131

equilibrium point, 333

equivalence class, 154, 170

equivalence of norms, 259

equivalence relation, 154, 170

Euclidean algorithm, 11

exchange theorem, 44

existence of a fixed point, 278

field axioms, 2

field extension, 154

field extension!dimension, 156

field extension'finite, 156

field extensions, 156

field!ordered, 3

finite dimensional normed linear spacelcompleteness,
259

finite dimensional normed linear spacelequivalence
of norms, 259

Foucalt pendulum@Foucalt pendulum, 53

Fourier series, 226, 484

Fredholm alternative, 95, 224

free variable, 17

Frobenius norm, 248

Frobenius norm!singular value decomposition, 248

Frobenius! inner product, 143, 438

Frobinius norm, 253, 493

functions, 1

fundamental matrix, 327

fundamental theorem of algebra, 347

fundamental theorem of algebra ! plausibility argu-
ment, 7

fundamental theorem of algebra ! rigorous proof, 8

fundamental theorem of arithmetic, 13

Gauss Jordan method for inverses, 33

Gauss Seidel method, 273

Gelfand, 267

generalized eigenspace, 61, 380

generalized eigenspaces, 184, 192

generalized eigenvectors, 193

Gerschgorin’s theorem, 133

Gram Schmidt procedure, 108, 123, 216, 403

Gram Schmidt process, 216

Gramm Schmidt process, 123

greatest common divisor, 11, 150

greatest common divisor!characterization, 12

greatest lower bound, 9

Gronwall’s inequality, 283, 326, 509

Hermitian, 126
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Hermitian matrix! factorization, 213, 478

Hermitian matrix!positive part, 320

Hermitian matrix!positive part, Lipschitz continu-
ous, 320

Hermitian operator, 220

Hermitian operator!largest, smallest, eigenvalues,
238

Hermitian operator!spectral representation, 235

Hermitian!orthonormal basis eigenvectors, 236

Hermitian!positive definite, 239

Hermitian!real eigenvalues, 127

Hessian matrix, 132

Holder’s inequality, 262

Householder matrix, 105

Householder!reflection, 106

idempotent, 57, 372

inconsistent, 17

initial value problem!existence, 321

initial value problem!global solutions, 325

initial value problem!linear system, 323

initial value problem!local solutions, existence,
uniqueness, 324

initial value problem!uniqueness, 283, 321, 509

injective, 1

inner product, 20, 214

inner product space, 214

inner product spaceladjoint operator, 219

inner product space!parallelogram identity, 215

inner product spaceltriangle inequality, 215

integers mod a prime, 165, 445

integralloperator valued function, 282, 508

integrallvector valued function, 282, 507

intersection, 1

intervals'notation, 1

invariant, 234

invariant subspaces!direct sum, block diagonal ma-
trix, 186

invariant!subspace, 184

inverses and determinants, 74

invertible, 33

invertible matrix!product of elementary matrices, 92

irreducible, 150

irreduciblelrelatively prime, 151

iterative methodslalternate proof of convergence,
280, 503

iterative methods!convergence criterion, 276

iterative methods!diagonally dominant, 281, 503

iterative methods!proof of convergence, 279

Jocobi method, 272

Jordan block, 191, 193

Jordan canonical form!existence and uniqueness, 193

Jordan canonical form!powers of a matrix, 194

ker, 93

kernel, 42

kernel of a product!direct sum decomposition, 183

Krylov sequence, 187

Lagrange form of remainder, 131

Laplace expansion, 73

least squares, 98, 223, 398

least upper bound, 9

Lindemann Weierstrass theorem, 353

linear combination, 25, 43, 70

linear transformation, 38, 166

linear transformation!defined on a basis, 167

linear transformation!dimension of vector space, 167

linear transformation!existence of eigenvector, 178

linear transformation'kernel, 181

linear transformation!matrix, 39

linear transformation!minimal polynomial, 178

linear transformation!rotation, 40

linear transformations!a vector space, 167

linear transformations!lcommuting, 183

linear transformations!composition, matrices, 174

linear transformations!sum, 167, 221

linearly dependent, 43

linearly independent, 43, 145

linearly independent setlextend to basis, 149

Lipschitz condition, 321

LU factorizationljustification for multiplier method,
102

LU factorization!multiplier method, 99

LU factorization!solutions of linear systems, 100

main diagonal, 62

Markov matrix, 205

Markov matrix!limit, 208

Markov matrix!regular, 208
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Markov matrix!steady state, 205, 208

mathematical induction, 10

matriceslcommuting, 233

matrices'notation, 24

matrices!transpose, 32

matrix, 23

matrix ! positive definite, 255, 497

matrix exponential, 281, 504

matrix multiplication!definition, 26

matrix multiplicationlentries of the product, 28

matrix multiplication!not commutative, 27

matrix multiplication!properties, 31

matrix multiplication!vectors, 25

matrix of linear transformation!orthonormal bases,
172

matrix!differentiation operator, 169

matrix!injective, 47

matrix!inverse, 32

matrix!left inverse, 75

matrix!lower triangular, 62, 75

matrix!Markov, 205

matrix!non defective, 126

matrix!normal, 126

matrix!polynomial, 84, 391

matrix'rank and existence of solutions, 94

matrix'rank and nullity, 93

matrix!right and left inverse, 47

matrix!right inverse, 75

matrix'right, left inverse, 74

matrix!row, column, determinant rank, 75

matrix!self adjoint, 121, 420

matrix!stochastic, 205

matrix!surjective, 47

matrix!symmetric, 119

matrix!symmetric, 418

matrix!unitary, 123

matrix!upper triangular, 62, 75

migration matrix, 209

minimal polynomial, 60, 177, 184, 379

minimal polynomial ! algebraic number, 158

minimal polynomialleigenvalues, eigenvectors, 178

minimal polynomial!finding it, 196, 457

minimal polynomial!generalized eigenspaces, 184

minor, 62, 73

mixed partial derivatives, 130

Moore Penrose inverse, 251

Moore Penrose inverse!least squares, 251

Moore Penrose inverseluniqueness, 255

moving coordinate system@moving coordinate sys-
tem, 49

moving coordinate system@moving coordinate
systemlacceleration @acceleration, 51

negative definite, 239

Neuman!series, 285, 512

nilpotent!block diagonal matrix, 191

nilpotent!Jordan form, uniqueness, 191

nilpotent!Jordan normal form, 191

non defective, 198, 465

nonnegative self adjoint!square root, 241

norm, 214

norm!strictly convex, 280, 500

norm!uniformly convex, 280, 500

normal, 245

normal!diagonalizable, 127

normal!non defective, 126

normed linear space, 214, 256

normed vector space, 214

normslequivalent, 257

null and rank, 227, 487

null space, 42

nullity, 93

one to one, 1

onto, 1

operator norm, 259

orthogonal matrix, 61, 66, 105, 124, 380, 385

orthonormal basis, 215

orthonormal polynomials, 225, 482

p norms, 262

p normslaxioms of a norm, 263

parallelepiped!volume, 228

partitioned matrix, 79

Penrose conditions, 252

permutation, 68

permutation matrices, 85

permutationleven, 86

permutation!odd, 86
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perp, 94

Perron’s theorem, 311

pivot column, 91

PLU factorization, 101

PLU factorizationlexistence, 105

polar decomposition!left, 244

polar decomposition!right, 243

polar form complex number, 5

polynomial, 14, 150

polynomial ! leading coefhicient, 150

polynomial ! leading term, 14

polynomial ! matrix coefficients, 84, 391

polynomial ! monic, 14, 150

polynomialladdition, 14

polynomialldegree, 14, 150

polynomialldivides, 150

polynomialldivision, 14, 150

polynomiallequal, 150

polynomiallequality, 14

polynomiallgreatest common divisor, 150

polynomiallgreatest common divisor description,
151

polynomiallgreatest common divisor, uniqueness,
151

polynomiallirreducible, 150

polynomiallirreducible factorization, 152

polynomial!multiplication, 14

polynomialrelatively prime, 150

polynomiallroot, 150

polynomials!canceling, 152

polynomials!factorization, 152

positive definite matrix, 255, 497

positive definite!postitive eigenvalues, 239

positive definite!principle minors, 240

postitive definite, 239

power method, 287

prime number, 11

prime numberslinfinity of primes, 164, 445

principle directions, 115

principle minors, 240

product rule!matrices, 48

projection map!convex set, 227, 486

Putzer’s method, 328

QR algorithm, 138, 297, 425

QR algorithm! convergence, 300

QR algorithm!convergence theorem, 300

QR algorithm!non convergence, 138, 303

QR algorithm!nonconvergence, 426

QR factorization, 106

QR factorizationlexistence, 107

QR factorization!Gram Schmidt procedure, 108,
403

quadratic form, 129

quotient space, 165, 446

quotient vector space, 165

range, 1

rank, 90

rank of a matrix, 75, 89

rank one transformation, 221

rank!number of pivot columns, 93

rational canonical form, 200

rational canonical form!uniqueness, 202

Rayleigh quotient, 294

Rayleigh quotientthow close?, 294

real numbers, 2

real Schur form, 124

regression line, 223

regular Sturm Liouville problem, 225, 483

relatively prime, 12

Riesz representation theorem, 219

right Cauchy Green strain tensor, 243

right polar decomposition, 243

row equivalelanceldetermination, 92

row equivalent, 91

row operations, 16, 85

row operationslinverse, 16

row operations!linear relations between columns, 89

row rank, 75, 89

row reduced echelon form!definition, 91

row reduced echelon form!examples, 91

row reduced echelon form!existence, 91

row reduced echelon form!uniqueness, 92

scalar product, 20

scalars, 6, 19, 23

Schur’s theorem, 123, 234

Schur’s theorem!inner product space, 234
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second derivative test, 133

self adjoint, 126, 220

self adjoint nonnegative!roots, 242

sequential compactness, 342

sequentially compact, 342

set notation, 0

sgn, 67

sgn'uniqueness, 68

shifted inverse power method, 288

shifted inverse power method!complex eigenvalues,
292

sign of a permutation, 68

similar matrices, 65, 83, 170, 382, 387

similar'matrix and its transpose, 198, 466

similarity transformation, 170

simple field extension, 160

simultaneous corrections, 272

simultaneously diagonalizable, 232

simultaneously diagonalizablelcommuting family,
234

singular value decomposition, 247

singular values, 247

skew symmetric, 32, 119, 418

space of linear transformations!vector space, 221

span, 43, 70

spanning setlrestricting to a basis, 149

spectral mapping theorem, 320

spectral norm, 261

spectral radius, 266, 267

spectrum, 109

splitting field, 157

stable, 333

stable manifold, 339

stochastic matrix, 205

subsequence, 341

subspace, 43, 145

subspacelbasis, 46, 149

subspacelcomplementary, 231, 490

subspaceldimension, 46

subspacelinvariant, 184

subspaces!direct sum, 182

subspaces!direct sum, basis, 183

substituting matrix into polynomial identity, 84, 391

surjective, 1

Sylvester, 60, 377

Sylvester! law of inertia, 142, 437
Sylvester!dimention of kernel of product, 181
Sylvester’s equation, 230, 489
symmetric, 32, 119, 418

symmetric polynomial theorem, 343
symmetric polynomials, 343

system of linear equations, 17

tensor product, 221

the space AU, 231

trace, 129

trace! AB and BA, 129

tracelsum of eigenvalues, 139, 427
transpose, 32

transpose!properties, 32

triangle inequality, 22

trivial, 43

union, 1

Unitary matrix! representation, 285
upper Hessenberg matrix, 307
Vandermonde determinant, 84, 390
variation of constants formula, 142, 329, 435
variational inequality, 227, 486
vector space axioms, 20

vector spacelaxioms, 25, 144

vector spacelbasis, 45

vector spaceldimension, 46

vector spacelexamples, 145
vectorlangular velocity, 49

vectors, 25

volume!parallelepiped, 228

well ordered, 10

Wronskian, 82, 142, 197, 329, 386, 435, 462
Wronskian alternative, 142, 329, 435
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