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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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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: z > 2} . This notation says: the set of all
integers, x, such that x > 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={x:zx€ Aorz € 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:xz€ Aand z € B}.

The symbol [a,b] where a and b are real numbers, denotes the set of real numbers z,
such that @ < 2 < b and [a,b) denotes the set of real numbers such that a < z < b. (a,b)
consists of the set of real numbers z such that a« < z < b and (a,b] indicates the set of
numbers x such that a < z < b. [a,00) means the set of all numbers z such that > 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 a 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 co 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
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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

hC 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={r € A:z ¢ B}.

Set notation is used whenever convenient.

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 rule 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
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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 s 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={--—1,0,1,---},

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 # 0}
n

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

A

-4 -3 -2 -1 0
|
[

Y

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

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

Axiom 1.34 (z+y)+z=z+ (y+ 2), (associative law for addition).
Axiom 1.3.5 zy = yx, (commutative law for multiplication).

Axiom 1.3.6 (zy)z = x (yz), (associative law for multiplication).
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Axiom 1.3.7 lx = 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 + z) = 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 =« (y’l) .

Here is a little proposition which derives some familiar facts.

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

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=(-2)+0=(-2)+ (@ +y)=(-r+z)+y=y

Finally,
0z = (0+0)z = 0x + Ox
and so
0= —(0z) 4+ 0z = — (0z) + (0z + 0z) = (— (0z) + Ox) + Oz = Ox
Finally
z4+(-l)z=(1+(-1)z=0zx=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 # vy, either x <y ory < x.
2. If x <y and either z < w or z = w, then, v+ z < y + w.
3. If0 < 2,0 <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.
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1. Ifv <y and y < z, then x < z.
If x >0 andy >0, then x +y > 0.
If x > 0, then —x < 0.

If x # 0, either x or —x is > 0.
If x <y, then —x > —y.

If x # 0, then 2% > 0.

NS St e

If0<z<ythenaz™t >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

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

O=z+(—z) <0+ (—2) = —=z.

I WANT TO CHANGE DIRE(TION

2 AND '{HE WORLD

(&

GOT-THE-ENERGY-TO-LEAD.COM

We believe that energy suppliers should be renewable, too. We are therefore looking for enthusiastic
new colleagues with plenty of ideas who want to join RWE in changing the world. Visit us online to find
out what we are offering and how we are working together to ensure the energy of the future.

WE

R AR =
The energy to lead

Download free ebooks at bookboon.com

15


http://bookboon.com/
http://bookboon.com/count/advert/26a3fd82-96d7-e011-adca-22a08ed629e5

Linear Algebra | Matrices and Row operations Preliminaries

Consider the 5. Since x < y, it follows from 2
0=+ () <y+(-a)
and so by 4 and Proposition 1.3.10,
(=D (y+(-2)) <0
Also from Proposition 1.3.10 (=1) (—z) = — (—z) = « and so
—y+x<0.

Hence
-y < —.

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

(—2)® = (1) (=1) 2% >0

Download free ebooks at bookboon.com
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By this proposition again, (—1) (—=1) = — (1) = 1 and so z? > 0 as claimed. Note that
1 > 0 because it equals 12.

Finally, consider 7. First, if > 0 then if 7! < 0, it would follow (—1) 2z~ > 0 and so
x(=1)z7t = (=1)1 = —1 > 0. However, this would require

0>1=12>0

from what was just shown. Therefore, z=1 > 0. Now the assumption implies y + (—1)z > 0
and so multiplying by z 7!,

yr '+ (-Daxzt =yz 4 (=1) >0

1

Now multiply by y~!, which by the above satisfies 3! > 0, to obtain

4 (-1)y >0

and so
-1 —1
z >y . 1

In an ordered field the symbols < and > have the usual meanings. Thus a < b means
a < borelse a =0, 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 = coordinate is a and whose
y coordinate is b. In dealing with complex numbers, such a point is written as a + ib and
multiplication and addition are defined in the most obvious way subject to the convention
that 2 = —1. Thus,

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

and

ac + iad + ibc 4 i%bd
(ac = bd) + i (bc + ad) .

(a+ib) (c +id)

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

1 a—1b a )

= = — 1 .
a+ib a?2+b2  aZ+b? a? + b2

You should prove the following theorem.

Theorem 1.5.1 The complexr numbers with multiplication and addition defined as above
form a field satisfying all the field axioms listed on Page 13.

Note that if x + 4y is a complex number, it can be written as

x+iy—\/x2+y2<

x . y
+
v a? + y? Z\/x2+y2>
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Now (“ ——~2_ | is a point on the unit circle and so there exists a unique 6 € [0, 27)
(224427 \/z24y2 ’

such that this ordered pair equals (cosf,sinf). Letting r = /22 4 y2, it follows that the
complex number can be written in the form

x4+ 1y =7 (cosf +isind)

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 = 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)> = V/10. On the other hand, letting z = 2 + i5 and
w=14+48, z—w=1—-i3and so (z —w) (z —w) = (1 —3) (1 +¢3) = 10 so |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

x—l—iy:\/xg—i—yQ(

T . Y
+1 .
/22 + Y2 /22 + y2>
Now note that
2 2
T N Yy 1
/x2 + y2 /.T2 + yQ

and so

r Y
Vit ety

is a point on the unit circle. Therefore, there exists a unique angle, 8 € [0, 27) such that

cosf = sinf =

_r _ Yy
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The polar form of the complex number is then
r (cosf + isinf)

where 6 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 + cosntsint))
=" (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 kt"
roots of z in C.

Proof: Let z = z + 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),
is a k*" root of z if and only if
¥ (cos ka + isinka) = |z| (cost + isint).

This requires 7* = |z| and so r = |z|1/k

This can only happen if

and also both cos (ka) = cost and sin (ka) = sint.

ka=t+ 2w
for [ an integer. Thus
t+ 21
o= +k W,l €7

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

|z|1/k (cos <t+k2l7r> + isin <t—|—k217r>> , leZ.
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Since the cosine and sine are periodic of period 2w, there are exactly k distinct numbers

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={r € A:z ¢ B}.

Set notation is used whenever convenient.

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 rule 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
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Thus the cube roots of i are ? +1 (%) , _T\/g +1 (%) , and —i.
The ability to find k¥ roots can also be used to factor some polynomials.

Example 1.5.7 Factor the polynomial 2® — 27.

First find the cube roots of 27. By the above procedure using De Moivre’s theorem,
these cube roots are 3,3 (’71 + z§> ,and 3 (’71 - z@) Therefore, z° + 27 =

Note also (m—3<_71+273>) (m—3(_71—173)> =22+ 32+ 9 and so
2® =27 = (z-3) (¢ +32+9)

where the quadratic polynomial, 2 4+ 3z 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. The reason the complex numbers are so significant in
linear algebra is that they are algebraically complete. This means that every polynomial
Yoreo apz®, n>1,a, # 0, having coefficients a;, in C has a root in in C.

Later in the book, proofs of the fundamental theorem of algebra are given. However, here
is a simple explanation of why you should believe this theorem. The issue is whether there
exists z € C such that p(z) = 0 for p(2) a polynomial having coefficients in C. Dividing by
the leading coefficient, we can assume that p (z) is of the form

p(z)=2"+an_12"" 14+ +arz+ag, ag #0.

If ag = 0, there is nothing to prove. 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 2" is far larger
than the rest of the polynomial. Thus, for r large enough, A, = {p(z) : z € C,} describes
a closed curve which misses the inside of some circle having 0 as its center. Now shrink 7.
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 in its outside.

A,
A, r large
r small

Thus it is reasonable to believe that for some r during this shrinking process, the set
A, must hit 0. It follows that p(z) = 0 for some z. This is one of those arguments which
seems all right until you think about it too much. Nevertheless, it will suffice to see that
the fundamental theorem of algebra is at least very plausible. A complete proof is in an
appendix.
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1.6 Exercises

1. Let z=5+49. Find z~1.

2. Let z =2+ i7 and let w = 3 — 8. Find 2w, z + w, 22, and w/z.

3. Give the complete solution to 24 + 16 = 0.

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

5. If z is a complex number, show there exists w a complex number with |w| = 1 and

wz =|z|.

6. 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.

7. You already know formulas for cos (z + 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 (5x)
and one for cos (5z). Hint: Use the binomial theorem.

8. 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|.

9. Factor 2® + 8 as a product of linear factors.

10. Write 2® + 27 in the form (z + 3) (x2 +ax + b) where 22 + ax + b cannot be factored
any more using only real numbers.

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

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

13. If z, w are complex numbers prove Zw = zw and then show by induction that z; - z,,, =
Z1 Zm. Also verify that Y ;" | zx = > ;- Z. 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.

14. Suppose p(z) = a,z™ + Ap_12" "1 4 - -+ a1z + ap where all the a;, are real numbers.
Suppose also that p(z) = 0 for some z € C. Show it follows that p (Z) = 0 also.

15. I claim that 1 = —1. Here is why.

1= =V-1V-1=4/(-1)’=VI=1

This is clearly a remarkable result but is there something wrong with it? If so, what
is wrong?

16. 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 + isin27m)"/* = cos (7/2) + isin (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.

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

Definition 1.7.1 A non empty set, S C R is bounded above (below) if there exists x € R
such that x > (<)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 1 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 is the g.l.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) = +o00 and if S is not bounded below, inf (S) = —oco.

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

Axiom 1.7.2 (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.
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It is this axiom which distinguishes Calculus from Algebra. A fundamental result about
sup and inf is the following.

Proposition 1.7.3 Let S be a nonempty set and suppose sup (S) exists. Then for every
0 >0,
SN (sup (S) — d,sup (9)] # 0.

If inf (S) emists, then for every § > 0,
S N [inf (S),inf (S) + 4) # 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 (), then inf (S) + ¢
would be a lower bound which is larger than inf (S) contrary to the definition of inf (S). B
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1.8 Well Ordering And Archimedean Property

Definition 1.8.1 A set is well ordered if every monempty subset S, contains a smallest
element z having the property that z < x for all x € S.

Axiom 1.8.2 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.

Theorem 1.8.3 (Mathematical induction) A set S C 7Z, 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>aandb—1¢ S
because if b —1 € S, then b— 141 = b € S by the assumed property of S. Therefore,
b—1¢€ (Ja,00)NZ)\ S =T which contradicts the choice of b as the smallest element of 7.
(b—1 is smaller.) Since a contradiction is obtained by assuming 7" # (), it must be the case
that T = () and this says that everything in [a,00) N Z is also in S. B

Example 1.8.4 Show that for alln € N, % : % 22;1 < \/Qiﬁ

If n = 1 this reduces to the statement that § < % which is obviously true. Suppose

then that the inequality holds for n. Then
1 3 2n—1 2n+1 < 1 2n+1
2 4 2n 2n+ 2 V2n+12n+2

V2n+1
2n+2

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/)  2n+37 (2n+2)°
which occurs if and only if (2n + 2)° > (2n + 3) (2n 4 1) and this is clearly true which may

be seen from expanding both sides. This proves the inequality.

Definition 1.8.5 The Archimedean property states that whenever x € R, and a > 0, there
exists n € N such that na > x.

Proposition 1.8.6 R has the Archimedean property.

Proof: Suppose it is not true. Then there exists z € R and a > 0 such that na < z
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 1.7.3 there exists n € N such
that

y—a<na<y.

Theny=y—a+a<na+a=(n+1)a <y, acontradiction. H
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Theorem 1.8.7 Suppose x < y and y — x > 1. Then there exists an integer | € Z, such
that x <1 <wy. If x is an integer, there is no integer y satisfying v < y < z + 1.

Proof: Let x be the smallest positive integer. Not surprisingly, z = 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 <  + 1 since otherwise, you could subtract z and conclude 0 < y —z < 1
for some integer y — x.

Now suppose y —x > 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<zxork—1>z. If k —1 <z, then

<0

—~ =
y—az<y—(k—-1)=y—-k+1<1

contrary to the assumption that y — x > 1. Therefore, t <k —1<y. Let =%k —1. R
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 1.8.8 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—z)=ny+n(—z)=ny—nz> 1
It follows from Theorem 1.8.7 there exists m € Z such that
nr <m < ny
and so take r =m/n. &
Definition 1.8.9 4 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 1.8.10 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.

If r > a then b — pa > a and so b > (p+ 1) a contradicting p + 1 € S. Therefore, r < a as
desired.
To verify uniqueness of p and r, suppose p; and r;, i = 1,2, both work and ry > r1. Then

a little algebra shows
To —T1

p1—p2 = €(0,1).

Thus p; — p2 is an integer between 0 and 1, contradicting Theorem 1.8.7. The case that
r1 > r9 cannot occur either by similar reasoning. Thus 1 = ro and it follows that p; = ps.
|

This theorem is called the Euclidean algorithm when a and b are integers.
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1.9 Division And Numbers

First recall Theorem 1.8.10, the Euclidean algorithm.

Theorem 1.9.1 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 1.9.2 The number, a divides the number, b if in Theorem 1.8.10, 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 z,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 1.9.3 Let m,n be two positive integers and define
S={zm+yneN:z,yeZ}.

Then the smallest number in S is the greatest common divisor, denoted by (m,n).
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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 1.8.10,

m=pq+r
where 0 < r < p. Thus m = (xgm + yon) ¢ + r and so, solving for r,
r=m(l—x)+ (—yog)n € S.

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, = and y.
Therefore,
p = mao +nyo = Toqx + Yoqy = ¢ (Tox + Yoy)

showing ¢|p. Therefore, p = (m,n). R

Preliminaries
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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=qgm-+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—qgm=dl —qdk =d(l — qk)

Thus d divides both m and r. If k£ 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 4+ 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 1.9.4 To find the greatest common divisor of m,n where 0 < m < n, replace
the pair {m,n} with {m,r} where n = gqm + 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.

Example 1.9.5 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 1.9.6 Find the greatest common divisor of 1237 and 4322.
Use the Euclidean algorithm
4322 = 3(1237) + 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) 4 11
The two new numbers are 15,11. Then

15=1(11) +4
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The two new numbers are 11,4

2(4)+3
The two new numbers are 4,3. Then
4=13)+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 1.9.7 If p is a prime and plab then either pla or plb.

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)
and this shows p divides b. B
Theorem 1.9.8 (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 k and m such that n = km where each of k£ 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

Hpi = H iy

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 4+ m is the smallest positive integer such that this happens. Then

by Theorem 1.9.7, p1|g; for some j. Since these are prime numbers this requires p; = g;.
Reordering if necessary it can be assumed that ¢; = ¢;. Then dividing both sides by p1 = q1,

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

1.10 Systems Of Equations

Sometimes it is necessary to solve systems of equations. For example the problem could be
to find x 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) = (z,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, z and y solve the above system if and only if z and y
solve the system

—3y=—6
r+y="72zr—y+ (-2)(z+y) =8+ (-2)(7). (1.3)
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 z + 2 =7 and so x = 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=f1,E=fa (1.4)

where E; 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

Eiy=fi, Ex+aE = fo+afi. (1.5)
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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 Ey = 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 aF; = af; and it is given that the second
equation of 1.5 is verified. Therefore, E5 = 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 1.10.1 Find the solutions to the system,
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T+ 3y + 6z =25
2z 4 Ty + 14z = 58 (1.6)
2y4+52 =19

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

T+ 3y +6z=25
y+22=28 (1.7)
2y + 5z =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

T+ 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 4+ 6 = 8 and so y = 2. Now using this in the top equation yields x + 6 + 18 = 25 and so
r=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 z = 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

T+ 3y =19
y==6
z2=3

Now add (—3) times the second to the top. This yields

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
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to the equations in the system. Thus the top row in the augmented matrix corresponds to
the equation,
x4+ 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
0 01 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 1.10.2 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 ry,ry are two rows, and ry is replaced with ry, = ar; 4 ro
using row operation 3, then you could get back to where you started by replacing the row rf
with —a times ry 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 1.10.3 Give the complete solution to the system of equations, bx+10y—7z = —2,
20 4+ 4y — 3z = —1, and 3z + 6y + 52 = 9.

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
0 0 1 1
3 6 5 9
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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
0 0 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 = z+1. There is clearly no solution
to this.

Example 1.10.4 Give the complete solution to the system of equations, 3v —y — bz = 9,
y— 10z =0, and —2x + y = —6.

The augmented matrix of this system is
3 -1 -5 9
0 1 —-10 O
-2 1 0 -6

Replace the last row with 2 times the top row added to 3 times the bottom row. This gives

3 -1 -5 9
0 1 -10 O
0 1 -10 O

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

3 -1 -5 9
0 1 -10 O
0 0 0 O

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 = = 3 + 5z. Apparently z can equal any number. Therefore, the
solution set of this system is x = 3 + 5¢,y = 10t, and z = ¢ where ¢ is completely arbitrary.
The system has an infinite set of solutions and this is a good description of the solutions.
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This is what it is all about, finding the solutions to the system.
Definition 1.10.5 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 x = x. It doesn’t matter what = equals.

Definition 1.10.6 A system of linear equations is a list of equations,
n
Zaijxj = fj, L= 1,2,3,"' ,m
j=1

where a;; are numbers, f; is a number, and it is desired to find (x1,--- ,x,) 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
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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 1.10.7 Give the complete solution to the system of equations, —41x + 15y = 168,
109z — 40y = —447, =3z +y =12, and 2z + z = —1.

The augmented matrix is

—41 15 0 168
109 —40 0 —447
-3 1 0 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 —1476
0 0
0 12
3 15

O = O O

9
0
0
0

It follows =z = _igg(j =-3,y=3and z =5.

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

1.11 Exercises

1. Give the complete solution to the system of equations, 3z —y + 4z = 6, y + 8z = 0,
and —2x +y = —4.

2. Give the complete solution to the system of equations, x+3y+3z = 3, 3x+2y+2 =9,
and —4x + z = —9.
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3. Consider the system —5x + 2y — z = 0 and —5z — 2y — z = 0. Both equations equal
zero and so —bx + 2y — z = —5x — 2y — 2z which is equivalent to y = 0. Thus = and
z can equal anything. But when x = 1, z = —4, and y = 0 are plugged in to the
equations, it doesn’t work. Why?

4. Give the complete solution to the system of equations, x+2y+6z = 5,3z +2y+62z =7
,—4x 4+ 5y + 15z = —T.

5. Give the complete solution to the system of equations
r+2y+3z = 5,3x+2y+2=1,
—dx+dy+z = —-T,x+3z=5.
6. Give the complete solution of the system of equations,

r+2y+32 = 5, 3x+2y+22=7
—4x 4 5y + 52 —7, x=5

7. Give the complete solution of the system of equations

r+y+3z = 2,3xr—y+5z2=06
—4dr+9y+z = -8 x+dy+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, 2z is

322 = 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+z2=224+w=0y—4z—-5w=22y+z—w=4

10. Find all solutions to the following equations.

r+y+z = 2, z+w=0,
20 + 2y + 2z —w 4, c+y—4z—5z2=2

1.12 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 1.12.1 Define F* = {(z1,--- ,zp) 1z, €F forj=1,--- ,n}. (1, ,2,) =
(y1,--+ ,yn) of and only if for all j = 1,--- ,n, x; = y;. When (z1,--- ,z,) € F", it is

Download free ebooks at bookboon.com


http://bookboon.com/

conventional to denote (x1,--- ,x,) by the single bold face letter x. The numbers x; are
called the coordinates. The set

{(0,---,0,¢,0,---,0) : t € F}

for t in the it" slot is called the i" coordinate axis. The point 0 = (0,--- ,0) is called the
origin.

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

1.13 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 1.13.1 Ifx € F” and a € F, also called a scalar, then ax € F™ is defined by
ax =a(x1, - ,x,) = (ax1, - ,azy,) . (1.9)
This is known as scalar multiplication. If x,y € F™ then x +y € F" and is defined by

X+y:(xl, 7xn)+(y1,... ’yn)
=(x14+y1, s Tn+ Yn) (1.10)

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

Theorem 1.13.2 For v,w € F" and «, 8 scalars, (real numbers), the following hold.

V+w=w+V, (1.11)
the commutative law of addition,
(v+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)

the existence of an additive inverse, Also

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

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

1.14 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)
(©) (=2,3)

UNIVERSITY OF

SURREY

Get Internationally Connected
at the University of Surrey

MA Intercultural Communication with International Business
MA Communication and International Marketing

MA Intercultural Communication with International Business
Provides you with a critical understanding of communication in contemporary

socio-cultural contexts by combining linguistic, cultural/media studies and
international business and will prepare you for a wide range of careers.

MA Communication and International Marketing
Equips you with a detailed understanding of communication in contemporary

international marketing contexts to enable you to address the market needs of
the international business environment.

For further information contact:
T: +44 (0)1483 681681

E: pg-enquiries@surrey.ac.uk
www.surrey.ac.uk/downloads

Download free ebooks at bookboon.com

40



http://bookboon.com/
http://bookboon.com/count/advert/8d9ffd82-96d7-e011-adca-22a08ed629e5

(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) (72’3572)

1.15 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 1.15.1 Let a,b € F™ define a-b as

a-b Ezn:akgk.
k=1

With this definition, there are several important properties satisfied by the inner product.
In the statement of these properties, a and [ will denote scalars and a, b, c will denote
vectors or in other words, points in F”.

Proposition 1.15.2 The inner product satisfies the following properties.

a-b=b-a (1.19)

a-a >0 and equals zero if and only ifa =10 (1.20)
(ea+ fb)-c=a(a-c)+B(b-c) (1.21)
c-(aa+Bb)=a(c-a)+B(c-b) (1.22)
laj*=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 1.15.3 Find (1,2,0,-1)-(0,4,2,3).
This equals 042 (—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 1.15.4 The inner product satisfies the inequality
|a-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.

Download free ebooks at bookboon.com


http://bookboon.com/

Proof: First define # € C such that

6(a-b)=la-bl,[6] = 1,
and define a function of ¢ € R
f ()= (a+tfb)- - (a+thb).
Then by 1.20, f (¢) > 0 for all t € R. Also from 1.21,1.22,1.19, and 1.23
f(t)=a-(a+tdb) +tbb - (a+ tbb)
—a-a+tf(a-b)+t0(b-a)+t?|0°b-b
= |a]® + 2tRef (a-b) + |b]*? = |a|* + 2t |a - b| + [b|* t?

Now if |b|> = 0 it must be the case that a-b = 0 because otherwise, you could pick large
negative values of ¢ and violate f(¢f) > 0. Therefore, in this case, the Cauchy Schwarz
inequality holds. In the case that |b| # 0, y = f(t) 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

The discriminant

4la-b)* —4|a’b* <0

since otherwise the function, f (t) would have two real zeros and would necessarily have a
graph which dips below the t 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 Schwartz 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 Schwartz 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 1.15.5 (Triangle inequality) For a,b € F"
la+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)
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Proof: By properties of the inner product and the Cauchy Schwartz inequality,
a+b|* = (a+b)-(a+b)=(a-a)+(a-b)+(b-a)+(b-b)

= la>+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 1.15.4 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’.

Therefore, & 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+Db| <|a—Db|+bl.
Therefore,
la| — [b] < |a— b (1.27)
Similarly,
Ib|—|a| < |b—a|=|a—b|. (1.28)
STEP INTO A WORLD
OF OPPORTUNI
www.ecco.com/trainees
frainees@ecco.com
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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—Db|. R

1.16 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 1.13.2 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
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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.

1.17 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—b>=2lal* +2|b|*.

3. Fora,b € R"”, definea-b = 22:1 Brairbr 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 3, > 0. Does the Cauchy Schwarz in-
equality still hold? If so, prove it.

5. Let f, g be continuous functions and define

1
f~gE/O 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?
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6. Show that if f is a real valued continuous function,

(/bf(t)dt> g(b—a)/bf(t)zdt.
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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 (52 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.
Also, you can remember the columns are like columns in a Greek temple. They stand up
right while the rows just lay 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,
(a;;) refers to a matrix in which the ¢ denotes the row and the j denotes the column. Using
this notation on the above matrix, asg = 8,a33 = —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 |=11 6 24 21
6 -9 1 2 18 =27v 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
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Two matrices are equal exactly when they are the same size and the corresponding entries
are identical. Thus

0 0

00 ¢<88)

0 0

because they are different sizes. As noted above, you write (c;;) for the matrix C' whose
ijth entry is cij. In doing arithmetic with matrices you must define what happens in terms
of the c¢;; 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;j) and B = (b;;) be two m x n matrices. Then A+ B = C
where

C = (¢i5)
for cij = ai; + bij. Also if x is a scalar,
JUA = (Cij)

where c;; = xa;;. The number Ay; will typically refer to the it 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+C0C), (2.2)
the associative law for addition,
A+0=A4, (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=aA+ A, (2.6)
a(BA) =ap(4), (2.7)
14 = 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.
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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

T1

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 Tow 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

7N\
B~ =
(SN
S W
N~
oo
Il
~

It equals

() (5)0(3)

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)

Definition 2.1.3 Let A = A;; be an m x n matriz and let v be an n x 1 matriz,

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

via; +veag + - - +vpa, = Z v;a; (29)
j=1
If the j*" column of A is
Alj
Agj
Ap;
then 2.9 takes the form
A Aqz Ay,
Az Agz Aap,
V1 . + v . + -ty .
Aml Am,2 A’mn
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Thus the ith entry of Av is E?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.

Example 2.1.4 Compute

1 2 1 3 ;
02 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
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column, compute

4
E 2KV = Q2101 + Q2202 + A23V3 + A24v4
k=1

= 0x142x24+1x04+(-2)x1=2.

You should do the rest of the problem and verify

1 2 1 3 ; 8
0 2 1 -2 0| = 2
21 4 1 1 5

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 mn)(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 matrixz and let B be an n X p matrixz. Then B is of
the form
B = (blv"' 7bp)

where by is an n x 1 matriz. Then an m X p matriz AB is defined as follows:

AB = (Aby,--- , Aby) (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 21 120
0 2 1 0 3 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

121) (121) (121)
0o |, 3 |, 1
<021 Ty 0 2 1 1 0 2 1 1

You know how to multiply a matrix times a vector and so you do so to obtain each of the
three columns. Thus

<121) (1)
0 2 1 _9

Here is another example.

— W N
=)
I
7N
|
N =
~N ©
w w
N~
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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 95" entry of AB? It would be the i*" entry of the j** column of AB. Thus it would
be the i*" entry of Ab,. Now

B,;

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

> AiBy;. (2.11)
k=1

In terms of pictures of the matrix, you are doing

A A - Ay, By Bz -+ By
Ay Az -0 Ay, By1 Bay -+ Bagy
Aml Am2 e Amn Bnl Bn2 e Bnp

Then as explained above, the 5% column is of the form

An A - A By,
A1 Az - Ay By,
Aml Am2 e Amn an

which is a m x 1 matrix or column vector which equals

An Az Ain
Aoy A2z Ay

: By; + : Baj + -+ . By
Aml Am2 Amn
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The " entry of this m x 1 matrix is

AnBij +AipBoj+ -+ AinBpj = ZAikBkj-
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 ;" 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);; = > AuBy;. (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 | 3 231 .

9 7 6 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 1 2

31 < i > 1 3 1 ( 2 > 1 3 1 ( ; )

2 6 2 6 2 6
where the commas separate the columns in the resulting product. Thus the above product
equals

(@Il V]

16 15 5
13 15 5 ,
46 42 14
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a 3 x 3 matrix as desired. In terms of the ij*" entries and the above definition, the entry in
the third row and second column of the product should equal

Zaskbkz = az1b12 + azabae =2 X 346 x 6 = 42.
J

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

1
Example 2.1.10 Multiply if possible | 3
2

D =N
O NN
O O W
SN

This is not possible because it is of the form (3 x 2) (3 x 3) and the middle numbers
don’t match.

2 31 1 2
Example 2.1.11 Multiply if possible | 7 6 2 3 1
0 0 O 2 6

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.

1
Example 2.1.12 Multiply if possible | 2 ( 1 210 )
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

1 1210
2 (12 10)=[2420
1 1210

2.1.2 Digraphs

Consider the following graph illustrated in the picture.

3
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
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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.

—_ =
— o
O O =

Thus a;;, the entry in the it" row and j** column represents the number of ways to go from
location ¢ 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 af‘j. We don’t know what it is right now
unless & = 1 when it equals a;; described above. However, if we did know what it was, we
could find afj“ as follows.

a]icijl = Z afrarj
T

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.a,; gives
the number of ways to go from 4 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 ij** entry of
the product of two matrices. Thus

2 _ 3 _ 2
aj; = E AirQrj, Q55 = E AjpQrj
s 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 af; is just the ij*" entry of A*
where A is just what you would think it should be, A multiplied by itself & 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 )

1 1 1 3 21
1 00 =1 11
1 1 0 2 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?
5

1 1 1 28 19 13
1 00 = 13 9 6
1 10 19 13 9

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.
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Write the matriz 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

1
0
1
1

O R Rk O
OO O =
= =0 O

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

0110 13 21
1o000]| [2101
1101 |33 12
010 1 1211

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
1 0 0 0 15 4 1 3
1 1 0 1 | 9 10 4 6
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.
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2.1.3 Properties Of Matrix Multiplication

i ices i der but not
imes it is possible to multiply matrices in one or :
S poi t above, sometimes it is possi . natr] aler but not
AthOIHEEirO:)lrder What if it makes sense to multiply them in either order y
in the o .
equal then?

1 1 2
1 2 0 1 p ( 0 ) ( )
Example 2.1.14 Compare < 3 4 > ( 1 0 ) an 1 0 3 4

The first product is

the second product is
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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.

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,

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

(A(aB +00)),,

= > Aix (aBy; +bCy)
B

= aZAikBkj+bZAikaj
k k

= CL(AB)Z.j—i-b(AC)ij

— (a(AB)+b(AC)),,

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.

(A(BC))ij = ZAik(BC)k;j
k

> A BuCij

k !

= ) (4B),Cy

l
= ((4B) C)ij n

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 T as an exponent on

the matrix. .
; “{21 _( 13 2>
9 6 1+2: 1 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.

(A7), = A5

ij

The transpose of a matrix has the following important property.
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Lemma 2.1.17 Let A be an m X n matriz and let B be a n X p matriz. Then
(AB)T = BT AT (2.16)
and if a and B are scalars,
(aA+BB)" = aA” + BT (2.17)

Proof: From the definition,
(B)), = @B,
= ) AjrB
k
= D (B"), (A7),

k
= (BTAT)
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

Then A is symmetric.

Example 2.1.20 Let

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

where 0,5 is the Kronecker symbol defined by

5o liti=]
T 0ifi#

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 matrix and I, is the n x n identity matriz. Then
AlL, = A. If I,, is the m x m identity matriz, it also follows that I, A = A.

Proof:
(AIn)ij = ZAik5kj
k
= Ay

and so Al, = A. The other case is left as an exercise for you.
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Definition 2.1.22 An n x n matrizx A has an inverse A~ if and only if there exists a
matriz, denoted as A™! such that AA=™' = A=YA = I where I = (6;5) for

5o Lifi=j
TEV0dfi A

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=A"1.
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. W
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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 = ( 11

) . Does A have an inverse?

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

11 -1\ _[(0

1 1 1 A0
and if A~! existed, this could not happen because you could multiply on the left by the
inverse A and conclude the vector (—=1,1)7 = (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=(by -+ by,)
Also the " column of I is
ei=(0 -~ 010 - 0)"

Thus, if AB = I, b;, the i** column of B must satisfy the equation Ab; = e;. The augmented
matrix for finding b; is (A|e;) . Thus, by doing row operations till A becomes I, you end up
with (I|b;) where b; is the solution to Ab; = e;. 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.

<A|I) row opz)ations (I|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 matric,

(Al)

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.

.Rll

Al
1 B

e
=

Rq—1-R1
=
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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
R R

—1 -1 -1
B R1 ..4R471Rq

A

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 p , 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) = (1147 y)

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 1100
1 -1 1 0 1 0
1 1 -1 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[—=
D=

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

0 3 4
1 -1 0
13 -}

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 -1 0 |=]010
1 1 -1 1 -1 -1 001

Always check your answer because if you are like some of us, you will usually have made a
mistake.
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2 2
0 2 |.Find A"
1 -1

Example 2.1.27 Let A=

W ==

Set up the augmented matrix (A|I)
12 2 1 00
10 2 010
31 -1 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 O
0o -2 0 -1 10
0 -5 -7 -3 0 1
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 0 1 -2 -2

0 -100 0 -5 &5 0
o o 14 1 5 =2
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Finally divide the top row by —7, the second row by -10 and the bottom row by 14 which

yields
102
100 -5 =
010 % -3
5
00 1 1 13
Therefore, the inverse is
1 2 2
77 7
1 1
s —5 0
i 5
4 14 7
1 2 2
Example 2.1.28 Let A=| 1 0 2 |. Find A"
2 2 4

O
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Write the augmented matrix (A|T)

DO = =

2 2
0 2
2 4

OO =

0 0
1 0
0 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 0

0 -2 0 -1 1 0O

0o 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|l). 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

x 1
Al vy | =] 0
z 0
because a sequence of row operations leads to the impossible equation, 0z 4+ Oy + 0z = —1.

2.2 Exercises

1. In 2.1 - 2.8 describe —A and 0.

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

3. 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.

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

6. 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.

7. Using only the properties 2.1 - 2.8 and previous problems show (—1) A = —A.
8. Prove 2.17.
9. Prove that I,,A = A where A is an m X n matrix.

10. 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
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11.

12.
13.

14.

15.

16.

17.

18.
19.

20.
21.

22.

23.

24.

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 —9 1 1 -3

Let A= -2 -1 ,B:(2 1 _2),andC: -1 2 0 . Find
1 2 -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.

Show (AB)™' = B~1A~L.
Show that if A is an invertible n x n matrix, then so is AT and (AT)fl = (A_l)T .

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.

Give an example of a matrix A such that A2 =17 and yet A # I and A # —1I.

Give an example of matrices, A, B such that neither A nor B equals zero and yet
AB = 0.

T — X9 + 213 T
. 2 . . . .
Write x?é;_ e in the form A ? where A is an appropriate matrix.
3 3
3xy + 322 + 1 T4

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

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

B)? = A® + 2AB + B?
B)> = A2 + AB + BA + B2
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25.

26.
27.

28.

29.

30.

e) A2B? = A(AB)B

(
(f) (A+ B)®> = 4% + 342B + 3AB? + B?

(g
(

)
h)

(A+B)(A—B) = A2 — B2

None of the above. They are all wrong.

(i) All of the above. They are all right.

-1

LetA:( 3

Prove that if A~! exists and Ax = 0 then x = 0.

Let

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

Let

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

Let

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

Let

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

A:

— N =
a, O
N b~ W

1 3
A=1 2 4
1 2

a @ wo

1 2 3
A= 2 1 4
4 5 10

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

etermine why.

etermine why.

_31 ) Find all 2 x 2 matrices, B such that AB = 0.

Download free ebooks at bookboon.com


http://bookboon.com/

Please click the advert

Linear Algebra | Matrices and Row operations Linear Transformations

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,
€F™

——
Alau+bv | =aAu+ bAv € F™ (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

where the 1 is in the it" position and there are zeros everywhere else. Thus
€; = (07 7071707"' 70)T‘

Of course the e; for a particular value of ¢ in F” would be different than the e; for that
same value of 7 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 Let v € 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 Aej = 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
(0, L2 0) | v =,
Up,
as claimed.
Consider 2.21. From the definition of matrix multiplication, and noting that (ej),C = Okj
>k Atk (e5),, Ay
e;fFAej = eZT Zk Alk (ej)k = eiT AU = A”
> Ami (e5), 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 matric A such that
Ax = Lx

for all x € F™. The ik!™ entry of this matriz is given by
el'Le; (2.22)

Stated in another way, the k' column of A equals Ley.
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Proof: By the lemma,
(Lx), = eiTLx = eiTkaek = (eiTLek) Tk

Let A;x = el Ley, 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 el to obtain

Bij = eiTBej = elTAej = Aij
showing A=B. &

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. l

This theorem shows that any linear transformation defined on F" can always be con-
sidered as a matrix. 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
Le, = < ? ) and Ley = ( é ) . From the above theorem and corollary, this linear trans-

formation is that determined by matriz multiplication by the matrix

(13)

Definition 2.3.7 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 2.3.8 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= ( ay - ay )

If a; = 0, consider the vector x = e;. If a; # 0, let
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where b is chosen to satisfy the equation

n
alb—i—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 A 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

1 aT
n=(o % )

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
( )
=
y
bl

A1x has for its top entry the expression b + aly. Letting B = , the it" entry of
by,

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

where A; is of the form
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then A1x = 0.1

2.4 Subspaces And Spans

Definition 2.4.1 Let {x1,--- ,Xp} be vectors in F". A linear combination is any expression

of the form
P
> cixi
i=1

where the ¢; are scalars. The set of all linear combinations of these vectors is called
span (x1, -+ ,Xp). If V. C F" then V is called a subspace if whenever «, 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”. 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 {Xi, -+ ,X,} is called
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linearly independent if whenever

P
E CreXl = 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 ¢;,i =1, ,n, not all zero such that Y _, cxxi = 0.

Proposition 2.4.2 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 o, 8 are scalars and u,v vectors in V, it
follows that av+fue V. R

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

Lemma 2.4.3 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; = Eﬁék ¢jX;, then
0=1Ixp+ Y (—¢;)%;,
J#k

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 C;X; = 0.
i=1

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

xp =Y (—¢;) [enx;

J#k

contrary to assumption. H
The following is called the exchange theorem.

Theorem 2.4.4 (Exchange Theorem) Let {x1,--- ,X.} be a linearly independent set of vec-
tors such that each x; is in span(y1, -+ ,ys). Then r < s.

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

S
X; = E ajiy;
j=1
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The matrix whose ji'" entry is aj; has more columns than rows. Therefore, by Theorem
2.3.8 there exists a nonzero vector b € F” such that Ab = 0. Thus

0= Zajibi, each j.

i=1

Then

K i S S T

SUSED DD SRVED 91 p I ORY

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 ¢y, - ,cs such

that

X1 = Z CiYyi- (223)
i=1

Not all of these scalars can equal zero because if this were the case, it would follow that
x; = 0 and so {x1, - ,x,} would not be linearly independent. Indeed, if x; = 0, 1x; +
2;2 0x; = x; = 0 and so there would exist a nontrivial linear combination of the vectors
{x1,++ ,x,} which equals zero.

Say ¢ # 0. Then solve (2.23) for yj, and obtain

s-1 vectors here

Yie €span | X1, Y1, s Yk—1,Yk+1," ", ¥s

Define {z1,--+ ,2zs-1} by

{Zlv"' 7ZS—1} = {yla"' s Yk—1,Yk+1, 7y8}

Therefore, span{x1,2z1, - ,2s—1} = V because if v € V| there exist constants c1,--- ¢
such that
s—1
vV = Z CiZ; + CsYk-
i=1
Now replace the yy, in the above with a linear combination of the vectors, {x1,21, -+ ,2Zs—1}
to obtain v € span {x1,21, - ,2s—1} . The vector yy, in the list {y1, -+ ,¥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, - ,ys} -

Now suppose that r > s and that span{xi,--- ,x;,21,--- ,2,} = V where the vectors,
Z1,- - , 2, 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 [ 4+ 1 < r. Therefore, x;41
is a vector not in the list, {x1,--- ,x;} and since span{xy,--- ,x;,21,--- ,2,} = V, there
exist scalars ¢; and d; such that

l P
Xi+1 = Z CiX; + Z dej. (224)
i=1 j=1

Now not all the d; can equal zero because if this were so, it would follow that {x;,--- ,x,}
would be a linearly dependent set because one of the vectors would equal a linear combination
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of the others. Therefore, (2.24) can be solved for one of the z;, say z, in terms of x;11 and
the other z; and just as in the above argument, replace that z; with x;,1 to obtain

p-1 vectors here

span X17"'Xlaxl+17zla"'Zk—lazkt-‘rla"'7Zp :V

Continue this way, eventually obtaining

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

But then x, € span{xi,---,Xs} contrary to the assumption that {xi,---,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(}’l»' o uys) = Span(xlu s Xmy 41, 7Zj)
where m + j = s. It is given that m = 0, corresponding to no vectors of {x1, - ,%,,} 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, 41, X, - - , X1,
and the other z,. Therefore, there exists

{Z17"' 7Zj—1} g {Y17"' 7y8}
such that
span (y1, -+ ,¥s) = span (X1, , Xm41,21, * ,%j1)
contradicting the choice of j. Hence j = 0 and
span (y1,-++,¥s) = span (X1, -+ ,X,)

It follows that
Xe+1 € span (X, -+ ,Xg)

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

Definition 2.4.5 A finite set of vectors, {x1,- -+ ,X,} is a basis for F"™ ifspan (x1,- - ,X,) =
F™ and {x1, -+ ,%,} is linearly independent.

Corollary 2.4.6 Let {x1,-,X,} and {y1, -+ ,ys} be two bases' of F*. Thenr =s=n.

IThis 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.

Download free ebooks at bookboon.com


http://bookboon.com/

Please click the advert

Proof: From the exchange theorem, r < s and s < r. Now note the vectors,
1 is in the i*" slot

67:(07 a07170"' 70)

fori=1,2,--- ,n are a basis for F". B
Lemma 2.4.7 Let {vy,---,v,} be a set of vectors. Then V = span(vy,---,v,) is a sub-
space.

Proof: Suppose a, 5 are two scalars and let 22:1 ci vy and 22:1 di vy are two elements

of V. What about i, .
« Z cEVE + B Z dpvy?
k=1 k=1

Is it also in V7

r

OzZCkvk —l—/Bdevk = Z(Ozck + Bdg) v €V
k=1 k=1

k=1

What do the telephone handset and
the refrigerator have in common with
the pacemaker and the computer mouse?
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so the answer is yes. l

Definition 2.4.8 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 2.4.9 Let {x1, - ,%,} and {y1, - ,ys} be two bases for V. Then r = s.
Proof: From the exchange theorem, r < s and s < r. B

Definition 2.4.10 Let V' be a subspace of F™. Then dim (V) read as the dimension of V
is the number of vectors in a basis.

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 2.4.11 Suppose v ¢ span (uy,---,u) and {uy,--- ,ui} is linearly independent.
Then {uy, - ,uy, 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,"' 7uk}7 .
T

i=1
contrary to assumption. Therefore, d = 0. But then Zle c;u; = 0 and the linear indepen-
dence of {uy,--- ,u;} implies each ¢; = 0 also. B

Theorem 2.4.12 Let V be a nonzero subspace of F*. Then V has a basis.

Proof: Let vi € V where vi # 0. If span{vy} = V, stop. {vi} is a basis for V.
Otherwise, there exists vo € V which is not in span{v;}. By Lemma 2.4.11 {vy,v2} is a
linearly independent set of vectors. If span{vy,vo} = V stop, {vi,va} is a basis for V. If
span {vy,va} # V, then there exists vs ¢ span{vy, vy} and {vy,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.

Corollary 2.4.13 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, Vyy1, -, Vs such
that {v1,++ ,Vy, Voy1, -+ ,Vs} is a basis for V.

Proof: This follows immediately from the proof of Theorem 2.4.12. 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 2.4.14 Let V be a subspace of F" and suppose span(u;---,u,) = V where
the w; are nonzero vectors. Then there exist vectors {vy---,v,} such that {vy---,v,} C
{ui---,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"' 7vr}g{u1"' aup}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 » — 1 vectors

would still span V' contrary to the definition of ». B
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2.5 An Application To Matrices

The following is a theorem of major significance.

Theorem 2.5.1 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 e
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 ckAek = 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 Crp€er = 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 (Aey, -+, Ae,) and then by Lemma 2.4.11, {A4ey,--- , 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

y = Z crle, = A (Z ckek>
k=1 k=1

showing that, since y was arbitrary, A is onto.

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 2.4.3 on Page 74, 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—TI)=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. H
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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

1 0
A={ o0 1 ,B:(}?_Ol> (2.25)
1 0
Then
1 0
BA_(O 1)
but
1 0 O
AB = 1 1 -1
1 0 O

2.6 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 2.6.1 Let A(t) be an m x n matriz. Say A(t) = (A (t)). Suppose also that
A;; (t) is a differentiable function for all i,j. Then define A’ (t) = (A;j (t)). That is, A’ (t)
is the matriz which consists of replacing each entry by its derivative. Such an m X n matriz
in which the entries are differentiable functions is called o differentiable matriz.

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

Lemma 2.6.2 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

(At)B () = A (t)B(t)+ A(t)B'(t).

Proof: This is like the usual proof.

%(A(t—kh)B(t—i—h)—A(t)B(t)):
T+ R) B+ R) — A+ B)B(0)+ 1 (A4 1) B(1) — A1) B (1)
:A(t+h)B(t+hf)L_B(t) +A(t+h]1_A(t)B(t)

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

(AW)B@®) =A' () B{t)+A(t)B' (tH)m

Download free ebooks at bookboon.com


http://bookboon.com/

Please click the advert

Linear Algebra | Matrices and Row operations

2.6.1 The Coriolis Acceleration

Linear Transformations

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.
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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 t. Letting the positive 2 axis extend in the
direction of i(t), 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(to) + w3 (to) + v’k (to) .

Let u (¢) be defined as the vector which has the same components with respect to i, j,k but
at time ¢. Thus
u(t) = uli(t) +u?j(t) + v’k (1).

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 @ (¢) mapping R? to R?
by

Q) u=u'i(t) +u?j(t) + v’k (¢)

where
u = uti(to) + w3 (to) + v’k (to)

Thus letting v be a vector defined in the same manner as u and «, 8, scalars,

Q) (au+ pv) = (ozu1 + But)i(t) + (au2 + Bv?)j(t) + (au3 + 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%@) +7Pk (@) + B8 (v'i(t) + 0% () + 0’k (¢))
aQ (t)u+pQ{#)v
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showing that @ (¢) is a linear transformation. Also, @ (¢) preserves all distances because,
since the vectors, i (t),j (¢),k (t) form an orthonormal set,

Q (1) u| = (Z (uif)m = |ul.

=1

Lemma 2.6.3 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, ()
such that

u (t)=Q () xu(t).

The symbol x refers to the cross product.
Proof: Recall that (z-w) = § (|z +wl? |z — w|2) . Therefore,

1

QWuemw) = (1R @+w) Q) u-w/P)

= (e wi - wl)
= (u-w).
This implies
(" QWu-w) = (u-w)

for all u, w. Therefore, Q ()" Q (t)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 2.6.2 that

QMM +QMQ ®" =0
and so
@Wen=-(@wew") (2.26)
From the definition, @ (t)u=u(t),

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

Then writing the matrix of Q' (¢) Q (t)T with respect to fixed in space orthonormal basis
vectors, i*,j*,k*, where these are the usual basis vectors for R?, it follows from 2.26 that
the matrix of Q' (£) Q (t)” is of the form

O —Ws3 (t) w2 (t)
w3 (t) O —Ww1 (t)
—W2 (t) w1 (t) 0

for some time dependent scalars w;. Therefore,

!

ul 0 —w3 (t)  wa(t) ul
u? (t) ws (1) 0 —w1 (t) u? | (t)
u? —ws (t)  wi (¥) 0 u?
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where the u! are the components of the vector u (¢) in terms of the fixed vectors i*, j*, k*.
Therefore,

u () =) xut)=Q (1)Q 1) u(t) (2:27)
where
Q(t) = wy (t) I"+wa () " +ws (£) k™.
because
Q) xut)=| w1 wy ws |=

ul u? o oud

i* (w2u3 — w3u2) +j* (w3u1 — w?) +k* (w1u2 — wgul) .
This proves the lemma and yields the existence part of the following theorem. B

Theorem 2.6.4 Leti(t),j(t),k(t) be as described. Then there exists a unique vector 2 (t)
such that if u (t) is a vector whose components are constant with respect to i(t),j(t),k(t),
then

u (t)=Q() xu(t).

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

Q(Mu=2xQHu=0xQ(0)u

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

for all u and since @ (t) is one to one and onto, this implies (2 — £;) xw = 0 for all w and
thusﬂ—ﬂl =0.1
Now let R (¢) be a position vector and let
r(t) =R(t) +rp(t)

where
rp(t) =z )i(t)+y(t)j@) +z (@) k(t).

I‘B(t)
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In the example of the earth, R (¢) is the position vector of a point p (¢) on the earth’s
surface and rp (¢) is the position vector of another point from p (¢), thus regarding p (t)
as the origin. rp (t) 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, vg (¢) and ag (¢) will be
the velocity and acceleration relative to i(t),j(¢),k(t), and so vg = 2'i + ¢'j + 2’k and
ag =x"i + 3"j + 2”"k. Then

v=r =R +2/i+¢j+ 2'ktai’ +yj + 2k'.

By, 2.27,if e € {i,j, k}, € = Q x e because the components of these vectors with respect
to i, j,k are constant. Therefore,

2i Fyj + 2K = 2Qxi+yQxj+ 202 xk
= Qx (2i+yj+zk)
and consequently,

v=R +2i+yj+7k+Qxrg =R +2i+9j+ 2’k +Qx (zi+yj+ zk).

and you're ready
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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.

QXvp
—_—
a=v =R" + 2" + y//j + z”k—i—x’i’ + y/j/ + JK + Q' x rp

vB Qxrp(t)

+Ox | 2'i + 9§+ Zk+ai’ +yj + 2K

=R'+ap+Q xrp+2Q2xvp+Q2x (2 xrp).

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 2x (Q X rp)
is called the centripetal acceleration. Solving for ap,

aB:a—R"—Q'xrB—QvaB—Qx(erB). (228)

Here the term — (2% (2 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€2 x v 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.

2.6.2 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 2.6.4 is 2 = wk* and so

=0
" __ / r_
R'= @ xR+ OxR =Qx (2 xR)
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since 2 does not depend on ¢. Formula 2.28 implies
ap=a—-Ox (A xR)-2Qxvp —Ox (A xrp). (2.29)

In this formula, you can totally ignore the term Qx (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) = 2, and so w = 7.2722 x 107" 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°)° |r 5] .

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 (2 xR)-2Q xvp =
=g
GM (R +rp)
- R +rp|*

—Ox(2xR)—2Qxvp=g—2Q X vp.

Note that
Ox (2 xR)=(2-R)Q— QR

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(Q xvp)

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

k =sin (¢) cos (0) i* + sin (¢) sin (0) 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

o
0 cos (¢) cos () —sin(f) sin(¢)cos () a
0 | = cos(¢)sin(d) cos(f) sin(¢)sin(0) b (2.30)
1 —sin (¢) 0 cos (¢) c
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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 c = cos (¢).
Now the Coriolis acceleration on the earth equals
K

2(Q2 x vp) = 2w | —sin(¢)i+0j+ cos (¢) k | x (2/i+y/j+2'k).

This equals
2w [(—y cos @) i+ (' cos g + 2’ sing) j — (v sinp) k] . (2.31)

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+ (z' cos ¢ + 2’ singp) j — (y' sin¢) k]
where g = —%B—) —Ox (2 x R) as explained above. The term Q2x (€2 x R) is pretty

small and so it will be neglected. However, the Coriolis force will not be neglected.

Example 2.6.5 Suppose a rock is dropped from a tall building. Where will it strike?
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Assume a = —gk and the j component of ag is approximately
—2w (z' cos p + 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—22'wsin ¢j.
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 ¢.

This shows the rock does not fall directly towards the center of the earth as expected
but slightly to the east.
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Example 2.6.6 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 2.31, in 2.29,
ap=a—Ox (2 xR)
—2w [(—y cos @) i+ (2’ cos g + 2’ sin @) j — (v sinp) k] .
Neglecting the small term, 2x (€2 x R), this becomes
= —gk + T/m—2w [(—y cos ¢) i+ (2’ cos ¢ + 2’ sin @) j — (' 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 z2 +y%+ (2 — l)2 =
I2. Therefore,

k

T — fT%ifT%jJrTl - z

and consequently, the differential equations of relative motion are

P + 2wy’ cos ¢
ml

Yy = 7Y oy (2’ cos ¢ + 2’ sin ¢)
ml
and
" -2z I s
2" =T—— — 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

" = — (gm — 2wmy’ sin ¢) % + 2wy’ cos ¢
m
and
y" = — (gm — 2wmy’ sin @) % — 2w (2 cosp + 2’ sing) .
m

All terms of the form 3y’ 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 2’ and y’ are
also small. With these simplifying assumptions, the equations of motion become

x
" + 97 = 2wy’ cos ¢

and
Yy + g% = 2wz’ 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.
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These equations are of the form

" +alzx=by, Y+ ad’y = —ba' (2.32)
where a2 = ¢ and b = 2w cos ¢. Then it is fairly tedious but routine to verify that for each
constant, c,

(bt . Vb2 +4a? bt\ . [ Vb + 4a?
¢ =csin| o |sin #t , y=ccos | o | sin #t (2.33)

yields a solution to 2.32 along with the initial conditions,

cvb? + 4a?

2(0) =0,y (0) = 0,2’ (0) = 0,5 (0) = 5

(2.34)
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 ¢ = 0, the conditions of 2.34 will hold for some value of ¢ and so the solution to
2.32 having these initial conditions will be those of 2.33 by uniqueness of the initial value
problem. Writing these solutions differently,

(20 ) =e( 208 )i (Wt>

cos (%) 2

™

sin
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 <7V”22+4“2t> 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

bt
This is very interesting! The vector, c( (( gt)) ) always has magnitude equal to |c|
2

bT
— =27,
3 m
Therefore, the time it takes for the earth to turn out from under the pendulum is
47 27
T=——=—sec¢.
2w cos ¢ w ¢
Since w is the angular speed of the rotating earth, it follows w = 3—1 = {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 7' 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_, /2 sec ¢ = oco.

The Coriolis acceleration is also responsible for the phenomenon of the next example.
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Example 2.6.7 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(rg)rp

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) (vityj+zk) — 2w -y cos (¢) i+ (¢ cos (¢) + 2 sin (¢)) j— (y'sin (¢) k)]

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

2" +a(rg)z = 2wy cosd
v +a(rg)y = —2wz’'cosp— 2wz’ sin(¢)
2 +a(rp)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 k i j ok
(r/B % I'B)/ B y/ P z" y// 2
x Yy =z x oy oz
i j K
=| —a(rp)x+2wy cos¢ —a(rp)y— 2wz’ cosd —2wz'sin(¢) —a(rp)z+ 2wy sing
x Yy z

Then the k" component of this cross product equals
weos (@) (y* + 932)/ + 2wxz’ sin (@) .

The first term will be negative because it is assumed p (¢) is the location of low pressure
causing y2+ 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 (rz x rB)/ is negative provided ¢ € (0, g) and positive if ¢ € (g,w).
Beginning with a point at rest, this implies '’y x rp = 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 m/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
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order to draw this conclusion.

2.7

1.

Exercises

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.

. Find the matrix for the linear transformation which rotates every vector in R? through

an angle of /3.

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

. Find the matrix for the linear transformation which rotates every vector in R? through

an angle of —7/3.

Find the matrix for the linear transformation which rotates every vector in R? through
an angle of 27/3.

360°
thinking
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10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

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

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

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

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

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.

Find the matrix for the linear transformation which reflects every vector in R? across

the = axis and then rotates every vector through an angle of /4.

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 = axis. Compare with the
above problem.

Find the matrix for the linear transformation which reflects every vector in R? across
the 2 axis and then rotates every vector through an angle of 7 /6.

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 7/6.

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.

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 21
0 2 1 1 2
A= 1 4 4 3 3
0 2 1 1 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.

Download free ebooks at bookboon.com


http://bookboon.com/

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

T

123 21 11

021 1 2 s O

1 4 4 3 3 SCE I BT

02 1 1 2 T4 7
x5

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

1 23 2 1 1 6

02112 s I

1 4 4 3 3 =13

0211 2 T4 7
X5

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

26. If u= (1,2, 3)T, as in Example 9.3.22 and Ty, is given in the above problem, find the
matrix A, which satisfies Ayx = Ty, (x).

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

{TV1, T aTVm}

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

is linearly independent.

28. TIn the situation of Problem 27 where V is a subspace of F”, show that there exists
{z1,--- ,2,} a basis for ker (T") . (Recall Theorem 2.4.12. Since ker (T') is a subspace,
it has a basis.) Now for an arbitrary Tv € T' (V') , explain why

Tv=a1Tvi+ -+ anTvn,
and why this implies
v —(a1v1+ -+ am Vi) € ker (T).
Then explain why V = span (vy, -+ ,v,,,21, " ,Z,).

29. 1In the situation of the above problem, show {vy,---,v,,,2,, -+ ,2,} is a basis for V

» ¥mo

and therefore, dim (V') = dim (ker (T')) 4+ dim (7' (V).

30. 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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31. fLet {x1, - ,x,} beabasis of ker (A) and let {Ay1, -, Aym } be abasis of A (ker (BA)).
Let z € ker (BA) . Explain why

Az € span{Ay1, -, Aym}
and why there exist scalars a; such that
A(z = (a1y1 + -+ amym)) =0
and why it follows z — (a1y1 + - + @myYm) € span{xy,--- ,x, }. Now explain why
ker (BA) Cspan{x1, - ,X,, Y1, s YmJ

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).

32. Generalize the result of the previous problem to any finite product of linear mappings.

Re ALLY

Grant Thornton—a'great place to work.

We’re proud to have been recognized as one of Canada’s
Best Workplaces by the Great Place to Work Institute™ for
the last four years. In 2011 Grant Thornton LLP was ranked
as the fifth Best Workplace in Canada, for companies with
more than 1,000 employees. We are also very proud to be
recognized as one of Canada’s top 25 Best Workplaces for

Priyanka Sawant
Women and as one of Canada’s Top Campus Employers. onager

Manager

GREAT

PLACE Canada's Top ham
ACIBEST ~<=sCampushs
INSTITUTE Employers 3]

CANADA: DECODE | Brainstorm

. . o GrantThornton
Audit « Tax « Advisory

www.GrantThornton.ca/Careers An instinct for growth’

© Grant Thornton LLP. A Canadian Member of Grant Thornton International Ltd

Download free ebooks at bookboon.com

926


http://bookboon.com/
http://bookboon.com/count/advert/a79f44a9-bd6e-444e-97c2-a02700c59d7f

33. f W CV for W,V two subspaces of F" and if dim (W) = dim (V) , show W = V.
34. Let V be a subspace of F"and let V7, --- , V,, be subspaces, each contained in V. Then
V=Vio -V, (2.35)
if every v € V' can be written in a unique way in the form
V=01 + "+ Uy

where each v; € V;. This is called a direct sum. If this uniqueness condition does not
hold, then one writes
V = ‘/1 + P + Vm

and this symbol means all vectors of the form
V1 + -+ Uy, v; € V; for each j.
Show 2.35 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 2.35, if 8; = {u’l, e ,u}n} is a
basis for V;, then {8, -, 5,,} is a basis for V.

35. TSuppose you have finitely many linear mappings Li, Lo, -+ , 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,j. Also suppose Ly, is one to one on ker (L;) whenever j # k. Letting P denote the
product of these linear transformations, P = L1Ls - - - L,,, first show

ker (L1) + - - - + ker (L,,) C ker (P)

Next show L; : ker (L;) — ker (L;) . Then show
ker (L1) 4+ ---+ker (L,,) =ker (L) ®--- ® ker (L,,) .

Using Sylvester’s theorem, and the result of Problem 33, show

ker (P) = ker (L) @ --- ® ker (L)
Hint: By Sylvester’s theorem and the above problem,

dim (ker (P)) < > dim (ker (L;))

= dilm (ker (L1) @ - - - @ ker (L)) < dim (ker (P))

Now consider Problem 33.

36. 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

Nt ap N e +ao

such that
Ak + ak,lAkfl + -+ alA + aoI =0
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37.

38.

39.

40.

41.

The minimal polynomial of A is the polynomial like the above, for which p(A) = 0
which has smallest degree. I will discuss the uniqueness of this polynomial later. Hint:
Consider the matrices I, A, A2, --- ,A”2. There are n? + 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.

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=) (A =A2) - (A= Ap)™
where r; is the algebraic multiplicity of A;, and the A; are distinct. Thus
(A=XMD" (A= D)2 (A= XND)™" =0
and so, letting P = (A—MI)" (A—XD)™ - (A= X\eI)™ and L; = (A—NI)"
apply the result of Problem 35 to verify that
C" =ker (L1) ® - @ ker (Lg)

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 37, show there exists a nonzero vector x such that
(A — )‘j I) x = 0.

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

(A=MD" (A=XD)™ (A= XD (A= NI y =2 #0
Why? Now what happens if you do (A — A1) to z?

Suppose Q (t) is an orthogonal matrix. This means @ (¢) is a real n X n matrix which
satisfies

QUMW =1
Suppose also the entries of @ (t) are differentiable. Show (QT)/ =-QTQ'Q".

Remember the Coriolis force was 22 x vp where € was a particular vector which
came from the matrix @ (t) as described above. Show that

i(t)-i(to) j@)-i(to) k(t)-i(to)
Q)= i(t)-jto) @) -jto) k(t)-jto)
i(t)-k(to) j@)-k(to) k(t)-k(to)

There will be no Coriolis force exactly when €2 = 0 which corresponds to Q' (t) = 0.
When will Q' (¢t) = 0?

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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Determinants

3.1 Basic Techniques And Properties

Let A be an n x n matrix. The determinant of A, denoted as det (A) is a number. If the
matrix is a 2x2 matrix, this number is very easy to find.

Definition 3.1.1 Let A = ( (cz Z ) . Then

det (A) = ad — cb.

The determinant is also often denoted by enclosing the matrix with two vertical lines. Thus
a b a b
(®8)=] ]

Example 3.1.2 Find det < _21 g ) .

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 = (ai;) 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 it" row and the
Gt 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 (=1)"™7. To make the
formulas easier to remember, cof (A)ij will denote the ijt" entry of the cofactor matriz.

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
det (A) = "azjcof (A),; =Y ayj cof (A),; . (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 j*" column.

Download free ebooks at bookboon.com


http://bookboon.com/

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.

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 =

o
0 0 =*

A lower triangular matriz 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 mq; det (M7)+0.
Then use the induction hypothesis to obtain that det (M) =[]}, m;;. B

Example 3.1.7 Let
i
7
33.7
-1

oS O O
O O NN
O W oW

Find det (A).

From the above corollary, this is —6.
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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 matriz 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 it" row of A equals (xay + yby,--- ,wa, +yb,). Then

det (A) = zdet (A1) + ydet (Az)

where the i*" row of Ay is (a1, -+ ,a,) and the i'" row of Ay is (by,--- ,b,), 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 (47).

The Wake
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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 matrix and let B be the matrix 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
i'" 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

12 3 4
5 1 2 3
A= 4 5 4 3
2 2 -4 5

Replace the second row by (—5) times the first row added to it. Then replace the third
row by (—4) times the first row added to it. Finally, replace the fourth row by (—2) times
the first row added to it. This yields the matrix

1 2 3 4

0 -9 -13 -17
0 -3 -8 -13
0 -2 —-10 -3

B =

and from the above corollary, it has the same determinant as A. Now using the corollary
some more, det (B) = (5*) det (C) where

1 2 3 4

0o 0 11 22
¢= 0 -3 -8 -13

0 6 30 9

The second row was replaced by (—3) times the third row added to the second row and then
the last row was multiplied by (—3). Now replace the last row with 2 times the third added
to it and then switch the third and second rows. Then det (C') = — det (D) where

1 2 3 4
0 -3 -8 —-13
0 0 11 22
0o 0 14 =17

D =

You could do more row operations or you could note that this can be easily expanded along
the first column followed by expanding the 3 x 3 matrix which results along its first column.

Thus
11 22

14 -17

and so det (C) = —1485 and det (A) = det (B) = (') (—1485) = 495.

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 61. The following theorem gives a formula for the inverse of a
matrix. It is proved in the next section.

det (D) = 1(-3) ‘ ’ = 1485
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Theorem 3.1.11 A~1! exists if and only if det(A) # 0. If det(A) # 0, then A~ = (a;jl)
where

ai_jl = det(A) " cof (A) .,

ji
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

A:

— W =
O N
— = W

First find the determinant of this matrix. This is seen to be 12. The cofactor matrix of
Alis

-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

-2 —_2 6 -1 1 1
L _ Y
4 2 0 5 5 3
12 1 1
2 8 —6 5 0 -3
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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

1 0 0 r et 0 0
=l 0 etcost elsint = 0 cost —sint
€ 0 —etsint elcost 0 sint cost
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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"4)x=A""(4x)= 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 B n 1
Ti = Za’ijlyj = Z m cof (A)ji Ys-
j=1 j=1

By the formula for the expansion of a determinant along a column,

1 * ... yl e *
= ———det | : : I
YT qet (4) | . ~
* e yn e *
where here the i*" 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.

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,--- 7:rn)T . Then Cramer’s rule says
det Ai
€T; =
det A
where A; is obtained from A by replacing the it column of A with the column (yi, - - - ,yn)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 s onto.
3. det (A) #0.

3.2 Exercises

1. Find the determinants of the following matrices.

1 2 3
(a) 3 2 2 | (The answer is 31.)
0 9 8
4 3 2
(b) 1 7 8 | (The answer is 375.)
3 -9 3
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10.

11.

12.

()

, (The answer is —2.)

L N
DN = W N
= Ot N W
N O W

. If A~ exist, what is the relationship between det (A) and det (A_l) . Explain your

answer.

Let A be an n x n matrix where n is odd. Suppose also that A is skew symmetric.
This means AT = —A. Show that det(A4) = 0.

. Is it true that det (A + 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 (A] — A) is not one to one and not onto. Now use Theorem 3.1.15
to argue det (AI — 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.

Now suppose

a(t) b(t) c(t)
F()=det| d(t) e(t) f(¥)
g@t) h(t) i)
Use Laplace expansion and the first part to verify F’ (t) =

det | d(t) e(t) f(t) | +det

F
a'(t) V() () (a(t) b(t) c(t)
g@) h(t) i(t)
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13.

14.

15.

16.

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=1 0 et cost el sint
0 elcost—elsint elcost+elsint

Let A be an r x r matrix and let B be an m x m matrix such that r +m = n. Consider
the following n x n block matrix
A 0
- (43)

where the D is an m x r matrix, and the 0 is a 7 X m matrix. Letting I denote the
k x k identity matrix, tell why

A 0 I. 0
c=(5 0 )(6 5)
Now explain why det (C') = det (A) det (B) . Hint: Part of this will require an expla-

nation of why
A 0
det < D I, ) =det (A).

See Corollary 3.1.9.

Suppose @ is an orthogonal matrix. This means @ is a real n x n matrix which satisfies
QR =1
Find the possible values for det (Q).

Suppose @ (t) is an orthogonal matrix. This means @ (¢) is a real n X n matrix which
satisfies

RQUQW" =1

Suppose Q (t) is continuous for ¢ € [a,b] , some interval. Also suppose det (Q (t)) = 1.
Show that it follows det (Q (¢)) = 1 for all ¢ € [a, b].
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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 earlier one in terms of Laplace expansion. Let (i1, - ,i,) 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 [22]. A recent book which
also has a good introduction is Baker [3]

3.3.1 The Function sgn

The following Lemma will be essential in the definition of the determinant.
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Lemma 3.3.1 There exists a unique function, sgn,, which maps each ordered list of num-

bers 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)
Sgnn(i17"' Y 2SR/ PR 7Zn) = _Sgnn(ilv"' /PR R 7’Ln) (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,, (i1, ,lg—1,N,0041, " ,in) =
(_l)n_e sgn, 4 (i17 e 77:9—17 7:9-1-17 te 7Zn) (34)
where n = iy in the ordered list, (i1, -+ ,ip).

Proof: To begin with, it is necessary to show the existence of such a function. This is
clearly true if n = 1. Define sgn; (1) = 1 and observe that it works. No switching is possible.

In the case where n = 2, it is also clearly true. Let sgn, (1,2) = 1 and sgn, (2,1) = —1
while sgn, (2, 2) = sgn, (1,1) = 0 and verify it works. Assuming such a function exists for n,
sgn,,, 1 will be defined in terms of sgn,, . If there are any repeated numbers in (i1, -+ ,4,41),
sgn, 1 (i1, -+ ,ing1) = 0. If there are no repeats, then n 4 1 appears somewhere in the
ordered list. Let 6 be the position of the number n + 1 in the list. Thus, the list is of the
form (i1,--- ,ig—1,n + L4941, ,ins1). From 3.4 it must be that

Sgnn+1 (ilv e 7i9—17n + 17i9+1a T 7in+1) =

1-6 ) . . .
(_1>n+ sgn,, (l17”' y19—1,0041," " 7Zn+1)~

It is necessary to verify this satisfies 3.2 and 3.3 with n replaced with n + 1. The first of
these is obviously true because

Sgnn-‘rl (1’ SN, + 1) = (_1)n+1_(n+1) Sgnn (17 e ,’n) =1.

If there are repeated numbers in (i1, - ,i,41), then it is obvious 3.3 holds because both
sides would equal zero from the above definition. It remains to verify 3.3 in the case where
there are no numbers repeated in (i1, ,ip41). Consider

. r s .
Sgnn+1 (7’17“' s Py 54, 7Z7L+1)7

where the  above the p indicates the number p is in the 7" position and the s above the ¢
indicates that the number, ¢ is in the s position. Suppose first that r < # < s. Then

T

. s ) .
Sgnn+1 (7’17"' s Dy 7n+]—7"' /PR vln+1) =

—0 . -1 .
(_1)n+1 sgn,, (’Ll?"' aZT),"' asq [ 7Zn+1)

while
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and so, by induction, a switch of p and ¢ introduces a minus sign in the result. Similarly, if
0 > s or if § < r it also follows that 3.3 holds. The interesting case is when § = r or 6 = s.
Consider the case where § = r and note the other case is entirely similar.

T

. s . o
Sgnn+1 (217"' 77’L+17"' y g, >Zn+1> =

(_1)n+177" sgn,, <i17"' 75517_.. 7in+1) (35)

while

Sgnn+1 (7;17"' , g, 7n+]—7"' 7in+1) -
(71)n+175 sgn,, (ila"' 76;"' ain+1) . (36)
By making s — 1 — r switches, move the ¢ which is in the s — 1** position in 3.5 to the rt*
position in 3.6. By induction, each of these switches introduces a factor of —1 and so

. s—1 . s—1—r . T .
sgn,, <217"'7 q ,"'7Zn+1):(—1) sgn,, (7/17"'7q7"';7/n+1).
Therefore,

T

. . — . -1 .
Sgnn+1 (Zla"' 7n_|_1,... ’57... 77'7L+1) — (_1)n+1 T'Sgnn (217... ’sq R 7Z7L+1>
= ()" )T sy, (i G i )
= (_1)"+S sgn,, (7:17 e 767 e ain+1) = (_1)23_1 (_1)”""1_3 Sgn,, (ih e 767 e 7i"+1>

. T S .
:_Sgnn-‘rl (117"' 54, an+1a"' 7’Ln+1)-

This proves the existence of the desired function. Uniqueness follows easily from the follow-
ing lemma.

Lemma 3.3.2 Every ordered list of {1,2,--- ,n} can be obtained from every other ordered
list by a finite number of switches. Also, sgn is 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». To get from P; to P, using switches,
first make a switch to obtain the last element in the list coinciding with the last element of
P5. By induction, there are switches which will arrange the first n — 1 to the right order.

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) and applying the same sequence of switches,
eventually arrive at f (i1, -+ ,in) = g (i1, ,iy). 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
(i1, -+ ,in), this ordered list is called a permutation. The symbol for all such permutations
is Sp. The number sgn,, (i1, -+ ,i,) is called the sign of the permutation.

A permutation can also be considered as a function from the set
{1727"' 7”} to {1727"’ ,T‘L}

as follows. Let f (k) = ir. 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.
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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)
(k1o kn)

to be the sum of all the f(k1---ky) for all possible choices of ordered lists (ki,--- ,kn) of
numbers of {1,--- ,n}. For example,

Do k) = FL2)+F 21D+ F (L) +(2,2).

(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) a1, - Gk,

(k1 skn)
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 mo 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, -+ ,ry)) = Z sgn (k1, -+ kn) Gryky - Gr ko (3.7)
(b1, kn)
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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) Griky - Gr (3.8)
(k1 kn)
= det(A(ry, - ,m)). (3.9)
Proof: Let (1,-+- ,n)=(1,-+-,r,-+-8,--+,n)sor <s.
det (A(1,-+- ,ry - ,8,--+,n)) = (3.10)

Z Sgn(kla"' 7kr7"' ak57"' 7kn)a1k:1 Akttt Qg t 0 Gk,
(klﬂ"' 1k71-)
and renaming the variables, calling kg, k, and k.., ks, this equals

= E Sgn(klv"'7k57"'ak’l‘a"'akn>a1k1"'a/7‘k}3"'a/sk,«"'af’nkn
(K1, ,kn)
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These got switched

= E —sgn | ki,oooy keyooe ks L ke | Gk Qs Grky 0 Gk,
(b1, kn)

=—det(A(1,---,8,---,r,--+,n)). (3.11)
Consequently,

det (A(L,-+-,8,--+,r---,n))=—det (A(L,-- ,r,--,8,--+,n)) = —det (4)

Now letting A (1,---,8,---,7,---,n) play the role of A, and continuing in this way, switch-
ing pairs of numbers,

det (A (1, 1)) = (—1)” det (4)
where it took p switches to obtain(ry,--- ,7,) from (1,--- ,n). By Lemma 3.3.1, this implies
det (A (ry, -+ ,m)) = (=1)"det (A) = sgn (ry,-- - ,y) det (A)

and proves the proposition in the case when there are no repeated numbers in the ordered
list, (ry,--- ,7,). However, if there is a repeat, say the " row equals the s** row, then the
reasoning of 3.10 -3.11 shows that det(A (ry,--- ,r,)) = 0 and also sgn (ry,--- ,7,) = 0 so
the formula holds in this case also. l

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) = ﬁ . Z Z sgn (le"' arn) sgn (k17"' 7kn) Qriky = Qrpk, - (312)
(r1yeeyrn) (k1yeeskn)

And also det (AT) = det (A) where AT is the transpose of A. (Recall that for AT = (aiTj),
al: = aj;.)
17 Jt

Proof: From Proposition 3.3.6, if the r; are distinct,

det (A) = Z sgn (11, -+ ) sgn(k1, -+ kn) Qrykey -+ Grp ki, -

(k1yee kn)
Summing over all ordered lists, (r1,---,r,) where the r; are distinct, (If the r; are not
distinct, sgn (11, -+ ,7,) = 0 and so there is no contribution to the sum.)

nldet (A) = Z Z sgn (ry, -« ,rp)sgn (ky, -+ kn) Gy - Grp iy, -
(7'17”' ,Tn) (kh'” 7kn)

This proves the corollary since the formula gives the same number for A as it does for AT.
[ |
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Corollary 3.3.9 If two rows or two columns in an n X n matriz 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 (xay + yby,--- ,xa, +yb,). Then

det (A) = x det (A1) + ydet (As)

where the it row of Ay is (a1, ,an) and the it" row of Ay is (by,--- ,b,), 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 (AT) = —det (A ) = —det (4,).

If A has two equal columns or two equal rows, then switching them results in the same
matrix. Therefore, det (A) = —det (A) and so det (4) = 0.
It remains to verify the last assertion.

det (A) = Z sgn (ki,-- -, kpn) a1, - - (xarg, + ybrg,) - Gk,
(b1, kn)

=z E sgn (ki, -+, kn) @ig, -+ Qrk, - - Gk,
(klx”' ;kn)

+y Z sgn (k1, - kn) @1, - bpg, -+ Gnk, = x det (A1) +ydet (Aa).
(K1, k)

The same is true of columns because det (AT) = det (A) and the rows of AT are the columns
of A. R

3.3.4 Basic Properties Of The Determinant

Definition 3.3.10 A vector, w, is a linear combination of the vectors {vy,--- ,v,} if there
exist scalars c1, - - - ¢, such that w = 22:1 cx V. This is the same as saying

w € span (vy, -+ ,Vp).

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 v 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 r of the others is satisfied. Then by using Corollary
3.3.9 you may rearrange the columns to have the n!” column a linear combination of the
first 7 columns. Thus a,, = Y ;_, cxa; and so

det (A) = det ( a; - a,r - an—1 E;:l Crak ) .
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By Corollary 3.3.9
det<A):Zdeet(al R < VAR < P | ak)zo.

The case for rows follows from the fact that det (A) = det (A”). B
Recall the following definition of matrix multiplication.

Definition 3.3.12 If A and B are n x n matrices, A = (a;j) and B = (b;j), AB = (c;j)
where ¢;; = Y7 _ | @ikb;.

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 (k1, -, kn) Cily - Crk,,
(k1 kn)

Z sgn kl, , (Z a1rq rlkl) cee <Z anrnbrnkn>

(ks k)

Z Z Sgn kla 7kn) br1k1 ce brnkn (a1r1 ce anrn)

(Tl ,Tn) (kl ;ouk

Z sgn (rl S Tp) Gyt Gy, det (B) = det (A) det (B) .1

(r1-rn)
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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 Az
1= 17 7C(n7m)

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) = Y det (By)det (Ay)
k=1
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Proof: This follows from a computation. By Corollary 3.3.8 on Page 113, det (BA) =

DD sen(iv---im)sgn (i jm) (BA),;, (BA),,;, - (BA),

1
m! imim
(i1-+im) (J1--Gm)

% Z Z sgn (i1 -+ ipm)sg0 (J1 - Jm) -

(in- i) (G1+Gm)
Z Bi1T1AT1j1 Z Bi2T2AT2j2 Z Bim?”mAijm
ri=1 ro=1 Tm=1
Now denote by I one of the r subsets of {1,--- ,n}. Thus there are C (n,m) of these.

C(n,m)

1 . . . .
= Do > D seulincim)sgn (i gm)
k=1 {T17"' 7T77L}:Ik (il"'inL) (71J7n)

Bilﬁ Arljl BizT"zA?”QjQ B Aijm

imTm

C(n,m)

= Z Z 'n:’[l' Z sgn (Zl 1771) Bil?”lBizT2 "'Bimrm '

k=1 {ri,rm}=Ir  (i1-im)

Z sgn (]1 e Jm) AT1j1AT2j2 T A?”mjm

(jl"'jm,)

C(n,m 1

)
> > —sen(ri-rp)”det (By)det (Ay) B
k=1 {ri,,rm}=I m:
C(n,m)

- Z det (By,) det (Ay)
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 matrix is of the form

M:(g1 2) (3.13)

M(f 2) (3.14)

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 (4).

or

Proof: Denote M by (m;;). Thus in the first case, mp,, = a and m,; = 0 if i # n while
in the second case, my,, = a and my, = 0 if ¢ # n. From the definition of the determinant,

det (M) = Z sgn,, (k17 T 7kn) Mik, - Mnk,
(klf"'rkn)
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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 (=1)" Tsgn, g (K1, ko1, kev1s s ko ) Maky oo Mg,
(kl [ 1k71)

Now suppose 3.14. Then if k,, # n, the term involving m,y, in the above expression equals

zero. Therefore, the only terms which survive are those for which § = 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).
(k1yee s kn—1)

To get the assertion in the situation of 3.13 use Corollary 3.3.8 and 3.14 to write

AT 0 )) = adet (47) = adet (4) M

* a

det (M) = det (MT) = det ((

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
Gt 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)"77. To make the
formulas easier to remember, cof (A)ij 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 (4) = Z aij cof (A);; = Z aij cof (A),; - (3.15)
j=1 i=1

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,- -+ ,ai,) be the i row of A. Let B; be the matrix obtained from A by
leaving every row the same except the i*" row which in B; equals (0,---,0,a;,0,---,0).
Then by Corollary 3.3.9,

det (A) = i det (B;)
j=1

For example if

a c
A= d f
h J
and ¢ = 2, then
a b c a c a b ¢
B; = d 0 0 |,By= 0 , B3 = 0 0 f
h 1 j h J h i g
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Denote by A% the (n — 1) x (n — 1) matrix obtained by deleting the i*" row and the ;%"

column of A. Thus cof (A)ij = (—1)i+j det (Aij) . 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,
—j —i AT«
1\ J (_1\n—¢
v ey det(( 0 aj ))

itj AT«
(D™ det (( 0 ay = aiy cof (A)ij ’

det (A) = aj; cof (A),
j=1

det (Bj)

Therefore,

which is the formula for expanding det (A) along the i*" row. Also,
det (A) = det (AT) = Z az»; cof (AT)Z.]. = Z ajicof (4);
j=1 j=1
which is the formula for expanding det (4) along the i** 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 61.

Theorem 3.3.18 A~1! exists if and only if det(A) # 0. If det(A) # 0, then A= = (a;jl)
where
ai_jl = det(A) ™! cof (A).,

ji
for cof (A),; the ijt" cofactor of A.

Proof: By Theorem 3.3.17 and letting (a;.) = A, if det (A) # 0,
n
Z air cof (A),, det(A)™' = det(A)det(A)~" =1.
i=1

Now in the matrix A, replace the k" column with the 7** column and then expand along
the k** column. This yields for k # r,

Z ai cof (A),, det(A)~t =0
i=1
because there are two equal columns by Corollary 3.3.9. Summarizing,
> aircof (A),, det (A) ™" = by
i=1
Using the other formula in Theorem 3.3.17, and similar reasoning,

Z arj cof (A),; det (A7 =6
j=1
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This proves that if det (4) # 0, then A~! exists with A= = (a;,

1
i ), where

a;;" = cof (A);; det (A)™".
Now suppose A~! exists. Then by Theorem 3.3.13,
1 =det () =det (AA™") = det (A)det (A7)

so det (4) #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.

Corollary 3.3.19 Let A be an n X n matriz 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 matric
such that AC = I, then A™1 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)A™' =B (AA™") = BI = B.

\ The next step for
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graduates
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The case where C'A = I is handled similarly. H

The conclusion of this corollary is that left inverses, right inverses and inverses are all
the same in the context of n x nm 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=(AT"TA)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
_ -1, _ .
T = E a; yj = ngl det (4) cof (4);; ;-

Jj=1
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By the formula for the expansion of a determinant along a column,

* e yl e *
N . .
xr, = ——— de . . . B
' det (A) ‘ : :
* e yn e *
where here the i*" 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 v 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.

Theorem 3.3.23 If A, an m X n matrix 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

< <Jgr

and the r rows whose indices are
1 <o <1y

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

Aivgy 0 Gigg, Qigp
Qi,g1 0 GG, Qip
Qljy T alg, Alp
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Of course you can assume [ ¢ {iy,---,i,} because there is nothing to prove if the I*"

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 C} 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

Qiygy o Qigg

A T
Thus

0= alpC’ + Z Ckaikp
k=1

which implies

T T

—C), B

Qip = C Qigp = § MEQip
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 iy,4s, - , 4, rows.

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
2.4.4, 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.

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.

Proof: This follows from the above by considering A”. The rows of AT are the columns
of A and the determinant rank of AT and A are the same. Therefore, from Corollary 3.3.24,
column rank of A = row rank of A7 = determinant rank of AT = 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.
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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 a; such that

ay,, = E arag.

k#m
. T
Now consider the column vector, x=( &g -+ —1 --- a, ) . Then

Ax = —a,, + Z arpag = 0.
k#m

Since also A0 = 0, it follows A is not one to one. Similarly, AT 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 =0T
where the 07 is a 1 x n matrix or row vector. Now if Ay = x, then
x> = xT (Ay) = (x"4)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
A1 exists and so for every y € F” there exists a unique x € F” such that Ax =y. In fact
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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 matrixz. 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.
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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;---ay,)

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 (A7)
8. A~! exists if and only if det (A) # 0 and in this case
(A*l)ij = detl( y cof (A); (3.16)

9. Determinant rank, row rank and column rank are all the same number for any m x n
matrix.

3.4 The Cayley Hamilton Theorem

Definition 3.4.1 Let A be an n x n matriz. The characteristic polynomial is defined as
pa (t) =det (¢ — A)

and the solutions to pa (t) = 0 are called eigenvalues. For A a matriz and p(t) = t" +
ap_ 1t + -+ a1t + 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 p4 () = 0. Tt is one of the most important theorems in linear
algebra!. The following lemma will help with its proof.

Lemma 3.4.2 Suppose for all |\| large enough,
Ag+ A A+ -+ AN =0,
where the A; are n X n matrices. Then each A; = 0.
Proof: Multiply by A™™ to obtain
AA™™ + AN e A AT 4+ A =0
Now let |A| = oo to obtain A,, = 0. With this, multiply by A to obtain
A ™™ L A N2 L 4 A4, =0.

Now let |A| — oo to obtain A,,_; = 0. Continue multiplying by A and letting A\ — oo to
obtain that all the A4; = 0. &
With the lemma, here is a simple corollary.

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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Corollary 3.4.3 Let A; and B; be n X n matrices and suppose
Ag+ AN+ -+ AN =By + BiA+ -+ By \™

for all |\| large enough. Then A; = B; for all i. Consequently if A is replaced by any n X n
matriz, the two sides will be equal. That s, for C' any n X n matriz,

Ag+AC+---+A,C" =By + B,C+---+ B, C™.

Proof: Subtract and use the result of the lemma. W
With this preparation, here is a relatively easy proof of the Cayley Hamilton theorem.

Theorem 3.4.4 Let A be an n xn matriz and let p (X) = det (A — A) be the characteristic
polynomial. Then p(A) = 0.

Proof: Let C'()) equal the transpose of the cofactor matrix of (AI — A) for |A| large.
(If | A] 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

C=pN\) (A=A

Note that each entry in C () is a polynomial in A having degree no more than n — 1.
Therefore, collecting the terms,

CA\)=Co+CiA+ -4 Cp A"
for C; some n x n matrix. It follows that for all |A| large enough,
(M —A)(Co+CiA+ -+ Crt A" ) =p(\) I

and so Corollary 3.4.3 may be used. It follows the matrix coefficients corresponding to equal
powers of \ are equal on both sides of this equation. Therefore, if A is replaced with A, the
two sides will be equal. Thus

0=(A-A) (Co+CrA+-+Cp 1 A" Y) =p(A) I =p(A) M
3.5 Block Multiplication Of Matrices
A B E F
(e 5)(én)

You know how to do this. You get

AE+ BG AF+ BH
CE+DG CF+DH |-

Consider the following problem

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? I will show below that this is true.
Suppose A is a matrix of the form
A o A
A= oo (3.17)
Arl e Arm
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where A;; is a s; X p; matrix where s; is constant for j = 1,--- ,m for each ¢ = 1,--- 7.
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:

nXxp;

S;iXm 0
( 0 Igxs;, O )A Ipixp; |- (3.18)

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,--- ,¢c; +pj — 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 r;,--- ,r; +s;. 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

O Iprn XPm

where these little identity matrices don’t overlap. A similar conclusion follows from consid-
eration of the matrices I, xs,. Note that in 3.18 the matrix on the right is a block column
matrix for the above block diagonal matrix and the matrix on the left in 3.18 is a block row
matrix taken from a similar block diagonal matrix consisting of the I, «,.

Next consider the question of multiplication of two block matrices. Let B be a block
matrix of the form

By, - By,
: oo (3.19)
By -+ By
and A is a block matrix of the form
A o A
: P (3.20)
Apt - Apm

and that for all 4, 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
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same size for each s so that it makes sense to write ) B;sAg;.

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

I'J(0o 1 0)
0

where the first is n X r and the second is r x n. The small identity matriz I is an r X r matric
and there are | zero rows above I and l zero columns to the left of I in the right matriz.
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Then the product of these matrices is a block matriz of the form

0 0 O
0 I 0
0 0 O

Proof: From the definition of the way you multiply matrices, the product is

0 0 0 0 0 0
I o ---| I |0 I e --- I ]e, I o0 .- I ]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 ¢ X p block matriz as in 3.19 and let A be a p X n block matriz
as in 3.20 such that B;s is conformable with Asj 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

Proof: From 3.18

0 0
BisAsj = ( 0 Injxr; O )B Ip. xp, ( 0 Ipxp. O )A Ig;xq;
0 0

where here it is assumed B;s is r; X ps and Ag; is ps X g;. 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
Ipsxm ( 0 Istps 0 ) = 0 Ipsxps 0
0 0 0 0

Since the blocks of small identity matrices do not overlap,

0 0 o0 Iy xp, 0
L0 Lwp, 0] = =1
s 0 0 0 0 Ippx;;p
and so
0 0
ZBisAsj = Z( 0 Lxr, 0)B| Lpoxp. | (0 Lpxp, 0)A[ Igxq,
S S 0 0
0 0

:< 0 Irixri 0 )BZ Ipsxps ( 0 I;Ds><;Ds 0 )A Iquqj
s 0 0

0 0
=(0 Ixr, O)BIA| Igxg, | =(0 Ixr, 0)BA| Iyxq,
0

which equals the ij*" block of BA. Hence the i block of BA equals the formal multipli-
cation according to matrix multiplication, s BisAg;. 1
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b

Example 3.5.3 Let an n xn matriz have the form A = ( z p

) where P isn—1xn—1.

Multiply it by B = (f 5 ) where B is also an n X n matriz and Q ism—1xn —1.

You use block multiplication

a b p q\ ([ ap+br aq-+bQ
(c P)(r Q)_<pc+Pr cq+PQ)
Note that this all makes sense. For example, b=1xn—1landr=n—1Xx1so brisa
1 x 1. Similar considerations apply to the other blocks.
Here is an interesting and significant application of block multiplication. In this theorem,
pu (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,

(5e)=(57)(0 &)=
(20 ) a4 D Yaa( L 0) mamtnaaco

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

pBa(t) =t"""pap (1),

so the eigenvalues of BA and AB are the same including multiplicities except that BA has
n—m extra zero eigenvalues. Here ps (t) denotes the characteristic polynomial of the matriz

A.

Proof: Use block multiplication to write
AB 0 AB ABA
B 0 0 B
I A AB ABA
0 I B BA B ’

Therefore,
I A\ '/ AB 0 I A\ (0 0
0 I B 0 0 I /] \ B BA
. . . . 0 o0 AB 0
Since the two matrices above are similar, it follows that ( B BA and B 0 >

have the same characteristic polynomials. See Problem 8 on Page 106. Therefore, noting
that BA is an n X n matrix and AB is an m X m matrix,

™ det (tI — BA) = t" det (t] — AB)

and so det (¢ — BA) = ppa (t) =t" ™ det (tI — AB) =" "pap(t). R
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3.6 Exercises

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

we(8)

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,

A1X = < /:)X )
which equals zero if and only if Ax = 0.

2. Let vy,---, v, be vectors in F" and let M (vy,---,v,) denote the matrix whose i*"

column equals v;. Define
d(vi, -+ ,vp) =det (M (vy, - ,Vy)).
Prove that d is linear in each variable, (multilinear), that
d(Vl,"' JViy s, Ve 7Vn) = —d(Vl,"' SV, Vi, 7Vn)a (3_22)

and
d(ey, - ,e,)=1 (3.23)

where here e; is the vector in F” which has a zero in every position except the gth
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position in which it has a one.

3. Suppose f:F" x --- x F" — F satisfies 3.22 and 3.23 and is linear in each variable.
Show that f = d.

4. 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.

5. Use the result of Problem 4 to evaluate by hand the determinant

1 2 3 2
6 3 2 3
det o7 o o 3
3 4 6 4
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10.

11.

12.

Find the inverse if it exists of the matrix

t

e cost sint
et —sint cost
et —cost —sint

Let Ly = y™ 4+ ap_y (2)y™ D + .- + a1 () y + ao (r)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 Lyr = 0 for k = 1,2,--- ;n. The
Wronskian of these functions, y; is defined as

yi(x) - Y

yi(x) -y (2)
W (y1,-- ,yn) () = det : :
gy @)y (@)

Show that for W (z) = W (y1,- -+ ,yn) () to save space,

vi(x) o yn(2)
W' (x) = det e
(*) v (@) i (@)
yWi) -y (@)

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).

Suppose the characteristic polynomial of an n X n matrix A is of the form
"t ap_1t" N art 4 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).

1Letting p (¢) 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 |e| is sufficiently small.

In constitutive modeling of the stress and strain tensors, one sometimes considers sums
of the form Y ;7 a,A* 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.

Recall you can find the determinant from expanding along the j** column.

det (4) = Z Ajj (cof (A)),;
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13.

14.

Think of det (A) as a function of the entries, 4;;. Explain why the 5" cofactor is
really just
Odet (A)
8Aij '
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

Dg (x),; 99 (x)

ij 81‘j =9ij (x)

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

Z (cof (Dg))ij,j =0.

J

Hint: First explain why 3, g;  cof (Dg),; = d;xdet (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 €, — 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.

A determinant of the form

ag ai “e [e2%
2 2 2
ag ay T ay,
n—1 n—1 n—1
aO al e an
n n n
Qg ax Ay,

is called a Vandermonde determinant. Show this determinant equals
II (@ —a)
0<i<j<n

By this is meant to take the product of all terms of the form (a; — a;) such that j > 1.
Hint: Show it works if n = 1 so you are looking at

1 1
ap ap

Then suppose it holds for n — 1 and consider the case n. Consider the polynomial in
t,p (t) which is obtained from the above by replacing the last column with the column

(1 ¢ - )",
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Explain why p(a;) =0 for i =0,--- ,n — 1. Explain why

p#) =L ¢-a.
=0

Of course c is the coefficient of t". Find this coefficient from the above description of
p(t) and the induction hypothesis. Then plug in ¢ = a, and observe you have the
formula valid for n.
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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 (i1,42,- -+ ,in) S 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 T Yy z w
1 0 0 z y z w |=|a b ¢ d
0 0 1 f g h 1 f g h i

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 ¢ and row j where 7 < j. This matrix is of the form

1 0
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The two exceptional rows are shown. The i*" row was the " and the j** row was the i*"

in the identity matrix. Now consider what this does to a column vector.

0

0

U1

U

Uj

UTL

U1

Uj

Vs

/UTL

Now denote by P% the elementary matrix which comes from the identity from switching
explained consider multiplication on the left by this

rows ¢ and j. From what was just
elementary matrix.

pi

ai1

aj1

anl

a2

a;2

an2

alp

Cnp

From the way you multiply matrices this is a matrix which has the indicated columns.

a1

apl

a1

an1

a12

Ap2

ai2

an2

Anp

alp
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ai; a2 - Qip

a1 a2 Qjp
a1 Q2 o Qip
ap1  Qp2 - Anp

This has established the following lemma.

Lemma 4.1.3 Let PY denote the elementary matriz which involves switching the it" and

the jt* rows. Then N
P7A=RB

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 (i1,--- ,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 [17] or [13].

Next consider the row operation which involves multiplying the i*” row by a nonzero
constant, ¢. The elementary matrix which results from applying this operation to the i*"
row of the identity matrix is of the form

1 0

0 1

Now consider what this does to a column vector.

1 0 V1 (%
C (o = CU;
0 1 Up, Up,
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Denote by E (c,4) this elementary matrix which multiplies the i** row of the identity by the
nonzero constant, ¢. Then from what was just discussed and the way matrices are multiplied,

al]. a12 ... PR alp
E (c,i) a;1 Q2 vt Qip
anl an2 .. ... anp
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equals a matrix having the columns indicated below.

ai a12 aip
= E (C7 Z) a;;l ,E (C, Z) 0;2 Ry (Ca @) a;:p
Anl G;Q Qnp

ain aiz e e ay

= ca;1 CQio st Cgp

Al Gpa - Gy

This proves the following lemma.

Lemma 4.1.4 Let E(c,i) denote the elementary matrixz 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 it row of the identity matriz by c. Then

E(c,i)A=1DB
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 ¢ < j this will be of the form

1 0

0 1

Now consider what this does to a column vector.

1 0 vy U1

1 Uz Vi

c --- 1 v ) cv; + v
0 1 v:n Un,
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Now from this and the way matrices are multiplied,

al 1 a12 .o ... P PR alp

all a742 ... ... ... ... a’Lp
E(cxi+j)

a]2 a]z .. ... ... DY a]p

a/nl anz DR ... ... PR anp

equals a matrix of the following form having the indicated columns.

a11 a12 A1p
a;1 a;2 Qip
E(cxi+j) : ,E (e xi+7j) : o Eexi+3j)
aj2 aj2 ajp
anl Gn2 Anp
aii @12 ce a1p
Q41 a2 T Aip
G2 + ca;q a2 +capp - Gjp + Cip
Gnl an2 e Anp

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 jt" row with ¢ times the it" row added to it. Then

E(cxi+jA=DB

where B is obtained from A by replacing the j*" row of A with itself added to c times the
it row of A.

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 matrixz 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(exi+j)=1
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This follows because the first matrix takes ¢ times row ¢ in the identity and adds it to row j.
When multiplied on the left by E (—c x i + j) it follows from the first part of this theorem
that you take the i*" row of E (c 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 c¢ 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+}7)

replacing ¢ with —c in the argument yields that this product is also equal to I. Therefore,
Elexit+j) ' =E(—cxi+j).

Similar reasoning shows that for E (c,4) the elementary matrix which comes from mul-
tiplying the i*” row by the nonzero constant, c,

E (c,i)_1 =F (c_l,i) .
Finally, consider P¥ which involves switching the i*"* and the j** rows.
PIpY =]

because by the first part of this theorem, multiplying on the left by P switches the 7"
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 )71 =P 1A

|
The stuff that makes life worth living
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FACEBOOK.COM/STUDYINNORWAY
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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 v 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.

Download free ebooks at bookboon.com


http://bookboon.com/

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 a; are the columns
(a; a, -~ a,)
and let B equal the following matrix in which the columns are given by the by
( b; by -+ b, )

Then by Theorem 4.1.6 on Page 142 by, = Fa; 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

a = Z Cra,.
res
Then multiplying by F,
by =FEa, =Y 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. B

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.

Example 4.2.5 Find the rank of the following matrix and identify columns whose linear
combinations yield all the other columns.

1 21 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

1 21 3 2
01 5 =30
01 5 =30
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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 yielding

1 21 3 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 matrix and identify columns whose linear
combinations yield all the other columns.
1 21 3 2
1 2 6 0 2 (4.2)
3 6 8 6 6

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

121 3 2
00 5 -3 0
005 =30
Now multiply the second row by 1/5 and add 5 times it to the last row.
1 21 3 2
0 01 -3/50
0 0 0 0 0
Add (—1) times the second row to the first.
120 £ 2
0 01 -3/50 (4.3)
0 0 0 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.

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,ea, -+ ;€.

For example, here are some matrices which are in row reduced echelon form.

01 3 0 3 10 3 —-11 0
00015 |,/]014 4 0
0 0 00O 000 0 1
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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 As
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. &

The following diagram illustrates the above procedure. Say the matrix looked something
like the following.

*

0 * x
0 * =

*

0 * % % * * x

First step would yield something like

*
*
*

0 1
0 0

*
*
*

0 0 % % * * =x

For the second step you look at the lower right corner as described,

and if the first column consists of all zeros but the next one is not all zeros, you would get
something like this.
0 1 x % x*

0 0 x % =%
Thus, after zeroing out the term in the top row above the 1, you get the following for the

next step in the computation of the row reduced echelon form for the original matrix.

0 * x =x
1

0 1 =«
0 0 O * ok %

0 0 0 0 = x =%
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Next you look at the lower right matrix below the top two rows and to the right of the first

four columns and repeat the process.

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 jt" 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.
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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

zy
=x1€e1+ -+ Tpey

Tn

so to say two column vectors are equal is to say they are the same linear combination of the
special vectors e;.

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, e, - - - , €, occurring for the first time in the positions, i1, 2, - , i,
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, @9, - - - , 4, 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, - - - , i 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.

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 matrixz. 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.
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But now multiply on the left on both sides by Ep’1 then by Ep_fl and then by Ep:lz ete.
until you get
A=E'Ey - EJNE)!

and by Theorem 4.1.6 each of these in this product is an elementary matrix.

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 7 X r identity submatrix in which r 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. B

Here is a fundamental observation related to the above.

Corollary 4.3.9 Suppose A is an mxn matriz and that m < n. That is, the number of rows
18 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 7; where m <17y < --- <17y
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. W

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=04+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 (A).

Theorem 4.3.12 Let A be an m X n matriz. Then rank (A) + dim (ker (A)) = n..

Proof: Since ker (A) is a subspace, there exists a basis for ker (A), {x1, -+ ,xz}. 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,

=1

l
A (u— Z ciyi> =0
i=1

It follows that
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and so the vector in parenthesis is in ker (A). Thus there exist unique b; such that

l k
u = Z CYyi -+ Z ijj
i=1 j=1

Since u was arbitrary, this shows {x1, - ,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 i
Zciyi + Z bjxj =0
i=1 j=1

Apply A to both sides. This yields

l
Z C,;Ayi =0
i=1

and so each ¢; = 0. Then the independence of the x; imply each b; = 0. W

4.4 Rank And Existence Of Solutions To Linear Sys-
tems

Consider the linear system of equations,

Ax=Db (4.4)
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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 e an )

where the a; denote the columns of A. Then x = (x1,--- ,xn)T is a solution of the system
4.4, if and only if
ria;+---+z,a, =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)
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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. W

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 everys € S}. The funny
exponent, 1 is called “perp”.

Now note
ker (AT) = {z ATz = 0} = {z : szak = 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

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)L.

Proof: First suppose b € ker (AT)J'. Then this says that if A”x = 0, it follows that
b - x = 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, then there is also a zero in the k** position
of Pb. Thus rank ( A | b ) = rank(A).By Proposition 4.4.1, there exists a solution, x
to the system Ax = b. It remains to go the other direction.

Let z € ker (AT) and suppose Ax = b. I need to verify b -z = 0. By Lemma 4.5.2,

b-z=Ax-z=x-ATz=x-0=001

This implies the following corollary which is also called the Fredholm alternative. The
“alternative” becomes more clear in this corollary.
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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 = 0is x = 0, then ker (A”) = {0} and so ker (AT)J' =
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)L and so if
ATx =0, then b -x = 0 for every b. In particular, this holds for b = x. Hence if ATx = 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 A7 is an n x m where m > n and so in the augmented matrix
(A"l0)

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, - ,uy,) is defined as

P(uy,--- ,uy,) = {Ztkuk 1y € 10,1] for all k}

k=1

Now let A be an n X n matrix. Show that
{Ax:x € P(uy, - ,u,)}
is also a parallelepiped.

2. In the context of Problem 1, draw P (e1, e2) where e, es are the standard basis vectors
for R%. Thus e; = (1,0),e2 = (0,1) . Now suppose

=(51)

where E is the elementary matrix which takes the third row and adds to the first.
Draw
{Ex:x € P(e1,e2)}.

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 (e, es).

3. In the context of Problem 1, either draw or describe the result of doing elementary
matrices to P (eq, es,e3). Describe geometrically the conclusion of Corollary 4.3.7.

4. Consider a permutation of {1,2,--- ,n}. This is an ordered list of numbers taken from
this list with no repeats, {i1,i2, - , i }. Define the permutation matrix P (i1, i2, - ,ip)
as the matrix which is obtained from the identity matrix by placing the j** column
of I as the it column of P (iy, i, ,in). Thus the 1 in the " 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?
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5. TConsider 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 Fmm™,

6. Determine which matrices are in row reduced echelon form.

12 0
(a)<017>
1000
[0 o0 1 2
0000
110005
© o001 20 4
000013

7. Row reduce the following matrices to obtain the row reduced echelon form. List the
pivot columns in the original matrix.

1 2 0 3
@21 2 2

1 1 0 3

1 2 3

2 1 =2
(b) 3 0 0

3 2 1

1 2 1 3
(c) -3 2 10

3 2 11

8. Find the rank and nullity of the following matrices. If the rank is r, identify  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
(a) 03212 1 6 8
Y1011 5 02 3
021 7 0 3 4
0102010
03260 5 4
o 11202 2
02 1 40 3 2
010211 2
© 0326151
01120 21
02140 3 1

9. 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.
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10.

11.

12.

13.

14.

15.

16.
17.

120
3 2 1

@ | 5 1 ¢
0 2 1
10 0
41 1

O P
0 2 0
010 2 1 2 2

© 03212 1 6 8

¢ 011 5 0 2 3
021 7 03 4
0102010
032605 4

Dlo11202:2
021 40 3 2
010211 2

© 032615 1
0112021
02140 3 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,--- ,wg} is a linearly independent set of
vectors in A (F") C F™. Suppose also that Az; = w;. Show that {zq, - ,z;} 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 {z1,---,2z;} is a linearly independent set of vectors in F”. Show that
{Az,--- , Az} is linearly independent.
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18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

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) Cspan (uy, - , Uy, 21, "+ ,2k) .

Let m < n and let A be an m X n matrix. Show that A is not one to one.

Let A be an m x n real matrix and let b € R™. Show there exists a solution, x to the
system

AT Ax = ATb
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.

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.

1Here is a point in R* : (1,2, 3, 4)T . Find the point in span which

w N o
N W= O

is closest to the given point.

tHere is a point in R* : (1,2, 3, 4)T . Find the point on the plane described by x + 2y —
4z + 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

1 01 100
A= 01 1 |,B=(0 11
0 0 0 0 00

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?
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28.

29.

30.

31.

Let {vi, -+ ,Vvn_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

e €9 P e,
V11 V12 ce Vin
det
VUn-1)1 VYmn-1)2 " Yn-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 (A4) 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 62. 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.
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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.

Example 5.1.1 Can you write ( (1) (1) ) in the form LU as just described?

To do so you would need

() ()= wie)=(10):

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 i added to row j for i < j.
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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.

1 2 3
Example 5.2.1 Find an LU factorization for A=1 2 1 —4
1 5 2

Write the matrix next to the identity matrix as shown.

1 00 1 2 3
0 10 21 -4
0 0 1 1 5 2
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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
210 0 -3 -10
0 01 1 5 2

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
210 0 -3 -10
1 01 0o 3 -1

Finally, add the second row to the bottom row and make the following changes

1 0 O 1 2 3
2 1 0 0 -3 -10
1 -1 1 0 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.

1 21 2 1

. L 2 0 2 1 1

Example 5.2.2 Find an LU factorization for A = 9 3 1 3 9
10 1 1 2

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
2 010 0 -1 -1 -1 0O
1 0 0 1 0o -2 0 -1 1
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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
2 1 0 0 0 —4
2 1/4 1 0 0 0
1 1/2 0 1 0 0

1
0

-1

0

2 1
-3 -1
—1/4 1/4
12 3/2

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
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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.

12 3 2 v
Example 5.3.1 Suppose you want to find the solutions to 4 3 1 1 ZZJ =
1 2 3 0
w
1
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 0 0 1 2 3 2
43 1 1 ]=1410 0 -5 —-11 -7
1 2 30 1 01 0 0 0 -2

Let Ux =y and consider Ly = b where in this case, b =(1,2,3)”. Thus

1 00 1 1
4 1 0 y2 | =1 2
1 01 Y3 3
1
which yields very quickly that y = —2 | . Now you can find x by solving Ux = y. Thus
2
in this case,
1 2 3 2 ’ 1
0 =5 —11 -7 Y= 2
0 0 0o -2 2
w

which yields

-1

Work this out by hand and you will see the advantage of working only with triangular
matrices.
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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.

1 2 3 2
M=|12 30 (5.1)
43 11

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.
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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 3 2
M=[4 311
1 2 3 0

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 0 0 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 0 0 1 2 3 2
4 1 0 0 -5 —11 -7
1 01 0 0 0o -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 0 0 1 2 3 2
123 0]=|0201 4 1 0 0 -5 —-11 -7
4 3 11 01 0 1 01 0 O 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 2 3 2
Example 5.4.2 Use a PLU factorization of M = 1 2 3 0 to solve the system
4 3 1 1

Mx =b where b =(1,2,3)" .

Let Ux =y and consider PLy = b. In other words, solve,

1 0 0 1 00 U1 1
0 0 1 4 1 0 yo | =1 2
01 0 1 0 1 Y3 3
Then multiplying both sides by P gives
1 00 Y1 1
4 1 0 Yo =
1 01 Y3 2
and so
M 1
y=| % |=| -1
Y3 1
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Now Ux =y and so it only remains to solve

0 -5 —11 -7 ;”2 - -1
0o 0 0 =2 333 1
4
which yields
€1 % —+ %t
T £ — iy
2= 0 5 teR
xIs t
Ty 7%

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, each F; is a lower triangular elementary matrix having all ones down
the main diagonal, for some r;, each of E,, --- E; differs from the identity only in the first

column, each of E,, --- E, 41 differs from the identity only in the second column and so
Will be L

—_—
forth. Therefore, A = E;'--. Ep__llEp_ 'U. You multiply the inverses in the reverse order.
Now each of the E 1'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 the j'* 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, B ' E]D:llEp’1 is of the form

1 0 0 1 0 0 1 0 0 1 0 0
a 1 0 01 0 01 0)]=(wa 1 0
0 0 1 b 0 1 0 ¢ 1 b ¢ 1

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.
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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 5 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.

an 1 : 0 1 S I B
: 0 : : 0 : 0
a1p—1 0 --- 1 0 azn_2 1 0 pn-1 1

From the matrix multiplication, this product equals

1
a1 1

A1n—1 Gn,n—1 1
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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 I 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 Aj; is called the pivot. Thus in this case
there is a lower triangular matrix L; which has all ones on the diagonal such that

L1 PA= ( ; ;1 ) (5.2)
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Here P, = I. In case A1 = 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.

Go to A;. Following the same procedure as above, there exists a lower triangular matrix
and permutation matrix L}, P5 such that

* *
w4, )

1 0 1 0
L2_<0 Lg)’P2_(o P2’>

Then using block multiplication, Theorem 3.5.2,

1 0 1 0 * % _

0 I 0 P, 0 A o
. 1 0 * * _ * *
=“\lo p)\lo ma )= o

Let

% .. %
0 * * = L2P2L1P1A
0 0 A

and Ly 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 ry 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

Ly 1Py Ly 9P, oLy 3 LoPoLiPLA=U (5.3)

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 j'* column means that each Py for k > j
almost commutes with L;. Say Py 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
jt" 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 ¢t
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 = L, _; --- Ly L}, 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
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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 matriz. Then there exists a permutation
matriz P and a lower triangular matriz L having all 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
matrices and so the inner product will be the usual real dot product.

Definition 5.7.1 An n x n real matriz Q is called an orthogonal matriz if
QRT=QTQ=1
Thus an orthogonal matriz is one whose inverse is equal to its transpose.

First note that if a matrix is orthogonal this says
Z QrQik = Zsz‘ij = ik
J J
Thus

2
|C2X|2 = Z Z Qljxj = ZZZ Qisstirxr
J i r s

%

- Z Z Z QiSQiT‘TSxT = Z Z Z QisQirxsmr
= Z Z(Ssrivsxr = Z$£ = ‘X|2

This shows that orthogonal transformations preserve distances. You can show that if you
have a matrix which does preserve distances, then it must be orthogonal also.

Example 5.7.2 One of the most important examples of an orthogonal matrix is the so
called Householder matrixz. You have v a unit vector and you form the matriz

I—2vv’

This is an orthogonal matriz which is also symmetric. To see this, you use the rules of
matrix operations.

(I - 2VVT)T = JT— (2VVT>T

= J—2vv’
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so it is symmetric. Now to show it is orthogonal,

(I — 2VVT> (I — 2va) = T—-2vvl —2vv? 4+ 4vvivv’
= JT—4vwwl 44wl =1

T

because v'v =v-v = \v|2 = 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 matrix

Q=T-2" (x—y)

x -y’
Here is why this works.
-y
Qlx—-y) = @—wfzmiﬂﬂx—wT@—w
X—-Yy
=(X—w—2k_yﬁk—YF=y—x
X—y
Qx+y) = (X+Y)—QW(X—Y)T(X+Y)
X—=y
= (X+.V)—2|X_y|2((X—Y)'(X+.Y))
X -y
= (X+Y)—2W(|X\2—\Y|2):X+y
Hence
Qx+Qy = x+y

Qx—-Qy = y—x

Adding these equations, 2Qx = 2y and subtracting them yields 2Qy = 2x.
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A picture of the geometric significance follows.

X

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 x n matriz. Then a QR factorization of A consists of two
matrices, Q orthogonal and R upper triangular (right triangular) having all the entries on
the main diagonal nonnegative such that A = QR.

What do the telephone handset and
the refrigerator have in common with
the pacemaker and the computer mouse?

They are all
Swedish inventions
used every day worldwide.
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With the solution to this simple problem, here is how to obtain a QR factorization for
any matrix A. Let
A= (alana"' 7an)

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) T
Qi=1- 27|2 (a1 —b)

la; —

As in the above problem Q1a; = b and so

_ laal o+
QIA_( 01 AQ)

where Aj is am—1xn—1 matrix. Now find in the same way as was just done am—1xm—1

matrix Q2 such that
~ x %
Q2A2 = < 0 A3 )

(10
Q2<OQ2>.

(1 0 lai|
QQQlA_<O @2>< y Az)

la;| *

Let

Then

= .
0 0 Aj

Continuing this way until the result is upper triangular, you get a sequence of orthogonal
matrices QpQp—1 - -+ @1 such that

QpQp-1---QA=R (5.4)

where R is upper triangular.
Now if @)1 and Q)2 are orthogonal, then from properties of matrix multiplication,

Q1Q2 (Q1Q2)" = Q1Q:QY QT = IQT =1

and similarly

(@Q1Q2)" 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- Q)" R=QR

This proves the following theorem.
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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

1 2 0
1. Find a LU factorization of 2 1 3
1 2 3
1 2 3 2
2. Find a LU factorization of 1 3 2 1
5 0 1 3
1 21
3. Find a PLU factorization of 1 2 2
2 1 1
1 2 1 2 1
4. Find a PLU factorization of 2 4 2 4 1
1 21 3 2
1 2 1
. . 1 2 2
5. Find a PLU factorization of 9 4 1
3 2 1

6. Is there only one LU factorization for a given matrix? Hint: Consider the equation

()=o)

7. Here is a matrix and an LU factorization of it.

1 2 5 0 1 0 0 1 2 5 0
A=11 14 9 |=1 1 0 0 -1 -1 9
01 2 5 0 -1 1 0 0 1 14

Use this factorization to solve the system of equations

1
Ax=| 2
3
8. Find a QR factorization for the matrix
1 2 1
3 -2 1
1 0 2
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10.

11.

12.

13.

14.

Find a QR factorization for the matrix

1 0
3 1
1 1

O 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=(a - an)
it follows that q; - q; = d;5. Also show that any orthonormal set of vectors is linearly
independent.

Show you can’t expect uniqueness for QR factorizations. Consider

0 0 0
0 0 1
0 0 1
and verify this equals
0o 1 0 00 V2
V2 0 1v2 00 0
V2 0 —1v2 00 0
and also
1 00 0 0 0
010 0 0 1
0 0 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?

Suppose {ay,--- ,a,} are linearly independent vectors in R™ and let
A= ( a e an )

Form a QR factorization for A.

i T2 o Tin
0 7922 T2
(al an):(ql qn) : . "
0 0 ot Tnn

Show that for each k < n,

span (ay, -+ ,ax) = span (qu, -, qx)

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.

Suppose @, R, converges to an orthogonal matrix () where @Q,, 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.
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Linear Programming

6.1 Simple Geometric Considerations

One of the most important uses of row operations is in solving linear program problems
which involve maximizing a linear function subject to inequality constraints determined
from linear equations. Here is an example. A certain hamburger store has 9000 hamburger
patties to use in one week and a limitless supply of special sauce, lettuce, tomatoes, onions,
and buns. They sell two types of hamburgers, the big stack and the basic burger. It has also
been determined that the employees cannot prepare more than 9000 of either type in one
week. The big stack, popular with the teenagers from the local high school, involves two
patties, lots of delicious sauce, condiments galore, and a divider between the two patties.
The basic burger, very popular with children, involves only one patty and some pickles
and ketchup. Demand for the basic burger is twice what it is for the big stack. What
is the maximum number of hamburgers which could be sold in one week given the above
limitations?
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Let z be the number of basic burgers and y the number of big stacks which could be sold
in a week. Thus it is desired to maximize z = x + y subject to the above constraints. The
total number of patties is 9000 and so the number of patty used is z+2y. This number must
satisfy x + 2y < 9000 because there are only 9000 patty available. Because of the limitation
on the number the employees can prepare and the demand, it follows 2z + y < 9000.
You never sell a negative number of hamburgers and so z,y > 0. In simpler terms the
problem reduces to maximizing z = x + y subject to the two constraints,  + 2y < 9000 and
2z + y < 9000. This problem is pretty easy to solve geometrically. Consider the following
picture in which R labels the region described by the above inequalities and the line z = z+y
is shown for a particular value of z.

rt+y==z

As you make z larger this line moves away from the origin, always having the same slope
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and the desired solution would consist of a point in the region, R which makes z as large as
possible or equivalently one for which the line is as far as possible from the origin. Clearly
this point is the point of intersection of the two lines, (3000,3000) and so the maximum
value of the given function is 6000. Of course this type of procedure is fine for a situation in
which there are only two variables but what about a similar problem in which there are very
many variables. In reality, this hamburger store makes many more types of burgers than
those two and there are many considerations other than demand and available patty. Each
will likely give you a constraint which must be considered in order to solve a more realistic
problem and the end result will likely be a problem in many dimensions, probably many
more than three so your ability to draw a picture will get you nowhere for such a problem.
Another method is needed. This method is the topic of this section. I will illustrate with
this particular problem. Let 1 = x and y = x5. Also let 23 and x4 be nonnegative variables
such that
T1 + 229 + x3 = 9000, 221 + 2 + x4 = 9000.

To say that x3 and x4 are nonnegative is the same as saying x1 + 22 < 9000 and 2z1 + 22 <
9000 and these variables are called slack variables at this point. They are called this because
they “take up the slack”. I will discuss these more later. First a general situation is
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considered.

6.2 The Simplex Tableau

Here is some notation.
Definition 6.2.1 Let x,y be vectors in R?. Then x <y means for each i,x; < y;.

The problem is as follows:
Let A be an m x (m + n) real matrix of rank m. It is desired to find x € R**™ such
that x satisfies the constraints,
x>0,Ax=Db (6.1)

and out of all such x,
m+n

z = E CiZ;
=1

Day one
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is as large (or small) as possible. This is usually referred to as maximizing or minimizing z
subject to the above constraints. First I will consider the constraints.

Let A = ( a; - apym ) . First you find a vector, x°> 0, Ax°= b such that n of
the components of this vector equal 0. Letting 41,--- ,4, be the positions of x° for which
z) = 0, suppose also that {a;,, -+ ,a,, } is linearly independent for j; the other positions

of x°. Geometrically, this means that x° is a corner of the feasible region, those x which

satisfy the constraints. This is called a basic feasible solution. Also define

¢ = (le"" ’ij)a Cr = (Cin"' acin)
xp = (xj,,25,), Xp = (T, ,2,)

and
0

ZOEZ(XO):(CB cF)<);§>:ch%

since x% = 0. The variables which are the components of the vector x are called the basic

variables and the variables which are the entries of xg are called the free variables. You

T . .
set xp = 0. Now (xo7 zo) is a solution to

(2 0)()-(%)

along with the constraints x > 0. Writing the above in augmented matrix form yields

(flc ? g) (6.2)

Permute the columns and variables on the left if necessary to write the above in the form

(25 0(F)-0)

or equivalently in the augmented matrix form keeping track of the variables on the bottom

as
B F 0 b

—Cp —Cpg 1 0 . (64)
XB Xr 0 0

Here B pertains to the variables x;,,--- ,z;, and is an m X m matrix with linearly inde-
pendent columns, {a;,,---,a; }, and F is an m x n matrix. Now it is assumed that
X X 0
(B F)(x%):(B F)( 0 ):BXB:b

and since B is assumed to have rank m, it follows
0 _ p-1
xp =B 'b>0. (6.5)

This is very important to observe. B~'b > 0! This is by the assumption that x° > 0.
Do row operations on the top part of the matrix

B F 0 b
( —Cp —Cp 1 0 ) (66)
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and obtain its row reduced echelon form. Then after these row operations the above becomes

I B7'F 0 B 'b
(1 mEemmy o)

where B~ !'b > 0. Next do another row operation in order to get a 0 where you see a —cp.
Thus

I B F 0 B~ b (6 8)
0 CBBilF/ —cp 1 CBBilb ’
(T B'F 0 B 'b
- 0 cgB 'F'—cp 1 cpx%
I BlF 0 B 'b
o ( 0 cgB 'F—cp 1 20 ) (6.9)

. . . T .
The reason there is a 2% on the bottom right corner is that xp = 0 and (x%,x%,2°)" is a

solution of the system of equations represented by the above augmented matrix because it is
a solution to the system of equations corresponding to the system of equations represented
by 6.6 and row operations leave solution sets unchanged. Note how attractive this is. The zg
is the value of z at the point x°. The augmented matrix of 6.9 is called the simplex tableau
and it is the beginning point for the simplex algorithm to be described a little later. It is
very convenient to express the simplex tableau in the above form in which the variables are

(I) ) on the left side. However, as far as the simplex

algorithm is concerned it is not necessary to be permuting the variables in this manner.
Starting with 6.9 you could permute the variables and columns to obtain an augmented
matrix in which the variables are in their original order. What is really required for the
simplex tableau?

It is an augmented m + 1 X m + n + 2 matrix which represents a system of equations
which has the same set of solutions, (x,z)T as the system whose augmented matrix is

A 0 b
—-c 1 0

(Possibly the variables for x are taken in another order.) There are m linearly independent
columns in the first m 4+ n columns for which there is only one nonzero entry, a 1 in one of
the first m rows, the “simple columns”, the other first m + n columns being the “nonsimple
columns”. As in the above, the variables corresponding to the simple columns are xp,
the basic variables and those corresponding to the nonsimple columns are xp, the free
variables. Also, the top m entries of the last column on the right are nonnegative. This is
the description of a simplex tableau.

In a simplex tableau it is easy to spot a basic feasible solution. You can see one quickly
by setting the variables, xg corresponding to the nonsimple columns equal to zero. Then
the other variables, corresponding to the simple columns are each equal to a nonnegative
entry in the far right column. Lets call this an “obvious basic feasible solution”. If a
solution is obtained by setting the variables corresponding to the nonsimple columns equal
to zero and the variables corresponding to the simple columns equal to zero this will be
referred to as an “obvious” solution. Lets also call the first m + n entries in the bottom
row the “bottom left row”. In a simplex tableau, the entry in the bottom right corner gives
the value of the variable being maximized or minimized when the obvious basic feasible
solution is chosen.

The following is a special case of the general theory presented above and shows how such
a special case can be fit into the above framework. The following example is rather typical

possibly permuted in order to have (
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of the sorts of problems considered. It involves inequality constraints instead of Ax = b.
This is handled by adding in “slack variables” as explained below.

The idea is to obtain an augmented matrix for the constraints such that obvious solutions
are also feasible. Then there is an algorithm, to be presented later, which takes you from
one obvious feasible solution to another until you obtain the maximum.

Example 6.2.2 Consider z = x1—x2 subject to the constraints, x1+2xs < 10, x1+2x9 > 2,
and 2x1 + x9 < 6,2; > 0. Find a simplex tableau for a problem of the form x > 0,Ax =b
which is equivalent to the above problem.

You add in slack variables. These are positive variables, one for each of the first three con-
straints, which change the first three inequalities into equations. Thus the first three inequal-
ities become z1+2x5+x3 = 10, x14+2x9— 24 = 2, and 2x1+x2+x5 = 6,21, X2, T3, T4, T5 > 0.
Now it is necessary to find a basic feasible solution. You mainly need to find a positive so-
lution to the equations,

T + 229 + 23 = 10
T+ 209 — x4 =2
221 + 22+ x5 =6
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opportunities to provide you with a challenging career. Are you a great scientist who %’f& ?‘%
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the solution set for the above system is given by

x —gm —g—i—lx T ——lx —i—E—Ex T3 = —T4 + 8
2= gPa T gt gds T = oyt o — gds, I3 = 4+ O

An easy way to get a basic feasible solution is to let 24 = 8 and x5 = 1. Then a feasible

solution is
(@1, 22, 23,24, 25) = (0,5,0,8,1).

It follows 2z = —5 and the matrix 6.2, ( flc (1) g > with the variables kept track of on

the bottom is

1 2 1 0 0 0 10
1 2 0 -1 0 0 2
2 1 0 O 1 0 6
-1 1 0 0 0 1 0
T1 Ty x3 x4y x5 0 0
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and the first thing to do is to permute the columns so that the list of variables on the bottom
will have 1 and x3 at the end.

2 0 0 1 1 0 10
2 -1 0 1 0 0 2
1 0 1 2 0 0 6
1 0 0 -1 0 1 O
T2 T4 Is T I3 0 0

Next, as described above, take the row reduced echelon form of the top three lines of the
above matrix. This yields

11
100 5 5 05
0 1 0 1 0 8
3 1
001 5 —5 01
Now do row operations to
100 3 3 065
01 0 O 1 0 8
3
0 01 3 —% 0 1
100 -1 0 10
to finally obtain
roo0 & 1 0 5
01 0 O 1 0 8
3 1
00 1 3 —3 0 1
000 -3 —3 1 -5

and this is a simplex tableau. The variables are xs, x4, T5, T1, T3, 2.
It isn’t as hard as it may appear from the above. Lets not permute the variables and
simply find an acceptable simplex tableau as described above.

Example 6.2.3 Consider z = x1—x2 subject to the constraints, r1+2rs < 10, x1+2x9 > 2,
and 2z + x9 < 6,x; > 0. Find a simplex tableau.

Adding in slack variables, an augmented matrix which is descriptive of the constraints
is
121 0 0 10
1 20 -1 0 6
21 0 0 1 6

The obvious solution is not feasible because of that -1 in the fourth column. When you let

x1,%2 = 0, you end up having x4 = —6 which is negative. Consider the second column and
select the 2 as a pivot to zero out that which is above and below the 2.

001 1 0 4

1 1

= 1 0 —5 0 3

500 U 13

2 2

This one is good. When you let 1 = x4 = 0, you find that x5 = 3,23 = 4,25 = 3. The
obvious solution is now feasible. You can now assemble the simplex tableau. The first step
is to include a column and row for z. This yields

0 01 1 00 4
§10—%003
= 00 4+ 10 3
-1 01 0 0 10
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Now you need to get zeros in the right places so the simple columns will be preserved as
simple columns in this larger matrix. This means you need to zero out the 1 in the third
column on the bottom. A simplex tableau is now

0 01 1 00 4
§10—§003
5 00 5 10 3
-1 00 -1 0 1 —4

Note it is not the same one obtained earlier. There is no reason a simplex tableau should
be unique. In fact, it follows from the above general description that you have one for each
basic feasible point of the region determined by the constraints.

6.3 The Simplex Algorithm

6.3.1 Maximums

The simplex algorithm takes you from one basic feasible solution to another while maxi-
mizing or minimizing the function you are trying to maximize or minimize. Algebraically,
it takes you from one simplex tableau to another in which the lower right corner either
increases in the case of maximization or decreases in the case of minimization.

I will continue writing the simplex tableau in such a way that the simple columns having
only one entry nonzero are on the left. As explained above, this amounts to permuting the
variables. I will do this because it is possible to describe what is going on without onerous
notation. However, in the examples, I won’t worry so much about it. Thus, from a basic
feasible solution, a simplex tableau of the following form has been obtained in which the
columns for the basic variables, xpg are listed first and b > 0.

I F 0 b
(150 ) o)

Let 20 = b; for i = 1,--- ,m and 2 = 0 for i > m. Then (XO, zo) is a solution to the above
system and since b > 0, it follows (XO, zo) is a basic feasible solution.

If ¢; < 0 for some 4, and if Fj; < 0 so that a whole column of f is < 0 with the

bottom entry < 0, then letting x; be the variable corresponding to that column, you could
leave all the other entries of xp equal to zero but change z; to be positive. Let the new
vector be denoted by x7. and letting x; = b — Fx’ it follows

(Xp)p = be— Y Fij(xn),
J
= by — Fix; >0

Now this shows (x3,x}) is feasible whenever x; > 0 and so you could let z; become
arbitrarily large and positive and conclude there is no maximum for z because

z=(—c¢;)x; +2° (6.11)

If this happens in a simplex tableau, you can say there is no maximum and stop.

What if ¢ > 0?7 Then z = 2 — cxp and to satisfy the constraints, you need xp > 0.
Therefore, in this case, 2° is the largest possible value of z and so the maximum has been
found. You stop when this occurs. Next I explain what to do if neither of the above stopping
conditions hold.
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The only case which remains is that some ¢; < 0 and some F}; > 0. You pick a column

in ( I; ) in which ¢; < 0, usually the one for which ¢; is the largest in absolute value.

You pick Fj; > 0 as a pivot element, divide the 4t row by F;; and then use to obtain

zeros above Fj; and below F};, thus obtaining a new simple column. This row operation
also makes exactly one of the other simple columns into a nonsimple column. (In terms of
variables, it is said that a free variable becomes a basic variable and a basic variable becomes
a free variable.) Now permuting the columns and variables, yields

I F' 0 b
0 ¢ 1 ¥

where 2% > 20 because 2% = 20 — ¢; (;—1) and ¢; < 0. If b’ > 0, you are in the same
ji

position you were at the beginning but now z° is larger. Now here is the important thing.

You don’t pick just any Fj; when you do these row operations. You pick the positive one

for which the row operation results in b’ > 0. Otherwise the obvious basic feasible

solution obtained by letting x7 = 0 will fail to satisfy the constraint that x > 0.

How is this done? You need

Fy;b;
L =bp — —2L >0 (6.12)
k k >
for each kK =1,--- ,m or equivalently,
Fr;b;
by > ——L. 1
o> (6.13)

J
Now if Fj; < 0 the above holds. Therefore, you only need to check Fy; for Fp; > 0. The
pivot, Fj; is the one which makes the quotients of the form

bp

Fpi
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for all positive F},; the smallest. This will work because for Fj; > 0,

by _ b
L <<= =bh. >
i 7 Fy b=

Frib,

pt

Linear Programming

Having gotten a new simplex tableau, you do the same thing to it which was just done
and continue. As long as b > 0, so you don’t encounter the degenerate case, the values
for z associated with setting xp = 0 keep getting strictly larger every time the process is
repeated. You keep going until you find ¢ > 0. Then you stop. You are at a maximum.
Problems can occur in the process in the so called degenerate case when at some stage of
the process some b, = 0. In this case you can cycle through different values for x with no
improvement in z. This case will not be discussed here.

Example 6.3.1 Mazimize 2x1 + 3xo subject to the constraints x1 + o > 1,221 + 29 <

6,21 + 222 <6, 1,22 > 0.
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The constraints are of the form

1+ To —x3
201 +xo+24 = 6
:ZZ1+2£C2+I5 =

where the z3, x4, x5 are the slack variables. An augmented matrix for these equations is of
the form

11 -1 0 0 1
21 0 1 0 6
12 0 016

Obviously the obvious solution is not feasible. It results in z3 < 0. We need to exchange
basic variables. Lets just try something.

1 1 -1 0 0 1
0 -1 2 1 0 4
0 1 1 0 15

Now this one is all right because the obvious solution is feasible. Letting xo = x3 = 0,
it follows that the obvious solution is feasible. Now we add in the objective function as
described above.

1 1 -1 0 0 0 1
0 -1 2 1 0 0 4
0 1 1 01 0 5
-2 -3 0 0 01 0

Then do row operations to leave the simple columns the same. Then

1 1 -1 0 0 0 1
0 -1 2 1 0 0 4
0 1 1 01 05
0 -1 -2 0 0 1 2

Now there are negative numbers on the bottom row to the left of the 1. Lets pick the first.
(It would be more sensible to pick the second.) The ratios to look at are 5/1,1/1 so pick for
the pivot the 1 in the second column and first row. This will leave the right column above
the lower right corner nonnegative. Thus the next tableau is

1 1
1

-1
1

1
2
-3

OO O =
o O = O
O = OO
= O O O
W = Ot

There is still a negative number there to the left of the 1 in the bottom row. The new ratios
are 4/2,5/1 so the new pivot is the 2 in the third column. Thus the next tableau is

1 1
Foor o
2 T2
-1 020 1 0 4
-3 000 32 109

Still, there is a negative number in the bottom row to the left of the 1 so the process does
not stop yet. The ratios are 3/(3/2) and 3/(1/2) and so the new pivot is that 3/2 in the
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first column. Thus the new tableau is

1 2
21075102
500 1 -1 o0 3
002%%06
000 3 3 110

Now stop. The maximum value is 10. This is an easy enough problem to do geometrically
and so you can easily verify that this is the right answer. It occurs when x4 = x5 = 0,2, =
2,:172 = 2,1‘3 =3.

6.3.2 Minimums

How does it differ if you are finding a minimum? From a basic feasible solution, a simplex
tableau of the following form has been obtained in which the simple columns for the basic
variables, xpg are listed first and b > 0.

I F 0 b
(1F08) 010

Let 2) = b; for i =1,--- ,m and 2? = 0 for i > m. Then (x°, 2°) is a solution to the above
system and since b > 0, it follows (xo,zo) is a basic feasible solution. So far, there is no
change.

Suppose first that some ¢; > 0 and Fj; < 0 for each j. Then let x’ consist of changing x;
by making it positive but leaving the other entries of xr equal to 0. Then from the bottom
row,

2= —cixi + 2°

and you let xjg =b-F x}, > 0. Thus the constraints continue to hold when x; is made
increasingly positive and it follows from the above equation that there is no minimum for
z. You stop when this happens.

Next suppose ¢ < 0. Then in this case, z = z” — c¢xF and from the constraints, xp > 0
and so —cxp > 0 and so 2° is the minimum value and you stop since this is what you are
looking for.

What do you do in the case where some ¢; > 0 and some F}; > 07 In this case, you use
the simplex algorithm as in the case of maximums to obtain a new simplex tableau in which
2% is smaller. You choose F}; the same way to be the positive entry of the i'" column such
that b,/ Fp; > b;/Fj; for all positive entries, F},; and do the same row operations. Now this

time,
07 0 < bj ) 0
z27 =z — ¢ <z
Fj'

As in the case of maximums no problem can occur and the process will converge unless
you have the degenerate case in which some b; = 0. As in the earlier case, this is most
unfortunate when it occurs. You see what happens of course. z° does not change and the
algorithm just delivers different values of the variables forever with no improvement.

To summarize the geometrical significance of the simplex algorithm, it takes you from one
corner of the feasible region to another. You go in one direction to find the maximum and
in another to find the minimum. For the maximum you try to get rid of negative entries of ¢
and for minimums you try to eliminate positive entries of ¢, where the method of elimination
involves the auspicious use of an appropriate pivot element and row operations.

Now return to Example 6.2.2. It will be modified to be a maximization problem.

0
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Example 6.3.2 Mazimize z = x1 — xo subject to the constraints,
Ty + 2x9 < 10,21 + 229 > 2,
and 2x1 + xo < 6,2; > 0.

Recall this is the same as maximizing z = x; — x2 subject to

T
1 21 0 O T2 10
1 2 0 -1 0 T3 = 2 , x>0,
2 1 0 0 1 Ty 6

Ts5

the variables, x3, x4, x5 being slack variables. Recall the simplex tableau was

roo0 L& 1 0 5
010 0 1 0 8
001%—%01
000 -3 -3 1 -5

with the variables ordered as xa, x4, x5, 21,23 and so xp = (2,24, z5) and
Xp = ($17$3) .

Apply the simplex algorithm to the fourth column because —% < 0 and this is the most
negative entry in the bottom row. The pivot is 3/2 because 1/(3/2) = 2/3 < 5/(1/2).
Dividing this row by 3/2 and then using this to zero out the other elements in that column,
the new simplex tableau is

4
10 -3 0 2 0 ¥
01 0 0 1 0 8
00 2 1 -1+ o0 2
00 1 0 -1 1 —4

Now there is still a negative number in the bottom left row. Therefore, the process should
be continued. This time the pivot is the 2/3 in the top of the column. Dividing the top row
by 2/3 and then using this to zero out the entries below it,

m\wwwmw\w
o o= O
w\»—m\»—m\»—‘mH
o= O O
SO O =
— o O O
w w =3
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Now all the numbers on the bottom left row are nonnegative so the process stops. Now
recall the variables and columns were ordered as xa, x4, x5, 1, 3. The solution in terms of
x1 and x5 is 29 = 0 and z; = 3 and z = 3. Note that in the above, I did not worry about
permuting the columns to keep those which go with the basic variables on the left.

Here is a bucolic example.

Example 6.3.3 Consider the following table.

Fy | Fy | F3 | By
wron 1 2 1 3
protein ) 3 2 1
folic acid | 1 2 |2 1
copper 2 1 1 1
calcium 1 1 1 1

This information is available to a pig farmer and F; denotes a particular feed. The numbers
in the table contain the number of units of a particular nutrient contained in one pound of
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the given feed. Thus Fy has 2 units of iron in one pound. Now suppose the cost of each feed
in cents per pound is given in the following table.

Fy

Fy

F3

Fy

2

3

2

3

A typical pig needs 5 units of iron, 8 of protein, 6 of folic acid, 7 of copper and 4 of calcium.
(The units may change from nutrient to nutrient.) How many pounds of each feed per pig
should the pig farmer use in order to minimize his cost?

His problem is to minimize C' = 2z + 3x4 + 2x3 + 324 subject to the constraints

X1 —+ 21’2 + xIs + 31’4
5x1 + 3x2 + 223 + 14
x1 + 229 + 223 + 14

201 +x9 + 13+ 24

ZL’1+£L’2+ZL’3+£L’4

where each x; > 0. Add in the slack variables,

201+ x9 + 3+ x4 — T8

I1+Z2+I3+$47I9

The augmented matrix for this system is

1 2
5 3
1 2
2 1
11

1

o= NN

3

1
1
1
1

-1
0
0
0
0

0
-1
0
0
0

T1 + 229 + 3 + 324 — x5
5x1 + 3x2 + 223 + T4 — T4

T, + 2209 + 223 + 14 — X7

0
0
-1
0
0

vV IV IV IV IV

o O O

-1
0

b

B N o 00

= O 0o Ot

o o oo

-1

~N O 00 Ot

4

How in the world can you find a basic feasible solution? Remember the simplex algorithm
is designed to keep the entries in the right column nonnegative so you use this algorithm a
few times till the obvious solution is a basic feasible solution.

Consider the first column. The pivot is the 5. Using the row operations described in the

algorithm, you get

0o I
. 3
?
0 3
0o -1
0 2°

[l

Now go to the second column. The pivot in this column is the 7/5.

U Cout| =t | oLt b Lo

m\w\w\wh—m‘g

-1
0
0
0
0

=
-

= |
a

(SIS

‘OO
—_

0
0

0
0
0

-1

0

0
0
0
0

-1

e lger|rioeen| 5

This is in a different

row than the pivot in the first column so I will use it to zero out everything below it. This
will get rid of the zeros in the fifth column and introduce zeros in the second. This yields

0 1
10
0 0
0 0
0 0

N[NNI

2
-1
-2

1

0

5

7
3
7
1

=

2
7

l =

~o

~=lw O

0
0
-1
0
0

0
0
0
-1
0

0
0
0
0
-1

17

~|=N8
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Now consider another column, this time the fourth. I will pick this one because it has
some negative numbers in it so there are fewer entries to check in looking for a pivot.
Unfortunately, the pivot is the top 2 and I don’t want to pivot on this because it would
destroy the zeros in the second column. Consider the fifth column. It is also not a good
choice because the pivot is the second element from the top and this would destroy the zeros
in the first column. Consider the sixth column. I can use either of the two bottom entries
as the pivot. The matrix is

o1 0 2 —-10 0 O 1 1
10 1 -1 1 0 0 0 -2 3
o0 1 -2 1 0 -1 0 0 1
o0 -1 1 -10 0 -1 3 0
oo 3 0 2 1 0 0 =7 10
Next consider the third column. The pivot is the 1 in the third row. This yields
010 2 -10 0 O 1 1
10 0 1 0 0 1 0 -2 2
o001 -2 1 0 -1 0 0 1
o000 -1 o 0 -1 -1 3 1
o000 6 -11 3 0 —-717

There are still 5 columns which consist entirely of zeros except for one entry. Four of them
have that entry equal to 1 but one still has a -1 in it, the -1 being in the fourth column.
I need to do the row operations on a nonsimple column which has the pivot in the fourth
row. Such a column is the second to the last. The pivot is the 3. The new matrix is

010%—10%%0%

100 5 0 0 3 -2 0 3

001 -2 1 0 -1 0 0 1 (6.15)
_1 1 _1 1

R R e
El 3 73 3

Now the obvious basic solution is feasible. You let z4 = 0 = 25 = 7 = x5 and 7 =
8/3,29 = 2/3,23 = 1, and 26 = 28/3. You don’t need to worry too much about this. It is
the above matrix which is desired. Now you can assemble the simplex tableau and begin
the algorithm. Remember C' = 2x1 + 3xs + 223 + 3x4. First add the row and column which
deal with C. This yields

7 _ 1 1 2
T B
0 0 1 g2 1 0 g1 _0500?
1 B 1 1 (6.16)
SEEERE R
3 3 e 3
-2 -3 -2 -3 0 0 O 0O 0 1 O

Now you do row operations to keep the simple columns of 6.15 simple in 6.16. Of course
you could permute the columns if you wanted but this is not necessary.

This yields the following for a simplex tableau. Now it is a matter of getting rid of the
positive entries in the bottom row because you are trying to minimize.

o010 Z -1 0 L L o0 o0 2
100i003—‘3200g
3 3 3 3
001 -2 1 0 -1 0 00 1
000 -+ 0 o - -1 10 1
113 23;? 238
OOOg—llg—gOO?
1 28

000 2 -10-% -3 01 2
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The most positive of them is the 2/3 and so I will apply the algorithm to this one first. The
pivot is the 7/3. After doing the row operation the next tableau is

3 3 1 1 2
0 2 01 -20 ¢ 7 00 2
1 -t o0 i o 2 -2 o0 o0 &

7 X 7 7 7

6 1 _5 2 11
0 10 2 0 2.0 0
o I o0 2o -2 21 i

T 7 T T 7
0—%00%1%—?00%

5 3 64
0o -2 00 -2 0 -2 -2 01 ¢

and you see that all the entries are negative and so the minimum is 64/7 and it occurs when
21 =18/7, 20 = 0,25 = 11/7,24 = 2/7.

There is no maximum for the above problem. However, I will pretend I don’t know this
and attempt to use the simplex algorithm. You set up the simiplex tableau the same way.
Recall it is

o010 Z -1 0 L L1 o0 o0 2
1003003—?’200g
3 3 3 3
001 -2 1 0 -1 0 00 1
0oo0oo0 - o o0 - -1 10 1
i P P
0003113 %003
28

000 2 -10 - —3 01 2
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Now to maximize, you try to get rid of the negative entries in the bottom left row. The
most negative entry is the -1 in the fifth column. The pivot is the 1 in the third row of this
column. The new tableau is

011 & 00 -2 4L 00 32
100i00f’_‘°’200§
3 3 3 3
001 -2 10 -1 0 00 1
000 -+ 00 - -1 190 {4
5° b #
0013012%0033
4 1
001 -%200 -5 -5 01 &
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Consider the fourth column. The pivot is the top 1/3. The new tableau is

0o 3 3 100 -2 1 00 5
1 -1 -1 000 1 -1 00 1
0 6 7T 01 0 -5 2 0 0 11
0 1 1 000 -1 0 1 0 2
0 -5 4001 3 —400 2
0o 4 5 000 -4 1 01 17

There is still a negative in the bottom, the -4. The pivot in that column is the 3. The
algorithm yields

o -+ 1+ 10 2 0 -3 00 ¥
123i00_3l01300i
3 3 3
o -1 1 g1 & o 1o &
3
32 i _i g
0 0 0 0 10
0o -2 200 1 1 190 2
g 3 i i s
0 -5 -3 00 3 0 —-¥ 01 2

Note how z keeps getting larger. Consider the column having the —13/3 in it. The pivot is
the single positive entry, 1/3. The next tableau is

5 3 2 1 0 -1 0 0 0 0 8
32100 -10100 1
14 75 01 =3 0 0 0 0 19
4 21060 -1 0010 4
4 1000 -1 1000 2
136 4 00 -3 00 0 1 24

There is a column consisting of all negative entries. There is therefore, no maximum. Note
also how there is no way to pick the pivot in that column.

Example 6.3.4 Minimize z = x1 — 3x3 + x3 subject to the constraints r1 + x2 + x3 <
10,21 + 2+ 23 > 2, 1 + 22 + 33 < 8 and x1 + 22 +x3 < 7 with all variables nonnegative.

There exists an answer because the region defined by the constraints is closed and
bounded. Adding in slack variables you get the following augmented matrix corresponding
to the constraints.

1111 0 0 0 10
1110 -1 0 0 2
113 0 0 1 0 8
1210 0 01 7

Of course there is a problem with the obvious solution obtained by setting to zero all
variables corresponding to a nonsimple column because of the simple column which has the
—1 in it. Therefore, I will use the simplex algorithm to make this column non simple. The
third column has the 1 in the second row as the pivot so I will use this column. This yields

0 0 01 1 008
1 1 10 -100 2
2 200 3 10 2 (6.17)
0 1 00 1 015
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and the obvious solution is feasible. Now it is time to assemble the simplex tableau. First
add in the bottom row and second to last column corresponding to the equation for z. This
yields

o o o 1 1 00 0 8
1 1 1 0 -1 0 0 0 2
-2 -2 0 0 3 1 0 0 2
0 1 0 0 1 01 0 5
-1 3 -1 .0 0 0 0 1 0

Next you need to zero out the entries in the bottom row which are below one of the simple
columns in 6.17. This yields the simplex tableau

0 0 01 1 0 O0 0 8
1 110 -1 00 0 2
-2 -2 00 3 1 0 0 2
0 1 00 1 01 0 5
0O 4 00 -1 0 0 1 2

The desire is to minimize this so you need to get rid of the positive entries in the left bottom
row. There is only one such entry, the 4. In that column the pivot is the 1 in the second
row of this column. Thus the next tableau is

0o 0 0 1.1 0O0O0O 8
11 1 0 -1 0 0 0 2
0 0 2 0 1 1 0 O0 6
-1 0 -1 0 2 01 0 3
-4 0 -4 0 3 00 1 -6

There is still a positive number there, the 3. The pivot in this column is the 2. Apply the
algorithm again. This yields

1 1 1 13
3 0z 100 30 2
3 Loz 000 5 0 5
505001_%0%
1 1 1
EHE R
T2 T2 T2 2

Now all the entries in the left bottom row are nonpositive so the process has stopped. The
minimum is —21/2. It occurs when x; =0, 23 = 7/2,23 = 0.
Now consider the same problem but change the word, minimize to the word, maximize.

Example 6.3.5 Mazimize z = x1 — 3x9 + x3 subject to the constraints x1 + xo + x3 <
10,21 +x2+2x3 > 2, x1+ 22+ 323 < 8 and x1 4+ 229 +x3 < 7 with all variables nonnegative.

The first part of it is the same. You wind up with the same simplex tableau,

0 0 01 1 00 0 8
1 1 10 -1 0 0 0 2
-2 -2 00 3 1 0 0 2
0 1 00 1 0105
0o 4 00 -1 0 0 1 2
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but this time, you apply the algorithm to get rid of the negative entries in the left bottom
row. There is a —1. Use this column. The pivot is the 3. The next tableau is

2 2 22
§§010—%00§
5 3 100 I 00 %
P2 g9 1 g 2
3 3 3 3
2 5 900 - 10 &
321%]00013013
-3 3 3 3

There is still a negative entry, the —2/3. This will be the new pivot column. The pivot is
the 2/3 on the fourth row. This yields

0 -1 010 0 -1 0 3

1 1 1 1
0o -2 100 } -5 o0 1
01 001 0 1 0 5

5 1 3 13
1 3 000 -1 3 o 1
05 000 0 1 1 7

and the process stops. The maximum for z is 7 and it occurs when z1 = 13/2, 29 = 0,23 =
1/2.

6.4 Finding A Basic Feasible Solution

By now it should be fairly clear that finding a basic feasible solution can create considerable
difficulty. Indeed, given a system of linear inequalities along with the requirement that each
variable be nonnegative, do there even exist points satisfying all these inequalities? If you
have many variables, you can’t answer this by drawing a picture. Is there some other way
to do this which is more systematic than what was presented above? The answer is yes. It
is called the method of artificial variables. I will illustrate this method with an example.

Example 6.4.1 Find a basic feasible solution to the system 2x1+xo—1x3 > 3, x1+T2+x3 >
2,21 +xo+x3 <7 andx > 0.

If you write the appropriate augmented matrix with the slack variables,

21 -1 -1 0 0 3

11 1 0 -1 0 2 (6.18)
11 1 0o 0 1 7

The obvious solution is not feasible. This is why it would be hard to get started with
the simplex method. What is the problem? It is those —1 entries in the fourth and fifth
columns. To get around this, you add in artificial variables to get an augmented matrix of
the form

21 -1 -1 0 010 3
11 1 0 —-100 1 2 (6.19)
11 1 0 0 1007
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Thus the variables are x1, z2, T3, 24, 5, Tg, T7, Tg. Suppose you can find a feasible solution
to the system of equations represented by the above augmented matrix. Thus all variables
are nonnegative. Suppose also that it can be done in such a way that xg and x7 happen to
be 0. Then it will follow that z1, - -- , z¢ is a feasible solution for 6.18. Conversely, if you can
find a feasible solution for 6.18, then letting z7 and xg both equal zero, you have obtained a
feasible solution to 6.19. Since all variables are nonnegative, z7 and xg both equalling zero
is equivalent to saying the minimum of z = x7 +xg subject to the constraints represented by
the above augmented matrix equals zero. This has proved the following simple observation.

Observation 6.4.2 There exists a feasible solution to the constraints represented by the
augmented matriz of 6.18 and x > 0 if and only if the minimum of 7 + xg subject to the
constraints of 6.19 and x > 0 exists and equals 0.

Of course a similar observation would hold in other similar situations. Now the point of
all this is that it is trivial to see a feasible solution to 6.19, namely z¢ = 7,27 = 3,25 = 2
and all the other variables may be set to equal zero. Therefore, it is easy to find an initial
simplex tableau for the minimization problem just described. First add the column and row
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for z

21 -1 -1 0 0 1 0 0 3
11 1 0 -1 0 O 1 0 2
11 1 0 0 1 0 0o 0 7
0 0 O 0 0 0 -1 -1 1 0

Next it is necessary to make the last two columns on the bottom left row into simple columns.
Performing the row operation, this yields an initial simplex tableau,

21 -1 -1 0 0100 3
11 1 0 -1 0 0 1 0 2
11 1 0 0 1.0 0 07
32 0 -1 -1 0 0 0 1 5

Now the algorithm involves getting rid of the positive entries on the left bottom row. Begin
with the first column. The pivot is the 2. An application of the simplex algorithm yields
the new tableau

1%—%—%00%00%
0?2%—10—%10E
0?3%01?00%
0z 53 3 -1 0 -5 013

Now go to the third column. The pivot is the 3/2 in the second row. An application of the
simplex algorithm yields

1 20 -t Lo L 1 o 2
0 i 1 13 _i 0 _dl i 0 i
3 3 3 3 3 3
00 0 O 1 1 0 -1 0 5 (6.20)
000 0 0 0 -1 -110

and you see there are only nonpositive numbers on the bottom left column so the process
stops and yields 0 for the minimum of z = x7 +xg. As for the other variables, z1 = 5/3, 25 =
0,23 = 1/3,24 = 0,25 = 0,26 = 5. Now as explained in the above observation, this is a
basic feasible solution for the original system 6.18.

Now consider a maximization problem associated with the above constraints.

Example 6.4.3 Maximize v1 — xo + 2x3 subject to the constraints, 2x1 + x2 — 3 > 3,21 +
Tot+x3>2,01+x0+23 <7 and x> 0.

From 6.20 you can immediately assemble an initial simplex tableau. You begin with the
first 6 columns and top 3 rows in 6.20. Then add in the column and row for z. This yields

1 2 o -1 _1 ¢ o &
0 it 1 23 0 0 it

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

and you first do row operations to make the first and third columns simple columns. Thus
the next simplex tableau is

1 20 - -1 oo 2
Oilld_iooi
3 3 3 3
o 0o 0 1 1 0 5
7 1 5 7
020 & -2 01 %
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You are trying to get rid of negative entries in the bottom left row. There is only one, the
—5/3. The pivot is the 1. The next simplex tableau is then

2 1 1 10
1 : 0 -3 0 5 0 2
000 0 110 5
7 1 5 32
050 5 03 1 5

and so the maximum value of z is 32/3 and it occurs when 1 = 10/3, 22 = 0 and 3 = 11/3.

6.5 Duality

You can solve minimization problems by solving maximization problems. You can also go
the other direction and solve maximization problems by minimization problems. Sometimes
this makes things much easier. To be more specific, the two problems to be considered are
A.) Minimize z = cx subject to x > 0 and Ax > b and
B.) Maximize w = yb such that y > 0 and yA < c,

(equivalently ATyT > e? and w = bTyT) )

In these problems it is assumed A is an m X p matrix.

I will show how a solution of the first yields a solution of the second and then show how
a solution of the second yields a solution of the first. The problems, A.) and B.) are called
dual problems.

Lemma 6.5.1 Let x be a solution of the inequalities of A.) and let'y be a solution of the
inequalities of B.). Then

cx > yb.
and if equality holds in the above, then x is the solution to A.) andy is a solution to B.).

Proof: This follows immediately. Since ¢ > yA,cx > yAx > yb.

It follows from this lemma that if y satisfies the inequalities of B.) and x satisfies the
inequalities of A.) then if equality holds in the above lemma, it must be that x is a solution
of A.) and y is a solution of B.). W

Now recall that to solve either of these problems using the simplex method, you first
add in slack variables. Denote by x’ and y’ the enlarged list of variables. Thus x’ has at

least m entries and so does y’ and the inequalities involving A were replaced by equalities
whose augmented matrices were of the form

(A —I b)), and (AT I <)

Then you included the row and column for z and w to obtain

A —-I 0 b AT 1 0 c”

(—c 0 1O>and(—bT01 0)' (6.21)

Then the problems have basic feasible solutions if it is possible to permute the first p +m
columns in the above two matrices and obtain matrices of the form

B F 0 b Bl Fl 0 CT
<—cB —ep 1 0>and<—bgl bL 10 (6.22)

where B, B; are invertible m x m and p X p matrices and denoting the variables associated
with these columns by xp,yp and those variables associated with F' or F; by xp and yp,
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it follows that letting Bxp = b and xz = 0, the resulting vector, x’ is a solution to x’ > 0
and ( A T ) x’ = b with similar constraints holding for y’. In other words, it is possible
to obtain simplex tableaus,

I B7F 0 B'b I Bi'Fy 0 Bi'cT (6.23)
0 cgB'F—cp 1 cgB'b )7\ 0 bL B'F-bl 1 bf B'c '

Similar considerations apply to the second problem. Thus as just described, a basic feasible
solution is one which determines a simplex tableau like the above in which you get a feasible
solution by setting all but the first m variables equal to zero. The simplex algorithm takes
you from one basic feasible solution to another till eventually, if there is no degeneracy, you
obtain a basic feasible solution which yields the solution of the problem of interest.

Theorem 6.5.2 Suppose there exists a solution x to A.) where x is a basic feasible solution
of the inequalities of A.). Then there exists a solution y to B.) and cx =by. It is also
possible to find y from x using a simple formula.

Proof: Since the solution to A.) is basic and feasible, there exists a simplex tableau like
6.23 such that x’ can be split into xp and xp such that xp = 0 and xgp = B~ 'b. Now since
it is a minimizer, it follows cgB~'F — ¢r < 0 and the minimum value for cx is cg B~ !b.
Stating this again, cx = cg B~'b. Is it possible you can take y = ¢ B~1? From Lemma 6.5.1
this will be so if cg B~ solves the constraints of problem B.). IscgB~! > 0?IscgB 1A <
c? These two conditions are satisfied if and only if cg B~} ( A -1 ) < ( c 0 ) . Referring
to the process of permuting the columns of the first augmented matrix of 6.21 to get 6.22
and doing the same permutations on the columns of ( A —I ) and ( c O ) , the desired
inequality holds if and only if cg B~! ( B F ) < ( cp Cp ) which is equivalent to saying
( cg cpB7lF ) < ( cg Cp ) and this is true because cgB~'F — ¢p < 0 due to the
assumption that x is a minimizer. The simple formula is just y = cz;B~1. B

The proof of the following corollary is similar.

Corollary 6.5.3 Suppose there exists a solution, y to B.) wherey is a basic feasible solution
of the inequalities of B.). Then there exists a solution, x to A.) and cx =by. It is also
possible to find x from y using a simple formula. In this case, and referring to 6.23, the
simple formula is x = Bl_TbBl.
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As an example, consider the pig farmers problem. The main difficulty in this problem
was finding an initial simplex tableau. Now consider the following example and marvel at
how all the difficulties disappear.

Example 6.5.4 minimize C = 2x1 + 3x2 + 2x3 + 324 subject to the constraints

T1 + 229 + 23 + 324
5x1 + 3xo + 223 + 24
T+ 2z + 223 + 24
201 + 22 + X3+ 24
1+ xo +x3+ 24

vV IV IV IV IV
B~ N O 0o Wt

where each x; > 0.

Here the dual problem is to maximize w = 5y; + 8y2 + 6y3 + Tys + 4ys subject to the
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constraints

1512 1 9

23 2 1 1 Y2 3

1221 1 C I

3111 1 Ya 3
Ys

Adding in slack variables, these inequalities are equivalent to the system of equations whose
augmented matrix is

151211000 2
232110100 3
122110010 2
311110001 3

Now the obvious solution is feasible so there is no hunting for an initial obvious feasible
solution required. Now add in the row and column for w. This yields

1 ) 1 2 1 1.0 0 0 0 2
2 3 2 1 1 01 0 0 0 3
1 2 2 1 1 001 0 0 2
3 1 1 1 1 00 01 0 3
-5 -8 -6 -7 -4 0 0 0 0 1 O

It is a maximization problem so you want to eliminate the negatives in the bottom left row.
Pick the column having the one which is most negative, the —8. The pivot is the top 5.
Then apply the simplex algorithm to obtain

1 1 1 2 1 1 00 0 0 2
2 A T B 8
0 5 1 0 0 0
g 0 g 1 g _g 01 0 0 g
5 5
! i 3 1 _1 B3
37 0 52 %9 %2 g 00 10 s
-5 0 -5 -5 -5 5 0001 %

There are still negative entries in the bottom left row. Do the simplex algorithm to the
column which has the —2—52. The pivot is the %. This yields

1 3 1 1 1 1
00 -2 -4 -2 1 -2 00 2
5 PR | 5 3
: 0 1 5% 10 2 00 3
> 00 5 3 00 —1% 10 2
7 13 3 1 1 13
-3 00 =% -3 3 0 37 01 %

and there are still negative numbers. Pick the column which has the —13/4. The pivot is
the 3/8 in the top. This yields

5 5 01 5 3 0 -5 00 3
1 1 000 0 1 -1 00 1
N EEEREE
5, 6 00 S0 310 g
-3 3 003 3 0 35 01 %

which has only one negative entry on the bottom left. The pivot for this first column is the
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%. The next tableau is

0 2 o 1 2 5 0 2 _1 g 3
0 11 0 0 jl 1 1 g fg 0 5
" 97 7y 5 i g

0 Z 1 0 = -2 0 5 =3 0o =
1 -4 0 0 I — I o =1 3 g
0 587 0 0 g 187 0 117 g 1 674
7 7 7 7 7 7

and all the entries in the left bottom row are nonnegative so the answer is 64/7. This is
the same as obtained before. So what values for x are needed? Here the basic variables are
Y1,Y3, Y4, y7. Consider the original augmented matrix, one step before the simplex tableau.

1 5 1 2 110 0 0 0 2
2 3 2 1 1 0100 0 3
1 2 2 1 1 001 0 0 2
3 1 1 1 1 00 01 0 3
-5 -8 -6 =7 =4 0 0 0 0 1 O

Permute the columns to put the columns associated with these basic variables first. Thus

1 1 2 0 5 1 1 0 0 0 2
2 2 1 1 3 1 00 0 0 3
1 2 1 0 2 1 01 0 0 2
3 1 1 0 1 1 001 0 3
-5 -6 -7 0 -8 -4 0 0 0 1 O
The matrix B is
11 20
2 2 1 1
12 10
3110
and so BT equals
1 2 5 1
7 77 7
0 0 0 1
_1 5 _2 _6
EXE U (R |
7 7 7 7
Also b§:(5 6 7 O)and so from Corollary 6.5.3,
_1 _2 5 1 5 18
7 77 7 7
0 0 1 6 0
X=1 _1 5 _2 _¢6 van el !
EURS U G 0 2
7 7 7 7 7

which agrees with the original way of doing the problem.

Two good books which give more discussion of linear programming are Strang [25] and
Nobel and Daniels [20]. Also listed in these books are other references which may prove
useful if you are interested in seeing more on these topics. There is a great deal more which
can be said about linear programming.

6.6 Exercises

1. Maximize and minimize z = x1; — 2x5 + x3 subject to the constraints x; + xo + x3 <
10, 1 + x2 + 3 > 2, and x1 + 225 + x3 < 7 if possible. All variables are nonnegative.

Download free ebooks at bookboon.com


http://bookboon.com/

Please click the advert

Linear Algebra | Matrices and Row operations Linear Programming

2. Maximize and minimize the following if possible. All variables are nonnegative.

(a) z = x1 — 2x5 subject to the constraints x1 + xo + x3 < 10, 1 + x2 + 3 > 1, and
1+ 20+ 23 <7

(b) z = a1 —2x9 — 3x3 subject to the constraints x; + 3 +x3 < 8, 1 +22+3x3 > 1,
and 21 + T2 + 23 < 7

(¢) z =2z + x5 subject to the constraints 1 — 29 + x5 < 10, 21 + 22 + 23 > 1, and
T+ 200 + 23 <7

(d) z = x1 + 2x2 subject to the constraints x1 — zo + x5 < 10, 21 + 29 + 23 > 1, and
1+ 20+ 23 <7

3. Consider contradictory constraints, 1 + x2 > 12 and =1 + 229 < 5,21 > 0,22 > 0.
You know these two contradict but show they contradict using the simplex algorithm.

4. Find a solution to the following inequalities for x,y > 0 if it is possible to do so. If it
is not possible, prove it is not possible.

6 +3y >4
(2) 8r+4y <5

6x1 + 4x3 < 11
(b)  bxy +4xe + 45 > 8
6x1 4 622 4+ Hxgz < 11

6{131 + 4$3 S 11
(¢) bxy+4xe+4x3>9
6x1 4+ 622 + dxs <9

T, —To+x3 <2
(d) .’E1+2IE224
3x1+ 223 <7
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Sr1 — 229 +4x3 <1
(e) 61131 — 3332 + 51‘3 Z 2
51 — 2x9 +4x3 <5

5. Minimize z = z1 4+ x2 subject to =1 + x2 > 2, z1 4+ 322 < 20, 1 + z2 < 18. Change
to a maximization problem and solve as follows: Let y; = M — x;. Formulate in terms
of y1,9a.
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