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x Introduction

READ THIS INTRODUCTION!!!

>Ko3kook sk ok ok ok ok sk kook kokoskokoskokoskokskkskk

DON’'T SKIP IT!
REALLY!

The material for MTH 306 is arranged in 19 lessons. Each lesson, except for
the two catch up and review lessons, has the following format:

LESSON Topic to be covered
GOALS What you are supposed to learn
TEXT Main ideas highlighted and discussed

SUGGESTED PROBLEMS Homework

You should have the calculus text you used for MTH 251-254. That text
also includes some topics covered in this course. You may find it helpful to use
you calculus text as a complement to the required spiral-bound text for MTH
306.

More details follow. READ ON!I!!!
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PREREQUISITES

The OSU General Catalog lists MTH 252, Integral Calculus, as the prereq-
uisite for MTH 306 because this course adequately prepares you for the infinite
series part of MTH 306; however, MTH 252 leaves a small gap in preparation for
the matrix and linear algebra part of MTH 306 related to 3-dimensional Carte-
sian coordinates and elementary properties of 2- and 3-dimensional vectors. If
you have taken MTH 254, Vector Calculus I, you are more than adequately
prepared for the matrix and linear algebra part of MTH 306. If not, you can
make up any gap in your background with a little self-study of 3-dimensional
Cartesian coordinates and of the elementary properties of 2- and 3-dimensional
vectors. Skim Lesson 2 to see the background in vectors you are expected to
have. Then do some self-study before Lesson 3 is covered in class. Just go to
the OSU Library, check out any calculus book or precalculus book that covers
the elements of vectors in 2- and 3-dimensions, and study the material that is
covered in Lesson 2.

THINGS TO WATCH FOR AND DO

Skim each upcoming lesson before you come to class. Read it again, carefully,
afterwards. It will direct your attention to key points. Use the lesson first to
help you learn the material and later to review for tests.

Suggested problems should be solved shortly after the class lecture - not two
or three days after!

The problem sets are labeled as “suggested problems” because your instruc-
tor may choose to omit some problems, add other problems, or give entirely
different problem assignments. Be on your toes!

IN THE END IT IS UP TO YOU

Mathematics is not a spectator sport! To learn mathematics you must get
fully involved.

Take notes during the lectures. Think hard about difficult points. Don’t
let confusion stand. Get help as soon as difficulties arise. Don’t wait. The
Mathematics Learning Center is a valuable resource; use it. So is your instructor.
Attend office hours regularly or make an appointment to get help.

Keep a notebook with your neatly written reworked lecture notes and solved
homework problems. This will help you organize your study, prepare for tests,
and provide a good personalized reference for the future.

GOOD LUCK
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STUDY TIPS AND SUGGESTIONS FOR LEARNING

1. Attend class and sit close to the front.
2. Take an active role in class by answering and asking questions.

3. Take good notes, but do not expect to understand everything as it happens
in class.

4. Recopy and expand your class notes in a permanent notebook before the
next class meeting. Doing so will reinforce what you just learned. This
also is the time to straighten out points that you didn’t fully understand
in class.

5. Study these lessons with pencil and paper at hand. Stop and workout
missing steps or things that you don’t understand. This is an effective
way to study a math text.

6. Keep up with the assigned homework. Expect to spend at least 2 hours
outside of class for each hour in lecture and in recitation.

7. Form a study group and work with them on a regular basis. You will be
surprised at how much you can learn in this way.

EXAMINATIONS AND QUIZZES

Your instructor will tell you the dates of the midterm(s) for your section of
MTH 306. Be sure to ask if there will be any quizzes and whether they will be
regularly scheduled or of the pop-quiz variety. MTH 306 has a final examination
time already scheduled in the Schedule of Classes. Check the day and time of
the final and put them on your calendar now. Your instructor may or may not
allow you to take a conflict exam. Ask you instructor about his or her policy. If
allowed, conflict exams will only be scheduled under very special circumstances
and must be arranged for well in advance with your instructor.

Expect to take the final at the regularly scheduled time. Do not
make any travel arrangements that prevent you from taking the regu-
larly scheduled final. Such arrangements are not an acceptable reason
for scheduling a conflict final exam.

LAB/RECITATION

Labs may include some individual work, some group work, and either a short
quiz or group project to turn in at the end of the lab period. There may be a
group lab project that must be finished outside of class and a formal lab report
turned in at the next lab meeting. Your (lab) instructor will give you explicit
instructions about such reports. Homework assignments also may be due at
certain recitation meetings. You will find Group Projects printed on tear-out
sheets in Appendix A. Your instructor will decide which if any of these projects
to use during the term.
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INFORMATION FOR INSTRUCTORS (AND STUDENTS)

MTH 306 moves at a fast pace from day one. Certain topics need to be
covered in the recitation sections in order to cover the full syllabus for the course.
Two topics that are essential for MTH 306 and that are normally covered in
two recitation meetings, as group work projects, are:

e Group Project: Special Limits
e Group Project: I’'Hopital’s Rule and Taylor Polynomials

The complete list of group projects is tabulated here for easy reference and
planning. The table is repeated at the start of Appendix A.

An * is appended to the name of a group project if the project covers material
that is essential for MTH 306 and the topic of the project normally is covered

in a recitation class meeting.

Group Project Suitable for use with
Solving Linear Systems I Lesson 3
Solving Linear Systems II Lesson 3
Finding the Inverse of a Matrix Lesson 4
Linear Dependence and Independence Lesson 5
Matrices and Linear Transformations Lesson 6
Projection Matrices Lesson 6
Eigenvalue Problems I Lesson 7
Eigenvalue Problems IT Lesson 7
Special Limits* Lesson 9, 10
L’Hopital’s Rule and Taylor Polynomials*® Lessons 9
Taylor Polynomial Approximation Lesson 9
Taylor Series Representations Lesson 11
Series With Positive Terms and the Integral Test | Lesson 12
Conditional and Absolute Convergence Lesson 14
The Ratio and Root Tests Lesson 15
Enrichment Projects

Population Dynamics Lesson 7
Systems of Differential Equations Lesson 7
Special Relativity 1 Lesson 9
Series in Action: Heat Conduction Lesson 12 — 17
Effective Calculation of Logarithms Lesson 17
The Binomial Series Lesson 17
Special Relativity 2 Lesson 17

Enrichment projects indicate some areas in which the mathematical ideas of
MTH 306 are applied and typically are a little more demanding.
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TEAR-OUT PAGES

This spiral bound text has perforated pages. In particular, the Lab/Reciation
Group Projects that are included in Appendix A are designed to be torn out
and handed in as homework assignments, as may be required by your instructor.
The sample exams in Appendix B also can be torn out individually.
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Lesson 1

Complex Numbers,
Variables, and Functions

1.1 Goals

Be able to add, subtract, multiply, and divide complex numbers

Represent complex numbers as points or vectors in the complex plane and
illustrate addition and subtraction with the parallelogram (or triangle)
law

Learn the algebraic properties of absolute values and complex conjugates
given in the lesson

Write equations or inequalities that define any circle, disk, or the interior
or exterior of a disk in the complex plane

Learn the terms real part, imaginary part, and complex conjugate of a
complex number and be able to illustrate them geometrically

Express complex numbers in polar form and use polar forms to calculate
powers and roots of complex numbers

1.2 Overview

Most of Lesson 1 is designed for self-study and/or review.
Your instructor will only cover a few highlights.

Complex numbers play an important role in engineering and scientific prob-

lems. Mathematical models of real-world problems that involve oscillatory be-
havior typically lead to calculations and graphical visualizations in which com-
plex numbers and functions come up in very natural ways. In particular this
is true for problems involving matrix methods and power series expansions,

3



4 LESSON 1. COMPLEX NUMBERS

which are the principal areas of study in MTH 306. Thus, we begin our study
with a review of some basic properties of complex numbers and with a brief
introduction to complex functions.

1.3 The Complex Number System

The number systems you use today evolved over several thousand years. New
types of numbers and their related rules of arithmetic were developed in order
to solve increasingly sophisticated problems that were encountered as human
societies became increasingly complex. You should be familiar will most of the
kinds of numbers listed below (in the order of their historical development).

1. natural numbers: 1,2,3,4,5, ... .
2. integers: ..., —5,—4,—-3,—-2,—1,0,1,2,3,4,5, ... .

3. rational numbers (fractions): numbers of the form p/q where p and ¢ are
integers and ¢ # 0. For example, 2/3, and —5/2 are rational numbers.

4. real numbers: numbers which can be represented in decimal form with a
possibly infinite number of decimal digits following the decimal point.

5. complex numbers: numbers of the form a + ib where a and b are real
numbers and i, called the imaginary unit, satisfies 12 = —1.

Evidently each natural number is an integer. Each integer is a rational num-
ber. For example, the integer 5 can also be expressed as 5/1. Rational numbers
are real numbers because each rational number has a finite or periodically re-
peating decimal expansion that can be found by long division. For instance,

3/8 =0.375 and 13/7 = 1.857142857142- - - .
S——

Finally, all real numbers are complex numbers. For example, 5 = 5 + 40.

The primary reason for extending the natural number system to include the
other numbers above was the need to solve increasingly complex equations that
came up in agriculture, astronomy, economics, science, and engineering. Let’s
look at a few simple examples to motivate the need to introduce new number
systems. The linear equation

r+2=5

has solution = 3 in the natural numbers. On the other hand,
r+5=2

has no solution in the system of natural numbers. The same is true of the
equation
r+2=2
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The need to solve simple equations such as these led to the integers and their
familiar arithmetic properties. More linear equations can be solved in the system
of integers than in the system of natural numbers, but we still cannot solve all
linear equations. For instance,

20 —4=6
has solution = 5 but we cannot solve
20 —4=5

in the system of integers. You can see how the need to solve this last equation led
naturally to the system of rational numbers, in which the equation has solution
x = 9/2. Indeed, any linear equation with integer coefficients can be solved in
the rational number system. The equation ax + b = ¢, with a # 0, has solution
= (c—10)/a. If a, b, and c are integers, the solution is a rational number.

Quadratic equations are more challenging. Not all quadratic equations can
be solved in the rational number system. In fact, most quadratic equations do
not have rational number solutions. This shortcoming of the rational numbers
was known to the Greeks. In particular, the Pythagorean school knew that
the quadratic equation 22 = 2, in which x gives the length of a diagonal of a
square with side 1, has no solution in the system of rational numbers. We simply
cannot determine the diagonal of such a unit square within the rational number
system. The real number system is needed in order to solve this equation and
the solution is & = v/2 = 1.414213562 - - - , an unending nonperiodic decimal.

The introduction of the real number system enables us to solve more quadratic
equations, but not all such equations. You probably encountered this short com-
ing in connection with the quadratic formula which expresses the solutions to
the quadratic equation

az? +bx+c=0, a # 0,

as
—b+ Vb2 —dac
r=———:
2a
The resulting solution formula give real number solutions only if b2 — 4ac > 0.
What are we to make of the formula when b? — 4ac < 0?7 For example, the
quadratic formula applied to z2 + 2z + 3 = 0 yields

o —2++/1-12 -2+,/-8
B 2 a 2 ‘

Here is the dilemma: In the real number system, the product of a number by
itself is always positive or zero. So if /=8 is real, then its product with itself
must be positive or zero, but, on the other hand, its product with itself must
be —8 if /=8 stands for a number whose square is —8. You can appreciate that
mathematicians of the fifteenth century were puzzled. Indeed it was not until
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the nineteenth century that this dilemma was fully resolved and the complex
number system was placed on a firm foundation. There is no real number whose
square is —8 but there is a complex number with that property; one such number
is iv/8, where i is the imaginary unit.

Once complex numbers are available, all quadratic equations can be solved.
In fact, the quadratic formula gives the solution not only for all quadratic equa-
tions with real coefficients, the same formula gives the solution to all quadratic
equations with complex (number) coefficients. The complex number system is
even more powerful when it comes to solving equations. It is a fact, called the
Fundamental Theorem of Algebra, that every polynomial (regardless of its de-
gree) with complex coefficients can be solved in the complex number system.
That is, all the roots of any such polynomial equation are complex numbers.

The historical confusion that preceded a clear understanding of the complex
number system has led to some unfortunate terminology that persists to this day.
For example, given the complex number —3 + 47, the real number —3 is called
its real part, 4 is called its imaginary part, and ¢ is called the imaginary unit.
There is nothing “imaginary” about the imaginary part of a complex number
nor is the imaginary unit somehow mathematically suspect. Complex numbers
may be less familiar to you, but the system of complex numbers is just as valid
and just as useful as the other number systems you have used. Nevertheless,
the use of the word “imaginary” is firmly entrenched in mathematical usage.

Now for some good news. The complex numbers obey the familiar rules of
arithmetic that you have been using for years.

Complex numbers can be added, subtracted, multiplied, and divided
according to the usual rules of arithmetic.

After the foregoing operations are performed, the resulting expressions can be
simplified and put in the standard form (real) + i(real) using the relations

1 =1, P=iti=1-i=1,

2 =1, =gt =1.42 =1,
i3 =112 = —i, iT=0t i3 =193 = —i,
H=i22= (1) (=1)=1, =i it=1.¢=1,

and so on where the powers of i repeat in a cycle of length 4.

Example 1 FEwvaluate the following.
(a) 2+ 3i+ (—6+ Ti)

(b) 24 3i — (=6 + T9)

(c) (2+ 31’) (=64 71)

(d)

243
—6+ T
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Solution. The first three evaluations are straightforward:

(a) 2+ 3i+ (—6+7i) =2+ 3i — 6+ Ti = —4 + 10i.

(b) 24+3i — (—6+7i) =2+ 3i +6 — 7i = 8 — 4i.

(c) (24 36) (—6 4 7i) = —12 + 14i — 186 + 214°
=12 —4i — 21 = —33 — 4i.

Part (d) requires more thought. The algebraic identity (o + ) (a — 3) = a?— 2
is used to eliminate ¢ from the denominator:

2+ 3i 2+3i —6-Ti

—6+7i —6+T7 —6-—Ti
12— 14— 18i — 2142
36 + 420 — 427 — 4942
9-32% 9 32

85 85 85

The process used to carry out division in (d) is called rationalization. It always
works: Given a complex number ¢ = a+1b with a and b real the complex number
¢ = a — ib is called the complex conjugate of c. To simplify the fraction

a’ + it
a+ b

multiply numerator and denominator by ¢ = a—1b, the complex conjugate of the
denominator. After a short calculation, as in (d), the quotient can be expressed
in standard form.

If ¢ = a + ib is a complex number written in standard form so that a and b
are real, then a is called the real part and b is called the imaginary part of
the complex number c. Briefly

a =Re(c) and b=1Im(c).

Two complex numbers are equal (by definition) when they have the same real
and imaginary parts. For example,

1+ 1+1, g 1 144 141 1+1.
= — - 1 = . = = — —_
2 2 T TIS i 1+ 2 279
therefore,
1+i 1
21—

You may have noticed that we have not mentioned anything about inequali-
ties in the foregoing discussion of complex numbers. There is a very good reason
why:

There is no way to define a notion of inequality among complex numbers
that preserves all the familiar rules of inequalities.
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Thus, in general, it makes no sense to say one complex number is greater than
or less than some other complex number and expressions like

¢ < 2—3i have NO meaning (are NOT defined) in the complex numbers.

There is a useful notion of the absolute value (modulus), denoted |c|, of
a complex number c. If ¢ = a + b is a complex number in standard form, then

lc| = Va2 + b2

For example, the complex number ¢ = —3 + 4¢ has absolute value

| -3+ 4i| = \/(=3)° +42 =25 = 5.

1.4 Properties of Absolute Values and Complex
Conjugates

It is customary to use the symbols z and y to stand for real numbers and to
reserve the letters z and w for complex numbers. We shall adhere to that custom
throughout these lessons.

Here are a few useful properties of absolute values:

lz2[ = 0,
2w = |2]|w],

Z 12l w # 0.
w |w]

Since the complex conjugate of z = x + iy is Z = = — iy,

2

zZ=(x+1iy) (x —iy) == —ixy+iyx+y2:x2+y2:|z\2.

This relation and a few additional useful properties of complex conjugation are
summarized here for future reference:

z+w zZ+w,
W Zw,
) - 2w
w w
z = Z if and only if z is real,
2> = 2z

1.5 The Complex Plane

Real numbers are represented geometrically as points on a number line. Com-
plex numbers are represented as points (or vectors) in a number plane, called
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the complex plane. Let z = x + iy be a complex number with real part x and
imaginary part y. The complex number z is represented geometrically as follows:

The Complex Plane

The plane in the figure is called the complex plane. The horizontal axis
is called the real axis; it represents the real numbers z = x 4 i0 (thought of
as complex numbers). The vertical axis is called the imaginary axis. Points
on the imaginary axis represent special complex numbers of the form iy with y
real. Such numbers are called purely imaginary. As you can see, the complex
number z = x + iy is represented by the point in the complex plane whose
projection onto the real axis is  and whose projection onto the imaginary axis
is 2y.

Another fruitful way to represent a complex number is as a vector. Specif-
ically the vector from the origin in the complex plane to the point used to
represent the complex number. This representation is shown in the next figure.

The Complex Plane
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The vector representation fits together with the way addition and subtraction
of complex numbers are defined and gives us a geometric visualization of these
two algebraic operations. Indeed, if

z=xz+iy and 2 =2 +iy
are in standard form, then

z+2 = (+2)+i(y+y),
z—2 = (z-2)+ily—1v).

These rules for addition and subtraction look just like the corresponding rules
for addition and subtraction of two-dimensional vectors. In the case of complex
numbers, real and imaginary parts are added or subtracted while in the case
of two-dimensional vectors x-components and y-components are added or sub-
tracted. Thus, addition and subtraction of complex numbers can be done geo-
metrically using the familiar parallelogram (or triangle) law for vector addition:

Complex Addition and Subtraction

The vector point of view also helps you to visualize the absolute value of a
complex number. If z = x + iy is a complex number with = and y real, then
|z| = v/2? + y? is simply the length of the vector that represents the complex
number z. For this reason, |z| is also called the length of the complex complex
number z.

If z=2+ iy and w = r 4+ is are two complex numbers in standard form,
then z —w = (z —r)+i(y — s) and

p—wl == 1)+ (y— )
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which is the distance between z and w in the complex plane:

|2 — w| the distance between z and w

Use of polar coordinates r and # in the complex plane leads to the polar
form for complex numbers as illustrated in the following figure.

z=r7cosf +irsinf

Notice that
r=|z|

when a complex number z is expressed in polar form. Since the polar angle in
a polar coordinate system is only determined up to multiples of 27, z also has
the polar forms

z =rcos (0 + 2mn) + irsin (§ + 27n)

for any integer n.
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Multiplication and division of complex numbers have revealing geometric
interpretations when the computations are expressed in polar form. Use of
polar forms make it easy to calculate powers and roots of complex numbers.
See the problems.

1.6 Circles in the Complex Plane

Let z be a complex variable; that is, a complex number that can vary. Con-
sider the graph of the equation |z| = 1. Since |z| = |z — 0], the graph of |z| =1
consists of all complex numbers z whose distance from the origin is 1. They
comprise the points of the circle with center at the origin and radius 1 in the
complex plane. This circle is called the unit circle.

-
NI

Unit Circle |z] =1

Since r = |z| = 1 for each point on the unit circle, the polar form of z, which
is z = cos @ + isin 6, provides a parametric representation of points on the unit
circle, with the central angle 6 between z and the positive real axis as parameter.
The circle is swept out once in the counterclockwise sense as # increases from 0
to 2m.

Evidently the graph of |z| < 1 consists of all complex numbers inside the
unit circle. The graph of |z| < 1 is called the open unit disk. (Open refers to
the fact that the circular boundary of the disk is not part of the disk.)
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Open Unit Disk |z] < 1

Let ¢ be a fixed complex number and r > 0 a fixed real number. Then the
equation |z — ¢| = r describes the points z in the complex plane whose distance
from c is r. Thus, the graph of |z — ¢| = r is the circle with center ¢ and radius
r in the complex plane. What is the graph of |z — ¢| < r?

Example 2 Describe the graph of (a) the equation |2z — 4i| = 6 and (b) the
inequality |2z — 2 + 4i| > 6 in the complex plane.

Solution. The key to graphing such expressions is to express the left member
in the form |z — (something)| and then make a distance interpretation of the
resulting equality or inequality. Here are the details.

(a)

22 — 4i| = 6,
2 (2 — 26)| =6,
2]z — 2i| =6,

|z — 2i| = 3.

So the graph consists of all point z in the complex plane whose distance from 24
is 3, which is the circle with center 2i and radius 3 in the complex plane. Sketch
this circle.

(b)
|22 — 2 4 4i| > 6,
|2 (2 — 1+ 2i)| > 6,
|z —1+2¢] >3,
|z — (1 —2i)] > 3.
So the graph consists of all point z in the complex plane whose distance from

1 — 21 is greater than or equal to 3, which consists of all points on or outside
the circle with center 1 — 2¢ and radius 3 in the complex plane. [
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1.7 Complex Functions

Remember that complex variables are often denoted by z and w and, unless we
say otherwise, x and y will always stand for real variables.

Functions involving complex numbers are defined in the same fashion as
for the more familiar functions of algebra and calculus that involve only real
numbers and variables. Thus,

f)=2,

with the understanding that z is a complex variable, defines a complex-valued
function of a complex variable. For this function,

F2—i)=2-i)=4—4i+i®=3—4i,

.

! i B 2 1 7i+i.
1+2i)  (1+2)° —3+4 25 25"

(1+2
F(3)=3"=9,
f)=i*=-1.
The rule
g(z) =2z —iz?,

with z understood to be real, defines a complex-valued function of a real
variable. For this function,

and so on. The rule
h(z) =Re(z) —Im(z)

defines a real-valued function of a complex variable. For this function,

h(2—3i)=2—(-3) =5,
h(i)=0-1=1,

(D ()4
1474 2 2 2 2
All the common ways of expressing functions used earlier in calculus are used
in the context of complex functions. For example, the function f (z) = 22 also
can be expressed by w = 22.

Perhaps you are wondering what f (z) = sinz means when z is a complex

variable. Your calculator knows. So should you. Stay tuned.




1.8. SUGGESTED PROBLEMS

1.8 Suggested Problems

Evaluate and express in standard form:

1.
2.

10.

11.
12.

13.

14.

15.

16.
17.

© *° N o

(3 —2i) 4+ (=7 + 59)
(3 —2i) — (=7 + 5i)

- (38— 24) (7 + 5i)

Find all real or complex solutions:
422 +9=0
224 z=-2

15

Tllustrate on a graph the parallelogram or triangle law for the expressions:

(241)+ (3 —49)
(2+2i) — (=3 +1)

Let z =2+ 4 and w = 3 — 44. Use a graph to illustrate z, w, |z — w|.

Express in polar form:
—2+2
1+/3i

Complex numbers z and w have polar forms

z=rcosf + irsinf

w = §COSp + issin ¢
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18

19.

20.

21.

22.

23.

24.
25.
26.
27.
28.
29.
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. (a) Use trigonometric identities to show that
zw =rscos (0 + @) + irssin (6 + )
(b) Explain why (a) establishes the identity |zw| = |z |w|.

(c) Based on (a) describe in geometric terms how to obtain the product
zw from the polar forms of z and w.

(a) Use trigonometric identities to show that
z T r
_—= - S 6 —_— .— 3] 0 J—
” SCOb( <p)—|—zsbm( ®)

(b) Explain why (a) establishes the identity |z/w| = |z| / |w].
(c) Based on (a) describe in geometric terms how to obtain the quotient
z/w from the polar forms of z and w.

(DeMoivre’s Formula) In Problem 18 let w = z = rcosf + irsinf and
show that (a) 22 = 72 cos 20 + ir? sin 20 and 23 = r3 cos 30 +ir® sin 30. (b)
Express 2™ in polar form.

Find (1 +4)'% and express the result in standard form. Hint. First, write
1+ ¢ in polar form and apply DeMoivre’s formula.

Nth roots of complex numbers: A complex number z is an nth root of
another complex number w if 2™ = w. Each complex number except 0
has exactly n nth roots. (This statement applies to nonzero real numbers
since they are particular complex numbers.) DeMoivre’s formula can be
used to find these roots as the following two examples illustrate.

Find the fourth roots z of 1 4 7. Express your answer in standard from.
Hint. Let z = rcos (0 4 2mn) + irsin (6 + 27n) with 0 < § < 27 be the
general polar form of z, express 1+i in polar form, use DeMoivre’s formula
in the equation z* = 1+ 7, and finally determine r and . This gives the
roots in polar form.

Find the cube roots of 1. Hint. See the hint for Problem 22.

Graph the indicated equation or inequality.

|2| =4
|z —1]=3
|z +1]=3
|z] > 4
|2| <4

241 >1



1.8.

30.
31.

32.

33.
34.
35.

36.

37.
38.

39.

40.
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11—z <1
32 -6/ =9

|22 4+344i| <5

Evaluate the given function at the given points. Express your answers in
standard form.

)
g(z) =272 z=1,2=1/(2—1)
h(z) =Re(z)/Im(z) z=14,2=(5-21)/(2—1)
kE(z)=(1-2)/(z—1) z2=2i,z2=4

Find the domain of each function. (That is, find the set of all z such that
the function makes sense (is defined).)

f(2)=z+1/z

9(2) = 2%/ (Re(2) - Im(2))

If z = x + iy with = and y real, express each function in the form
(real) + i(real).

F)=z+1/z
9(2) = 22/ (Re(2) — Im (2))
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Lesson 2

Vectors, Lines, and Planes

2.1 Goals

e Learn the algebraic and geometric descriptions of vectors
e Learn the basic rules of vector algebra and their geometric interpretations

e Learn the basic algebraic properties of dot products and use them to find
angles between vectors and to test for orthogonality

e Be able to find the component and projection of one vector along another
vector

e Learn the vector and scalar equations for lines and planes in 2-space and
3-space

2.2 Overview

The material in this lesson is mostly for self-study (if the material is
new to you) and otherwise for review. Your instructor will go over a
few highlights and then move onto the next lesson. Reread the PREREQ-
UISITES subsection in the Introduction to this book. Follow the advice there,
as needed. The primary emphasis in this lesson will be on those properties of
vectors, the dot product, and of lines and planes that will help you better un-
derstand the matrix and linear algebra topics that are the subject of the Part
IT of these lessons.

2.3 Vectors

Vectors in Ordinary 2-space and 3-space

19
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Vectors have both algebraic and geometric descriptions. The algebraic de-
scription enables you to calculate easily with vectors. The geometric description
helps with conceptual understanding and with applications, such as to prob-
lems involving motion or force. From the algebraic point of view, the bottom
line is that vectors are added, subtracted, and multiplied by scalars (numbers)
component-by-component. In this sense, vectors can be thought of as concep-
tual prototypes for modern parallel processors. From the geometric point of
view, a vector has magnitude (or size) and direction. By contrast, a number,
also called a scalar, has only magnitude. It has no direction. Mass, speed, and
temperature are scalars while force and velocity are vectors.

Rectangular coordinates are introduced in 3-space by appending a third
coordinate axis, the z-axis, to the two rectangular coordinates used in the zy-
plane:

//
—_— | -
—_— -

Rectangular Coordinates in 3-Space

Vectors are represented geometrically by arrows (directed line segments) and
algebraically by components relative to a Cartesian coordinate system:

a=(ay,as) in 2-dimensions,

a = (a1,asz,as) in 3-dimensions.

The respective components of a vector give the displacements in the z-, y-, and
z-directions of the tip of the arrow that represents the vector relative to its tail.
One arrow that represents the vector a = (a1, as,as) has its tail at the origin
(0,0,0) and its tip at the point (a1, as,as). This arrow is called the position
vector of the point (a1, as,a3) :
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~
/___ | -
—_—_— -

Position vector a = (a1, az,a3) of (a1,as,as)

All other arrows that represent the vector a are parallel displacements of the
position vector. What is the corresponding figure for a 2-dimensional vector?

The magnitude (length) of a vector a, denoted |a|, is the (common) length
of any arrow that represents it:

la| = y/a? + a3 in 2-dimensions,
la| = /a2 + a3 + a3 in 3-dimensions.

These formulas follow easily from the Pythagorean theorem. See the problems.
Vectors are added and subtract componentwise. For example, in 3-dimensions,
if

a = <a1,a2,a3> and b = <b1,b2,b3> s
then

aﬂ:b=<a1:|:b1,a2:|:b2,a3ib3>.

Vector addition can be visualized geometrically through a triangle law and a
parallelogram law, as in the following figures:
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Triangle and Parallel Law of Vector Addition

Vector subtraction can be visualized as follows:

Triangle Law of Vector Subtraction

Notice the direction of the arrow representing a—b. To confirm the figure think
of what vector must be added to b to get a.

The scalar multiple of a vector a by a scalar ¢ is the vector ca with
magnitude |c| times the magnitude of a and with direction the direction of a if
¢ > 0 and the direction opposite to a if ¢ < 0. Make a sketch that illustrates
scalar multiplication. In terms of components

ca = {cay, cag, cas) .

Use of the component description of vectors and familiar properties of num-
bers yields the following useful properties of vector addition and scalar multi-
plication:
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Al. a+b=b+a A2. at+(b+c)=(a+b)+c
A3. a+0=a A4, a+(—a)=0

A5. c(a+b)=ca+cb A6. (c+d)a=ca+da

A7. (cd)a=c(da) A8. la=a

In A3 and A4, 0 is a vector with all zero components.
A unit vector is a vector that has length one. If a # 0, then u = a/ |a] is
a unit vector with the same direction as a. The unit vectors

i=(1,0), j=1(0,1) in 2-dimensions,
i=(1,0,0), j=(0,1,0), k=¢0,0,1) in 3-dimensions.
provide a convenient alternative to the angle-bracket notation for components:
a = (ay,as) = a1i+asj in 2-dimensions,
a = (a1, as,a3) = a1itasj + azk in 3-dimensions.

The vectors i and j (or i, j, and k) are called the standard basis vectors for
2-space (3-space).

n-Dimensional Vectors

Vectors in higher dimensions are just as useful and easy to use as the more
familiar 2- and 3-dimensional vectors. An n-dimensional vector a has n
components

a= <a1; a2, A3, ..., an>

and such vectors are added, subtracted, and multiplied by scalars componen-
twise. Consequently, the algebraic properties A1-A8 hold for vectors in n-
dimensions.

The components of a vector can be either real or complex numbers. In either
case the magnitude or length of a is

jal = y/Jaa? + lasf? + -+ + lan

It is customary to denote by R™ the space of all n-vectors with real compo-
nents and in which the scalars are real numbers. Likewise, C" denotes the space
of all n-vectors with complex components and in which the scalars are complex
numbers.

The analogue in n-space of the standard basis i, j, k in 3-space is the set of
unit vectors

er = (1,0,0,...,0,0),
€ = <051707"'70’0>5
es = {0,0,1,..,0,0),

e, = (0,0,0,...,0,1).
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These vectors are called the standard basis in n-space. Each vector a in
n-space can be represented in terms of components as

a = (a,az,as,...,a,) = ar€1 + agey + azez + - - + ane,.

2.4 Dot Products, Components,
and Projections

For Vectors in 2-space and 3-space

The dot product of two vectors a and b in 2- or 3-space is

‘a-b:\a|\b\c039|

where 6 is the smaller angle formed by a and b, so that 0 < 6 < 7.

Angle 6 between vectors a and b

In terms of components

a-b=aib; + asby in 2-dimensions,
a-b =a1by + asby + azbs in 3-dimensions.
Notice that
a-a=d +a}+add=|a’

and likewise in 2 dimensions. The following algebraic properties of the dot
product follow easily from the component form for it:
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DP1. a-b=b-a DP2. a(b+c)=a-b+a-c
DP3. 0-a=0 DP4. a-a=|al’
DP5. d(a-b) = (da)-b = a- (db)

Since |cosf| < 1, an immediate consequence of a-b = |a||b|cos@ is the
Schwarz Inequality
ja-b| <la| bl

Dot products are very useful for finding the component or (vector) projection
of one vector along another. The component of b along a is the scalar

comp, b = |b| cos b,

where 6 is the angle between a and b. The geometric meaning is illustrated in
the following figure.

Component of b along a

The comp, b is positive when the angle between a and b is acute and negative
when it is obtuse. Also,

comp, b = (|b|cosf) — =

laj b-a
a| a| -

The (vector) projection of b along a is the vector

proj, b = (comp, b) 2 - b—fa.

la|  |af
That is, proj, b is a vector whose length is |comp, b| and whose direction is
the direction of a when comp, b > 0 and whose direction is the direction of
—a when comp, b < 0. Draw a figure, analogous to the figure above, that
illustrates proj, b. A useful way to think about these formulas for components
and projections is given in Problem 6.
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For Vectors in R™

The dot product (also called scalar product or inner product) of two
vectors

a= <a1aa2,a3a "'7a’n> and b = <b1,b2ab3a abn>
in R™ is
a-b=aiby +asby +--- + anb,.

The algebraic properties DP1-DP5 hold for vectors in R™. They follow by the
same reasoning used to establish them in 2- or 3-dimensions. The Schwarz
Inequality,

la-b| < [a] b]

remains valid for any two n-vectors a and b and enables us to define angles
between vectors in n-space. So the tables are turned. In 2- or 3-space properties
of angles lead easily to the Schwarz inequality. In higher dimensions, the Schwarz
inequality comes first and enables us to define angles, as follows. For nonzero
vectors a and b,

o

b

-1< <
|af[b]

and there is a unique angle 6§ with 0 < 6 < 7 such that

a-b
cosf = ——
|al[b]

By definition 6 is the angle between a and b. Thus
a-b = |a||b|cosf

just as for vectors in 2- and 3-space. We say two n-vectors a and b are orthog-
onal (perpendicular) if their dot product is zero:

alb<«—=a-b=0.

The component and projection of one vector along another are defined just
as in 2- or 3-space

b-a

b = —_—

. b-a

proj, b 5
a|

For Vectors in C"
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The (complex) dot product (also called scalar product or inner prod-
uct) of two vectors a and b in C" is

a-b=aib +abs + - +anb,

where now the components are complex numbers and the overbar signifies com-
plex conjugation. The algebraic properties DP2-DP4 hold for vectors in C",
but DP1 and DP5 change slightly:

DP1. a-b=b-a
DP5. d(a-b)=(da)-b=a-(db)

The relation
a-a=|al’

and the Schwarz Inequality
|a-b| < |a|[b]

hold for complex n-vectors a and b. Since a-b is complex-valued we do not
define the angle between any two complex vectors but it is useful to say that
two complex n-vectors a and b are orthogonal (perpendicular) if their dot
product is zero:

alb<=a-b=0.

2.5 Row and Column Vectors

As you will see in subsequent lessons it is sometimes useful to think of a vector as
a “row” vector and sometimes as a “column” vector. We express row vectors
in component form as

a={a1,as,a3,...,a,) Or a=/aj as as ... ay,]

using angle or square brackets. We express column vectors in component form
as

Vectors are most often thought of as column vectors in problems involving ma-
trices.
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2.6 Lines and Planes
Lines in 3-space (and 2-space)

A Line L in space is determined by a point P, on it and a vector v that
orients the line in space; that is, L is parallel to v. The following figure shows
a position vector rg to the point Py, the vector v that gives the orientation of
L in space, and a general (variable) point P on L with position vector r.

A Vector Equation for the line L

As indicated in the foregoing figure, the triangle law of vector addition leads to
the following vector equation for L

r =rg + tv, for —oo <t < 0.

If P=(z,9,2), Py = (z0,Y0,20), and v = (a,b,c), equating corresponding
components in this vector equation gives

T = xg+ at
Yy =1yo + bt for —oo <t < o0.

z=2zy+ct

These equations are called the (scalar) parametric equations for the line L.
Notice that the coefficients of ¢ give the components of a vector parallel to the
line L.

Example 1 Find parametric equations for the line L determined by the two
points (2,—4,3) and (3,2,1).

Solution. Py = (2,—4,3) is a point on L. The vector

v={(3-22-(-4),1-3)=(1,6,-2)
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that extends from (2, —4,3) to (3,2, 1) is parallel to L. So

r=2+1
y=—4+ 6t for —c0o <t < o0
z2=3—-2t

are parametric equations for L. [

The reasoning used to find vector and scalar parametric equations for a line
in space works just as well in the plane (just drop the third dimension) and
leads to vector and scalar parametric equation for lines in the xy-plane. What
are they?

Planes in 3-space

A plane II in space is determined by a point Py on it and a vector N per-
pendicular (normal) to it. The following figure shows a position vector ry to
the point Py, the vector N, and a general (variable) point P on IT with position
vector r.

Vector Equation for a Plane in Space

Evidently P lies in the plane II if and only if the vector r — rg lies in IT and
this happens precisely when r — rg is perpendicular to N. Hence, an equation
for the plane II is

N:(r—rg)=0.

If P=(z,y,2), Py = (x0,90,20), and N = {a, b, ¢) , evaluating the dot product
leads to the equivalent equation

a(x—x9)+b(y—yo)+c(z—20)=0
for the plane II. This equation may also be put in the form

ar+by+cz=d
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by combining the constant terms. By reversing the steps, you can see that either
of these equations has graph a plane with normal N = {(a, b, ¢) and, in the case
of the first equation, that passes through the point (o, 3o, 20) -

Example 2 A plane II contains the point (1,—4,7). The line L with equation
r=4t, y=—-2+t 2=3—-5t¢ for —oo<t< oo
1s perpendicular to the plane. Find an equation for the plane II.

Solution. The point Py = (1,—4,7) lies on IT and the vector N = (4,1, —5) is
perpendicular to the plane. (Why?) So an equation for the plane is

4(z—1)+1(y—(-4))—-5(>z=-7)=0

or
dr+y—5z=-35. O

2.7 Suggested Problems

In all the problems that follow, use the algebraic properties DP1-DP5 whenever
possible.

1. Use dot product calculations to verify the identity
la+bl>+|a—bl>=2al* +2|b|*.
Then give a geometric interpretation of this result for vectors in R2.

2. Let uy, us, uz be mutually orthogonal unit vectors. If v = cyu; 4+ coug +
czug show that ¢ =v-uy, ¢ =v-uy, and c3 = v - us.

3. Let a, b, ¢, be vectors. Show, with the aid of the dot product, that:

(a) a1l banda L cimplies that a L Sb for any scalar § and a L b + c.
(b) a L b and a L c implies that a 1. Sb+~yc for any scalars 3 and ~.

(c) Interpret (b) geometrically for vectors in R3.
4. Let a and b be vectors.

(a) Use the dot product to show that a L b — proj, b.

(b) proj, b is a scalar multiple of which vector a or b? Explain briefly.

5. A rhombus is a parallelogram with four equal sides. Use dot products to
establish the following.

(a) The diagonals of a rhombus are perpendicular to each other.
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10.

11.

12.
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(b) If the diagonals of a parallelogram are perpendicular, then the par-
allelogram is a rhombus.

. Let a be a nonzero vector and let u be a unit vector in the direction of a.

For any vector b show:

(a) comp,b=Db"-u;
(b) proj,b=(b-u)u.

. Use the Pythagorean theorem to verify the formulas for the length of a

vector given in this lesson. Hint. In the 3-dimensional case use the figure
for the position vector a = (ay, a2, a3) and append to the parallelogram in
the figure its diagonal extending from the origin to the point (a1, as,0).

. Derive the vector and scalar parametric equations for a line in 2-space.

. You may remember from geometry the statement: "T'wo points determine

a line." Find scalar parametric equations for the line determined by the
two points (—2,0,3) and (5,4, —1).

A line in space passes through the point (1, —2, 3) and is parallel to the line
through the two points (—2,0,3) and (5,4, —1). Find scalar parametric
equations for the line.

You may remember from geometry the statement: "Three points deter-
mine a plane." Find an equation for the plane determined by the three
points (—2,0,3), (6,—8,10) and (5,4, —1) . Hint. This is easy if you know
about cross products. It is still not hard if you don’t. In that case, start
by finding two vectors in the plane. A normal vector to the plane must
be perpendicular to both. Take dot products with N = (a, b, ¢} and you
are on your way to finding the components of a normal to the plane.

A plane in space contains the point (5,4,1) and has normal direction
parallel to the line through the points (0,—2,0) and (11,7,—5). Find an
equation for the plane.
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Part 11

Matrix Methods
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Lesson 3

Linear Equations
and Determinants

3.1 Goals

e Be able to solve 2 x 2 and 3 x 3 linear systems by systematic elimination
of unknowns without the aid of a calculator or computer

e Be able to evaluate 2 x 2 and 3 x 3 determinants without the aid of a
calculator or computer

e Understand that systematic elimination of unknowns can be applied to
n xn linear systems and is the basis for computer solution of large systems

e Learn Theorems 1, 2, and 3. Be able to illustrate them geometrically for
2 x 2 and 3 x 3 linear systems

3.2 Overview

The lessons in Part II serve as an introduction to some important topics from
matrix and linear algebra. We shall concentrate on general properties of solu-
tions of linear systems of equations, systematic solution techniques, geometric
aspects of matrices, and eigenvalue problems. We shall illustrate key concepts
related to solving linear systems of equations in the computationally simple set-
ting of 2 X 2 systems (two equations in two unknowns) and 3 x 3 systems. Many
results that are easy to establish and interpret in the 2 X 2 or 3 x 3 case hold
for n X n systems. When this is so, we will treat the 2 x 2 or 3 x 3 case and
then state the results for general n x n linear systems. Many of you will have
learned some of the computational techniques that follow in a previous algebra
or precalculus course, but the point of view here will be different.

35
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3.3 Three Basic Principles

You learned in algebra how to solve a system of two linear equations in two
unknowns by elimination of unknowns. In this lesson, we will review that pro-
cedure, make it more systematic, and see that it can be applied to systems with
any number of equations and unknowns.

Example 1 Solve the system

r+y=2
20 — 3y =9

Solution. The graphs of the two equations are the straight lines in the figure:

Graphical Solution of a System

The point (x,y) where the lines intersect satisfies both equations. It is the
solution. The figure suggests that z ~ 3 and y =~ —1. To find the exact values
of z and y, multiply the first equation by 3 and add the result to the second
equation. This eliminates y and yields the equation 5x = 15; so x = 3. Now the
first equation gives 34+ y = 2 or y = —1. (How can you eliminate x first and
arrive at an equation for y? Do it.) O

The set of solutions to the general system of two linear equations in two

unknowns
ar+by=e
{ cx+dy=f (3.1)

where a, b, ¢, d, e, and f are given numbers, can be described geometrically
much as in Example 1. Let L; be the straight line with equation ax + by = e
and Lo be the straight line with equation cx 4+ dy = f. Then one of three cases
occurs:
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Case I. L; and Ls intersect in a unique point.
Case II. L, and L, are distinct parallel lines.

Case III. L and Lo coincide.

Case I Case 11 Case II1

The points (z,y), if any, which lie on both lines L; and Lo give the values
of z and y which solve the system (3.1). Thus the linear system (3.1) either has
exactly one solution (Case I), no solution (Case II), or infinitely many solutions
(Case III). These conclusions for systems of two equations in two unknowns hold
in general.

Theorem 1 An n x n linear system of algebraic equations either has a unique
solution, no solution, or infinitely many solutions.

Later in the lesson when you learn systematic methods for solving linear
systems, it will be advantageous to group the coefficients of the unknowns into
a rectangular array called the coefficient matrix of the system. For the system
(3.1) the coefficient matrix is

a b
A= { o b } |

There are simple algebraic tests that distinguish which of the three possi-
bilities in Theorem 1 actually occurs for a given system. The system (3.1) will
have a unique solution precisely when L; and Lo have different slopes,

a c
75 ?é 7Ea
ad—bc # 0. (3.2)

The number ad—bc is called a determinant of the system (3.1) or of the matrix
A. The following notation is used for this determinant:

a b
c d

‘ = ad — be. (3.3)

Notice that a matrix (which is a rectangular array of numbers) is indicated by
square brackets and a determinant (which is a number) by vertical bars. We
also express the determinant of A by |A| or by det (4).



38 LESSON 3. LINEAR EQUATIONS

The reasoning leading to (3.2) assumed that neither L; nor Ls was vertical
because then b or d would be zero. It is easy to check directly that (3.2) still
holds when either or both of the lines are vertical. In summary:

Theorem 2 Annxn linear system of algebraic equations has a unique solution
if and only if its determinant is not zero.

We have confirmed this result for 2 x 2 systems but it is true for the general case
as soon as we know what the determinant of an n x n system is. Stay tuned.

In order for the linear system (3.1) to have no solution or infinitely many
solutions, we must be in Case II or Case III in which the lines L; and Lo have
equal slopes. That is, —a/b = —c/d or ad — be = 0. Therefore, Cases IT and
IIT occur when the determinant of the system is zero. Case III is distinguished
from Case II by the fact that L; and L, have the same y-intercept,

e _ /
b d
b e
el =
Similar determinant tests are available for n x n systems but they will not be

given here.
The system (3.1) is homogeneous when e = f = 0. Thus, a homogeneous
system of two equations in two unknowns has the form

{ax+by:0 (3.4)

cx+dy=0

The lines L1 and Ly corresponding to a homogeneous system both pass through
the origin. (Why?) These lines are either distinct (have different slopes) or
coincide (have the same slopes).

Only the trivial solution Nontrivial solutions

The slopes of L and Lo are different precisely when the determinant

=ad —bc # 0.

a b
c d

In this case the homogeneous system (3.4) has the unique solution = 0, y =
0. This (obvious) solution is called the trivial solution of the system. The
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homogeneous system (3.4) will have nontrivial solutions (solutions for which
2 and y are not both zero) when L; and Lo have equal slopes, equivalently,

Z ’:ad—bCZO.

a
c
Then any point (z,y) # (0,0) on the line Ly = Ly gives a nontrivial solution
pair x, y of the homogeneous system. To recap:

Theorem 3 An n X n homogeneous linear system of algebraic equations has
nontrivial solutions if and only if its determinant is zero.

Corollary 1 An n x n homogeneous linear system of algebraic equations has
only the trivial solution if and only if its determinant is not zero.

Example 2 Solve the system

z—3y+z = 4
20 — 8y + 8z = -2
—6x+3y—152 = 9

Solution. We use elimination of unknowns much as in Example 1. For instance,
we can add multiples of the first equation to the second and third to eliminate
z from the last two equations. Specifically, multiply the first equation by —2
and add the result to the second equation. Then multiply the first equation by
6 and add the result to the third equation. The result is

r—3y+z = 4
—2y+6z =-10
—15y—9z = 33

Simplify the last two equations by dividing by 2 and 3 respectively to obtain

x—3y+z = 4
—y+3z =-5
—by—3z =11

Add the second equation to the third to eliminate z from the last equation. This
gives

r—3y+z = 4
—y+3z =-5
-6y = 6

Therefore, y = —1. The second equation gives —(—1) + 3z = —5, 3z = —6,
z = —2. Now the first equation yields z — 3 (—1) 4+ (—2) = 4, x = 3. The system
has solution z =3, y = —1, z = -2. O

The fact that the linear system in Example 2 has a unique solution (z,y, z) =
(3, —1, —2) can be interpreted geometrically. Each equation in the system graphs
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as a plane in space. Two planes intersect in a line or are parallel. Normally

we expect the planes to intersect in a line. This is what happens for the first

two planes in Example 2. The third plane cuts this line in a single point — the

point (3, —1,—2). In other examples, two or three of the planes may be parallel

or coincide and the resulting system will have either no solutions or infinitely

many solutions. Once again determinants can be used to distinguish the cases.
The determinant of the system of three linear equations

ar+by+cz=j
de+ey+ fz=k
gr+hy—+iz=1

in the three unknowns x, y, z and where a, b, ¢, ..., 7, k, and [ are given numbers
is

= aei — ahf — bdi + bgf + cdh — cge.

Q@ Qe
> o o
. R 0

o

This definition can be recast in the easily-remembered form

=a —b +c

!
2

5]

S o

e
h

Q@ Qe
o o
<. S 0

which is called the (Laplace) expansion of the determinant by its first
row. Do you see the pattern? Cross out the row and column containing a on
the left to get the 2 x 2 determinant

e f
hoi

which multiplies a on the right. The second and third terms on the right are
formed in the corresponding way. These terms are combined with the alternating
sign pattern 4, —, +.

Determinants for 4 x 4 systems and higher order systems can be defined in
a similar way in terms of a Laplace expansion involving determinants of one
lower order. For example, a 4 x 4 determinant is the sum formed as above from
4 products of first row entries of the 4 x 4 determinant multiplied by 3 x 3
determinants gotten by crossing out rows and columns and then combining the
products with the alternating sign pattern +, —, +, —. You can find more details
in any book on linear algebra or matrix theory.

3.4 Systematic Elimination of Unknowns

The system

TH+y=2
{ 2¢ —3y =9 (3.5)
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in Example 1 and the system

u+v=2
{ 2u—3v=9 (3.6)

are really the same. The symbols used for the unknowns is immaterial. What
is essential is the coeflicients that multiply the unknowns and the given right
members. The unknowns simply serve as place holders. Thus, either system
above is fully described by its augmented matrix

2412 o

which is composed of the coefficient matrix of the system augmented by the
column vector of right-hand sides appended on the right. The vertical bar is
just an aid to help you distinguish the coefficient matrix from the right members
of the system. More precisely the augmented matrix is a 2 x 3 (read “2 by 3”)
matrix because it has 2 rows and 3 columns. We regard (3.7) as a compact ver-
sion of (3.5) or (3.6). The first two columns in (3.7) keep track of the unknowns,
either 2 and y in (3.5) or v and v in (3.6).

Let’s recast our solution of (3.5) in Example 1 using the augmented matrix
(3.7). We multiplied the first equation in (3.5) by 3 and added the result to
the second equation. This amounts to multiplying each entry in the first row of
(3.7) by 3 and adding these multiples to the corresponding entries of the second
row. Now the system is described by the matrix

11 2
5 0 |15 |-
This means that (3.5) is reduced to
r+y = 2
ox =15
or that (3.6) is reduced to
u+v = 2
ou =15

As before we find that
r=3, y=—-1 or u=3, v=-1

Example 3 Solve the systems

{3x—2y = 12 and {3x—2y

|
|
N

z+4y = 15 r+4dy = 7

Solution. The two augmented matrices are

3 -2 12 q 3 —2 | -7
1 4| -10 an 1 4 71
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Since the coefficient matrices are the same, we can eliminate unknowns in both
systems simultaneously using the matrix

3 -2 12 -7
1 4 | —10 T

The last two columns keep track of the right members of the two systems.
Multiply the first row (“equations”) by 2 and add the result to the second row

(“equations”) to obtain
3 =2 |12 -7
7T 0|14 -7 |°

Thus, the two systems have been reduced to

3x —2y =12 3x —2y=-"7
{ Tr =14 and { Tx =7

Solve for = and substitute back into the first equation to obtain
r=2,y=-3 and z=-1,y=2

respectively. Since either systems has a unique solution its determinant must
be nonzero. (Why?) Let’s check this directly just for fun
3 -2
‘ 32 '_(3)(4)(1)(2)_147,&0. 0

It should be apparent that augmented matrices can be used to solve systems
with more equations and unknowns in much the same way.

Example 4 Solve the system in Example 2 using an augmented matrix.

Solution. The system is represented by the 3 X 4 matrix

1 -3 1 4
2 -8 8 | —2
—6 3 —15 9

For comparison purposes we lay out the solution carrying along the unknowns
in the solution in the left column and using the augmented matrix approach in
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the right column:

With Unknowns Displayed Via The Augmented Matrix
z—3y+z = 4 1 -3 1 4
20 -8y +8z = -2 2 =8 8 | =2
—6xr+3y—152 = 9 -6 3 -15 9
Multiply Eqn 1 by — 2 and add to Eqn 2 )
r—3y+z = 4 1 -3 1 4
—2y+6z =-10 0 —2 6 | —10
—6x+3y—15z2 = 9 | -6 3 15 9
Multiply Eqn 1 by 6 and add to Eqn 3
r—3y+z = 4 1 -3 1 4
—2y+6z =-10 0 -2 6 | —10
—15y -9z = 33 0 —-15 -9 33
Divide Eqn 2 by —2 and Eqn 3 by — 3 i
r—=3y+z = 4 1 -3 1 4 ]
y—3z = b 0 1 -3 5
Sy+3z =-11 0 5 3| —11
Multiply Eqn 2 by — 5 and add to Eqn 3 ) )
r—3y+z = 4 1 -3 1 4]
y—3z = 5 0 1 -3 5
182 =-36 0 0 18 | —36
Divide Eqn 3 by 18 i i
r—3y+z = 4 [1 -3 1 4
y—3z = 5 0 1 -3 5
z =-2 |0 0 1] -2

So systematic elimination of unknowns has led us to the last system which is
equivalent to the first (that is, both systems have the same solution(s)). The
last step in the systematic solution process is call back substitution. We
work from the last equation with only one unknown up through the previous
equations finding one unknown from each equation. Here the last equation gives

z=—2.

The second to last equation y — 3z =5 gives y — 3(—2) =5 or
y=—1.

The third to last equation  — 3y + z =4 gives ¢ — 3 (—=1) + (-2) =4 or
z=3.

The original system has solution z = 3, y = —1, and z = —2. Once again the
system has a unique solution so its determinant must be nonzero. Let’s check
this one more time

1 -3 1
-8 8 2 8 2 -8

2 -8 8 _(1)‘ '(3)‘ '+(1)' '—1087&0.

6 3 _1s 3 —15 6 15 -6 3
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Example 5 Solve
20 —y+z2=1
3r+2y—4z=4
—6x+3y—32=2

Solution. Express the system as

2 -1 111
3 2 -4 |4
—6 3 =3 |2

Here it is more convenient to eliminate y rather than x from equations 2 and 3.
(Why?) To eliminate y from the last two equations, multiply row 1 by 2 and
add the result to row 2. Then multiply row 1 by 3 and add the result to row 3.
The reduced system is

2 -1 111
7 0 -2 |6
0 0 015

The last row represents the equation
O0x 4+ 0y + 0z = 5.

No values of z, y, z can satisfy this equation. (Why?) The system in this
example has no solution. Since the system has no solution its determinant must
be zero. Check directly that it is. [

Example 6 Solve

|
—

20 —y+ 2z
3r4+2y—4z = 4
172 +2y—8z =16

Solution. Express the system as

2 -1 1 1
3 2 -4 4
17 2 -8 |16

For variety, we eliminate z from equations 2 and 3. To eliminate z from the last
two equations, multiply row 1 by 4 and add the result to row 2. Then multiply
row 1 by 8 and add the result to row 3. The reduced system is

2 -1 1 1
11 -2 0 8
33 —6 0 | 24

Add —3 times row 2 to row 3 to reduce the system to

2 -1 11
11 -2 0 | 8
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This means the system reduces to two equations in the three unknowns z, y,

and z:
20 —y+z=1
{ 11z — 2y =8
or
2r—y =1-—z2
{llx—Zy = 8

In this system z can be given any value and then we can solve for x and y in
terms of z. Indeed, multiplying the first equation by —2 and adding it to the
second gives

Tr = 6+ 2z,
62
xr = ? + ?Z,
and then substituting this value for x into the first equation gives (check it)
5 11

Thus, the system has infinitely many solutions given by

z
z for any choice of z.

RUSIETEN
~|Ene

+
+

zZ =z

Tr =
y:

From the geometric point of view these equations are parametric equations (with
parameter z) for the line in space through the point (6/7,5/7,0) and parallel to
the vector v = (2/7,11/7,1) . So in this example, the three planes that are the
graphs of the three linear equations intersect in a common line. [

Remember that when using systematic elimination of unknowns to solve
linear systems that you can use the following steps, called elementary row op-
erations, that always lead to an equivalent system:

e Interchange two rows
e Multiply (or divide) all the entries in a row by a nonzero constant

e Replace any row by the sum of itself and a multiple of another row

3.5 Non-Square Systems

In the foregoing sections we have concentrated on properties of square systems,
those with as many equations as unknowns. Analogous properties hold for non-
square systems in which there may be more equations than unknowns or more
unknowns than equations. The treatment of non square systems is mostly a
story for another day and a course in linear algebra. We simply mention and
illustrate with one example that systematic elimination of unknowns can be use
to solve such systems.
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Example 7 Solve the system of three equations in four unknowns:

r—2y—z2+3w = 0
—2x+4y+5z—dw = 3
3r —6y—6z+8w =-3

Solution. The augmented matrix for this system is

1 -2 -1 3 0
—2 4 5 =95 3
3 —6 —6 8 | =3

Multiply row 1 by 2 and add the result to row 2 and multiply row 1 by —3 and
add the result to row 3 to obtain

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

Now add row 2 to row 3 to get

Systematic elimination of unknowns show us that the original system is equiv-
alent to the system
r—2y—z+3w =0
{ z+w =3

The second equation reveals that z is determined by w (or vise versa). We choose
to express w in terms of z to get w = 3 — 3z for any choice of z. Substitute this
value for w into the first equation to find

x—2y=2—-3(3-32)=10z—09.

This equation determines one of the variables in terms of the other two. We
choose to express z in terms of y and z. Thus,

r=2y+10z2 -9

for any y and z. Finally all solutions to the original system are given by

r = 2y+10z-9,
= Y
z = z,

where y and z can be given any values. [
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3.6 Efficient Evaluation of Determinants

The direct evaluation of determinants using the Laplace expansion can be cum-
bersome. Procedures closely related to those used in the systematic elimination
of unknowns can be used to evaluate determinants efficiently. Such methods are
particularly useful for determinants of size 4 x 4 or higher. Since such higher
order determinants are often evaluated by computers, we simply summarize the
procedures that underlie the efficient evaluation methods:

If A is an n X n matrix whose first, second, ..., n-th columns are respectively
ai,as, ..., a,, then we write

A=lay,as,...,a,] and detA=|aj,as,...,a,|.

The properties mentioned above are:

Prop. 1  The determinant is a linear function of each of its columns.

That is, if all but one column in a determinant is held fixed, then the
determinant is linear in the remaining column. For example,

la; +a},as,...,a,] = |ai,ag,...,a,|+|al,as,...,a,,

|ra,as,..,a,] = rlaj, as,...,a,| for any scalar r.

Prop. 2 The determinant is zero whenever any two columns are equal.

Prop. 3 The value of a determinant is unchanged if a multiple of one column is

added to another column.

For example,
lai,as,a3,...,a,| = |ai,as + raj,as, ..., a,|

for any column index j # 2.

Prop. 4 Interchanging two columns in a determinant changes its sign.

For example,

lai,as,a3,a4,...,a,| = —|ag,az,a;,a4, ...,y .

Prop. 5 Each of Properties 1-4 holds with column(s) replaced by row(s).

Another very useful property of determinants is:

Prop. 6 The determinant of a product is the product of the determinants.

That is,
det AB = det Adet B

for any two n x n matrices A and B.
See the next lesson for the meaning of the product of two matrices. You

can find more information about these topics in virtually any book on matrix
or linear algebra.
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3.7 Complex Linear Systems

All of the foregoing examples involved only systems with real coefficients and
right members. Nothing essential changes for systems with complex coefficients
and right members. In this case, the solutions may be complex numbers but
Theorems 1, 2, and 3 still hold and the systematic solution techniques described
earlier still apply. Determinants are defined and evaluated as already described.

3.8 Suggested Problems

In problems 1-10 do the following

e Solve the given system by systematic elimination of unknowns using an

augmented matrix.

e Check you answers.

e Give a geometric interpretation of your solution in terms of the graphs of
the equations in the system.

1 4+ 3y =10
' 2z — 6y = —10
3 204+ 3y = —6
' —x—i—%y:i’)
r—2z=0
9. Jx+y+z=1
—x+y+2z2=2
r+2y—z=1
7. 2 +y+2=1
r—y+2z=1
u+20—w=2
9. 2utv+w=1

u—v+2w=-1

|
.
6.{
N

10.

20—y =17
—8x +4y =11
3u—2v=-1
—Su—+3v=2

3r—2s+4t=6
2r +3s — 5t = =8
5r —4s+3t=7

r+2y—z=1
20 +y+z2z=1
dr+dy—2z=2

r+2s—t=2

6r+9s—3t=9
r—s+2t=-1

In Problems 11-16 evaluate the determinant.

-1
11. ' 9 12. '

0
14. 0 15.
1

O O WK
OO =

4

N =N

3

co Ut N =

6 3
B g
4 —6 3
16 -1 4 1
5 —6 3

In Problems 17-20 use determinants to decide whether the system has (a) a
unique solution or (b) either no solution or infinitely many solutions. Do not

solve the system.
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Jx—4y =7 2u—v=2>5

17. { r+2y=—4 18. { —8u +4v=-11
20 — 2y =8 du+2v+4w =2
19. 3z +y+2z=-1 20. 2ut+v+2w=1
z—3y—z="7 3u—4dv+w= -5

In Problems 21-24 determine the value(s) of A for which the homogeneous
system will have nontrivial solutions.

01 1-=Nz+y=0 99 1-=Nz+2y=0
’ dx+(1-XNy=0 ’ 3z+(2-XNy=0

B=Nz+2y+42=0 —Ar—2y—32z=0
23. 20— Ay +22=0  24. 24+ (1-XNy—2=0
dr+2y+(3—-N)z=0 20 4+2y+(5—-X)z=0

25.  (a) Show, without explicitly solving, that the homogeneous system

—x+2y—2=0
20 +y+2=0
r—y+2z=0

has a unique solution. (b) Based on (a) what is the unique solution to the
system?
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Lesson 4

Matrices and Linear
Systems

4.1 Goals

Learn to add, subtract, multiply and scalar multiply matrices

e Be able to explain when addition, subtraction, and multiplication of par-
ticular matrices is defined

e Know when a matrix is invertible and be able to find its inverse using the
systematic procedure described here

e Learn and apply the boxed results and Theorem 1

4.2 Overview

In this lesson you will study basic algebraic properties of matrices and matrix
algebra. The algebra of matrices was developed as a consequence of and in
conjunction with the systematic study of systems of linear equations. Even
with the brief introduction given here you should begin to be able to appreciate
the power and economy of the matrix notation and point of view.

4.3 Basic Matrix Operations

A matrix is just a rectangular array of numbers. For example

0 1 1 2 3 2 5 -1 6
[3 7}, 4 5 6|, and 3.0 4 -2
78 9 7 4 2 1

51
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are matrices. An n x m matrix has n rows and m columns. [n x m is read “n by
m”.] The matrices above are 2 x 2, 3 x 3, and 3 x 4. Matrices came up naturally
in Lesson 3 when linear systems were solved by elimination. They also come up
in many other contexts.

It turns out to be useful to add, subtract, and scalar multiply matrices. This
is done componentwise, just as for vectors. For example if

c[32] e[

3 4 6 -8

then
wn = 59 20 ][4 1)
A-B = _135;)43@;)}:[_2u}’
B AN EE|

Evidently, the componentwise operations of addition and subtraction can only
be applied to matrices that have the same size; that is, matrices that have the
same number of rows and the same number of columns. For example, we can
add and subtract two 3 x 4 matrices, but we cannot add or subtract a 3 x 4
matrix and a 3 x 3 matrix. (Try it!)

Often it is useful to think of a matrix as composed of its rows and columns.
For example, the matrix

1 2 3

4 5 6

7 8 9
is composed of the three row vectors

[123], [456], and (789

and the three column vectors

1 2 3
4 1, 5 |, and 6
7 8 9

In general an n x m matrix is composed of n row vectors and m column vectors.
In this lesson, the dot product of two vectors (either row or column vectors)
with the same number of components is defined as the sum of the products of
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the corresponding entries of each vector:

123-[456 = (1)) +2)(5)+(3)(©) =32,
1 [ 2]
sl 5] = Q@+@WE) +ME) =18,
7 8
N
1235 | = (1)@ +©2)06)+3)(8) =36
8

The product Ax of a matrix A and a column vector x turns out to be very

useful. If
1 2 -2
A= [ 3 4 } and X = [ 5 ]

then the product
Ax — 1 2 -2 | _ (1) (=2)+ (2) (5) _| 8
3 4 5 (3)(=2)+ (4) (5) 14 |-

Notice that the product Ax is a vector. The first component of the vector Ax
is the dot product of the first row of A with x. The second component of the
vector Ax is the dot product of the second row of A with x. In general, we
can define the product Ax for any matrix A and column vector x for which the
row vectors of A have the same number of components as the vector x. In this

situation, we define the product Ax to be the column vector whose successive
components are the dot products of the rows of A with x.

Example 1 If

-3
= 123 an X =
A= [ 45 6 } d ¥
then
_ | ME3)+@)R)+B)(4) | | -1
Ax= [ ) (=3) +(5) (2) + (6) (—4) } - [ —26 ] H

The linear properties of the dot product carry over to the product Ax :

A(x+y) = Ax+Ay,
A(rx) =rA(x) where r is any scalar.
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It also is useful to define the product of certain matrices. Let A and B be
matrices where the row vectors of A and the column vectors of B have the same
number of components. For example,

-3 1
A:[}1 g 2} and B = 2 0
-4 2

are such matrices and we can form the product of A with each column of B :

[ —3
A (first col. B) = [}1 ; 2} 2 :[_;é},
—4
1 2 3 1 7
A (second col. B) = [ 15 6 } g = { 16 ] )

By definition the product AB is the matrix with these columns

—11 7}

AB = [ -26 16

In general, let A and B be matrices where each row of A has as many entries
as each column of B. If B = [by, by, -+ ,b,,], meaning that B has columns by,
bs,..., by, then the product AB of the matrices A and B (in this order) is
defined to be the matrix with columns Aby, Abs, ..., Ab,,:

‘AB:A[bl,bg,m ,byn] = [Aby, Aby, - - ,Abm].‘

If Aisn x p and B is p x m, then AB is an n x m matrix. The product AB
has the same number of rows as A and the same number of columns as B.

Here is another way to describe the product AB. The first entry in the second
column of AB is (see the box above) the first component of the column vector
Abs. This component is the dot product of row 1 of A with column 2 of B. In
the same way:

The entry in row ¢ and column j of AB
is the dot product of row 7 of A with
column j of B.

The matrix product obeys several familiar rules:

(AB)C = A(BC),
AB+C) = AB+AC,
(B+C)A = BA+CA,

c(AB) = (cA)B=A(cB).
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Since products of matrices are only defined for certain pairs of matrices, these
rules hold in the following sense: If one side of each rule is defined, then so is
the other and the stated equality is true.

It is important to realize that some familiar rules of algebra do not hold for

matrices. For example, ab = ba for any real or complex numbers a and b, but
typically, even if AB and BA are both defined, AB # BA for matrices.

1 2
3 4

0 2

Example 2 [f A= [ 5 1

} and B = [ } , then check that

—-10 4 6 8
AB_[—QO 10], BA—[_2 _6},(md AB # BA. O

A matrix all of whose entries are zero is called a zero matrix. Thus,

0 0
O=1]100
0 0
is the 3 x 2 zero matrix. Obviously,
0 0 1 4 1 4 1 4 0 0
0 0|+25|=|25]|=]25]|+[00
0 0 3 6 3 6 3 6 0 0
In general,
O+A=A=A+0,
whenever A and O have the same size.
The special matrices
1 00
[(1) (1)] and 01 0
0 0 1

are called respectively the 2 x 2 and 3 x 3 identity matrix. The 1’s are located
on the main diagonal of these matrices. In general, an n x n matrix I whose
main diagonal entries consist exclusively of 1’s and whose other entries are all
0’s is the n x n identity matrix. It is easy to check that

Ix=x, AI=A, IB=B,

)

whenever the indicated products are defined.

4.4 Linear Systems in Matrix Form

The 2 x 2 system of linear equations

r+y=2
{ 20 —3y=9 (4.1)
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can be expressed as a single matrix equation. Indeed, since

T+y 1 1 T
2r—3y | | 2 -3 y
the system (4.1) can be written as
1 1 T |
2 -3 y |
or

where

(23] [ o]

In the same way, the 3 x 3 system

r—3y+z = 4
20 -8y +8z =-2
—6x+3y—152 = 9
can be expressed as
1 -3 1 T 4
2 -8 8 y | =1 -2
-6 3 15 z 9
or
Ax = b,
where
1 -3 1 x 4
A= 2 -8 8 |, x=|vy |, and b=| -2
-6 3 -15 z 9

These examples make it plain that any 2 x 2, 3 x 3, or indeed any system of
linear equations can be expressed as a single matrix equation of the form

Ax=Db
where
A is the coefficient matrix of the system,
b'q is the column vector of unknowns,
b is the column vector of right members.

If the system is square (has as many equations as unknowns) then we express
the determinant of the matrix A either by |A| or det A or det (A) as seems most
convenient. Then Theorems 2 and 3 of Lesson 3 can be expressed in matrix
notation as follows:
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Ax = b has a unique solution < det A # 0.
Ax = 0 has nontrivial solutions < det A = 0.

Another useful equivalent way to express the last result is

| Ax = 0 has only the trivial solution < det A # 0. |

4.5 The Inverse of a Square Matrix

The scalar equation axz = b has solution
b .
T =— provided a # 0.
a

When a linear system of equations is written in the matrix form Ax = b, it
is natural to inquire if a similar solution formula exists. The fraction b/a is a
convenient way to write the product a~'b, which defines division of numbers.
It turns out that the inquiry just made has an affirmative answer. When you
solve a linear system of equations by elimination of unknowns you perform a
sequence steps such as multiplying one equation by a constant and adding the
result to another equation, dividing an equation by a nonzero factor, and so
forth. All these steps that ultimately lead to the solution x (when the system
has a unique solution, that is, when det A # 0) can be recorded in a matrix B.
This matrix B has the property that BA = I, the identity matrix. Once you
know B you can solve the system:

Ax = b,
BAx = Bb,
Ix = Bb,
x = Db.

To summarize: If A is a square matrix with det A # 0, then there is a unique
matrix B, called the inverse (matrix) of A, such BA = I. A square matrix
A is called invertible when there is square matrix B such that BA = I. The
following result tells us when such a matrix exists.

Theorem 1 A square matrixz A is invertible if and only if det A # 0.

If A is invertible the inverse matrix B satisfying BA = I also satisfies AB =
I. Furthermore, if either one of these equations holds for some matrix B, then
A is invertible and B is its inverse. The inverse of an invertible matrix A is
usually denoted by A~'. So the inverse matrix satisfies

A'A=T1T=A44""1.
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When a linear system has a matrix that is invertible it can be solved simply by
multiply the matrix equation through by A~!,

Ax = b,
x = A 'b.

It turns out that this solution formula is primarily of theoretical value as far
as actually solving linear systems is concerned. The elimination process we have
been using all along is more efficient from a computational point of view. There
are however times when the inverse of a matrix A is needed for other purposes.
Then the easiest way to find it is to use systematic elimination of unknowns.
We illustrate how to do this in the case of a 3 x 3 matrix: Solve the following
systems of equations

Axi=e;, Axo=ey, and Axz=e3
where ej, e, and eg are the columns of the 3 x 3 identity matrix. Then
A =[x, %9, %3]
To confirm this statement note that
A[x1,X2,X3] = [AX1, AXa, AX3| = [€1,€2,€3] =T

Example 3 Show that the matrix

A:

w N O
W N
DN

1s inwvertible and find the inverse.

Solution. Since det A = —16 (check this), the matrix is invertible. To find the
inverse, we solve the three systems Ax;= e;, Axs= €5, and Axz= ej3 all at once
using the augmented matrix for the three systems

0241100
24 21010
331170 01

The plan is to use elimination of unknowns so that the final augmented matrix
for the three systems has the form

1 0 0| % x =%
0 1 0 | % *x =
0 0 1 * ok ok

Then the fourth column is xy, the solution to Ax;= ey, the fifth column is x»,
and the sixth column is x3. (Why?) Since A~ = [x1, X2, x3] , the inverse matrix
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of A is the matrix with the * entries. The overall strategy to reach the desired
final form is to systematically put all 1’s along the main diagonal of the matrix
that composes the left half of the augmented matrix and use each newly created
1 to place zeros above and below it. Here are the arithmetical details for the
example at hand. (Be sure to check each step!) To get a 1 in the 1,1 position
of the augmented matrix interchange row 1 and row 2 and then divide the new
row 1 by 2. This gives

1210 4% 0
024|100
33 1[0 01

Add —3 times row 1 to row 3 to get the first column of the identity matrix in
column 1:

1 2 1]0 3 0
0 2 4|1 00
0 -3 -2 |0 -3 1

Now we transform column 2 into the second column of the identity matrix.
First, divide row 2 by 2 to get a 1 in the 2,2 position of the matrix:

1 2 1]0 L0
0 1 2|4 00
0 -3 -2 |0 -3 1

Second, multiply row 2 by —2 and add the result to row 1 and then multiply
row 2 by 3 and add the result to row 3 to obtain

10 -3]-1 %0
012%00
00 4| 3 -3 1

Finally, we transform column 3 into the third column of the identity matrix.
First divide row 3 by 4 to place a 1 in the 3,3 position:

10 =3|-1 L1 0
012?00

3 1
L0 0 1 8 —s 1

Now add multiplies (what are they) of row 3 to rows 1 and 2 to obtain

Ll LN [SY

1 00
01 0| —
0 01

[eeJ[SCEN vl [S3

00| Lok |00 =

Consequently,

g
I
|

o] [P [t oe] ()]
\

W | [ | GO
O

Q0| |00 |
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Here is a useful fact about invertible matrices (see the problems) that is well
worth remembering. If A and B are invertible matrices, then their product AB
also is invertible and

(AB) ' =B'4~t

Notice the reversal of order in the factors on the right.

4.6 Transpose of a Matrix

The transpose of a matrix A, denoted by AT, is the matrix obtained from A
by interchanging its rows with its columns. For example, if

R

6 1 -5
then
—2 6
AT = 4 1
3 -5

The transpose operation is used both in managing data in databases and in
practical and theoretical matrix applications. Useful algebraic properties of the
transpose operation include:

(A+B)" = AT 4+ BT,
(cA)T = AT,
(AB)T = BTAT.

These rules hold in the usual sense. If one side of the equality is defined so is
the other and the state equality is true.

Since vectors also are matrices, the transpose operation applies to vectors.
What is the transpose of a column vector? If v and w are real column vectors
with n components each, then their dot product can be expressed in terms of
matrix multiplication as

v-w=vlw

where v w is the product of the 1 x n matrix v with the n x 1 matrix w. The

corresponding result for vectors in C™ is

VW=V W.

4.7 Suggested Problems

In Problems 1-4 find (a) A+ B, (b) A — 3B, (¢) AB, (d) BA, (e) Ax, and (f)
Bx whenever the indicated combination is defined. If the combination is not
defined, briefly explain why.
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1 —2 4 7 1
a=ly 3)om=[ s ] =[]
(1 2 2 4 3 1
A‘_3 4]’ B_[ 61—5]’ X‘[—1]
(1 4 0 1 -1 3 3
A=|2 -4 31|, B=|1 0 2|, x=| -1
15 2 2 11 9
) 2 1
1 2 3 1
AR R R R Y
4 5 6 s s 2

. Verify (AB)" = BT AT for the matrices in Problem 4.
. Verify that (AB) C = A (BC) when

=3 3] e[ 33] e[32]

. Verify that A (B + C) = AB + AC when

1 2 2 35 10 -3
A‘[?, 1}’ B_[g 4 1]’ C‘[5 2 1]

. Are the following assertions true or false? Explain.

1 27741 _ [10
-1 5]|3] T |19
1 37 1 -2 0 -1 7 7
2 -1 6|-2| 3 2 —1| = | -4 -5 8
1 01 -2 1 3 5 -2 -5

. Solve for z, y, z, and w:

NN

In Problems 10-13, express each system of linear equations in the matrix
form Ax = b.

3r—2y=38
4z + 5y = —10

—bxr+Ty+42z=0

dr —2y+2=26
3r—y=2>5
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12.

13.

14.

15.

16.

17.

18.

19.
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4o -2y + 2z —3w = -3
r4+y—4z4+2w==6
20+ 3y —bz—w=4

dr—2y+2=26
=S+ T7y+42=0
3xr—y=>5
r—2y+z=3

In Problems 14-17 determine if the matrix has an inverse. If it does, find
the inverse. If it doesn’t explain briefly why not.

(1 1
12 3
(1 0 1
1 1 0
(011
1 2 1
-1 1 2
101
1 -2 3
3 0 -3
-1 2 3
Let

a b
A=l 4]
with det A # 0. Use systematic elimination of unknowns to show that

1 [d b
4 T detA| —¢ a

Hint. First assume a # 0. Then do the case a = 0.

The inverse of a 3 x 3 matrix can be expressed in terms of cross products
and scalar triple products: Let A be a 3 x 3 matrix and think of A as
composed of three row vectors

rp

A= Iro

rs

Show that .
o X I3
) 1
A = rs Xrp
r; -ro9 Xrs
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Hint. Let B be the matrix on the right. Calculate AB by expressing each
entry of the matrix product as a scalar triple product. Then use what you
know about the geometric interpretation of the scalar triple product.

20. Verify: If A and B are invertible matrices, then so is AB and (AB)™' =
B~1A~'. Hint. Let C = AB. Remember that C is invertible if there is
a matrix D so that CD = I = DC. Show that D = B~1A~! has the
required property.

21. Find a matrix A such that AA”T and AT A are defined and AAT # AT A.
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Lesson 5

Linear Dependence and
Independence

5.1 Goals

e Be able to define linear independence and linear dependence of a set of
vectors

e Interpret independence and dependence in geometric terms for vectors in
2- and 3-space

e Use the determinant test for dependence or independence of n vectors in
n-space

e Be able to find a nontrivial linear combination among linearly dependent
vectors

5.2 Overview

Linear independence and linear dependence are fundamental concepts of matrix
and linear algebra. They have both geometric and algebraic aspects and provide
a precise way of distinguishing set of vectors with redundant information from
sets without redundant information.

5.3 Dependence and Independence

Vectors carry information. Often you will deal with sets of vectors and it is
useful to determine whether there is redundancy (dependence) or no redundancy
(independence) in the information carried by the vectors. The notions of linear
dependence and independence make these ideas precise. These are fundamental
ideas whose understanding is worth your best effort.

65
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A finite sum of the form
C1V1 + Cave +c3vs + -+ + Vi

is called a linear combination of the vectors vy, va, vs,...,v,. The set of all
such linear combinations is called the span of the vectors vy, va, V3, ..., V.

Linear Dependence and Independence in R™
A set of vectors vy, va, V3, ..., v}, is linearly dependent (LD) if (at least)
one of the vectors is a linear combination of the others. Suppose, for example,
that v is a linear combination of vy, vs, ..., v,. Then
Vo =1Vl + ¢33+ + eV
for certain real scalars cy, c3, ..., cx. Equivalently,
c1vy+cava +ce3vs+ -+ v =0
where ¢y = —1. Likewise, if v; is a linear combination of the other vectors in

the set, we would obtain the foregoing equation with ¢; = —1. Thus, we can
express linear dependence in the following convenient way:

A set of vectors vy, va, Vs, ..., vy is linearly dependent
if there are (real) constants c1, ca, ..., cx not all zero such that
c1v1 +covg +c3vy+ -+ v = 0.

A set of vectors vy, va, vs, ..., v, is linearly independent (LI) if it is not
linearly dependent. Consequently:

A set of vectors vy, va, Vs, ..., vy is
linearly independent if and only if the equation
vy +cava+cegva+ -+ v =0=0c¢1 =0, co =0, c3=0,..., ¢, = 0.

Linearly dependent sets of vectors contain redundant information and lin-
early independent sets do not. There is an important geometric way to think
about LD and LI vectors. The next example points the way.

Example 1 Let a and b be two vectors in R?. Show that
(a) a,b are LD <= a is a (scalar) multiple of b or b is a multiple of a.
(b) a,b are LI <= the span of a and b is R
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Solution. (a) a,b are LD if and only if there are constants r and s not both
zero such that

ra+ sb = 0.
Hence,
S .
a = —-Db if r £ 0,
r
b = —La ifs#£0,
S

and (a) is verified.

(b) We give a geometric argument. By (a), the vectors a,b are LI if neither is
a scalar multiple of the other. Thus a and b point in different directions in R2.
Then by the parallelogram law of vector addition it is clear (see the following
figure) that any vector v in R? is a linear combination of a and b. [J

Similarly in R?

(a) a,b,c are LD <= a, b, c all lie in a plane in R3.
(b) a, b, c are LI <= the span of a, b, and c is R3.

These results for R? and R? hint at similar results for higher dimensions,
but that is a story for another day.

Example 2 Determine whether the vectors a = (1,2) and b = (—1,4) are LI
or LD in R2.

Solution 1. (Geometric) Neither vector is a scalar multiple of the other so they
are LI. (Make a sketch.)
Solution 2. (Algebraic) Suppose

ra+sb=0
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for some scalars r and s. Then

r{1,2) +s(-1,4) = (0,0),
(r—s,2r+4s) = (0,0),
r—s = 0 and 2r+4s=0,
r—s = 0 and r+2s=0.

Subtract the equation on the left from the equation of the right to obtain 3s =0
and s = 0. Then r = 0. So the equation

ra+sb=0 = r=0, s=0

and, hence, a and b are LI in R2. O

Evidently the geometric solution is easier in this example, but an algebraic
solution usually is needed when more vectors and/or higher dimensions are
involved.

Linear Independence and Linear Dependence in Matrix Form

There is a convenient matrix formulation of the conditions for linear inde-
pendence and linear dependence. The matrix formulation rests on the fact that
any linear combination of vectors can be expressed as a product of a matrix and
a column vector. The case of 2 vectors in 3-space will make it clear how the
matrix form comes about. If

a b
v=| ¢ and w=|d
e f
the linear combination ¢;v + cow can be expressed as
a b acy + bes a b c
cav+eaow=c1 | ¢ | +eca| d | =] cci+deca | =] ¢ d {01]
e f ec1 + feo e f 2
That is,
v+ cow = Ac
where
a b .
A= ¢ d and c= [ ! ] .
C2

f

Notice that the matrix A = [v, w] has for its columns the vectors v and w in
the linear combination c¢;v + cow and that c is the column vector whose com-
ponents are the corresponding scalar multiples of v and w. The same reasoning
establishes:
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Any linear combination of vectors in n-space can be expressed as Ac
where A is the matriz whose columns are the vectors in the linear
combination and c is the column vector whose components are the
corresponding scalar multiples of the vectors in the linear combina-
tion.

Now it its easy to express the tests for linear independence and dependence
of a set of vectors in matrix form. The vectors vy, v,, ..., v, are linearly inde-
pendent if and only if

c1vy+cava+cegvs+ -+ v =0=c¢1 =0, co =0, c3=0,..., ¢, =0
and this condition can be expressed as
Ac=0 = ¢c=0

where A = [v1,V,,...,vg] is the matrix with the given vectors for its columns
and c is the column vector with components ¢, ca,..., cx. We have established
the following general fact:

If vi,vg,..., v, are vectors of the same size and A = [v1, Vg, ..., V]

is the matriz with the given vectors for its columns, then vi,vy, ..., vy

are linearly independent if and only if the homogeneous system Ac =

0 has only the trivial solution.

Of course, the vectors are linearly dependent if and only if the homogeneous
system Ac = 0 has nontrivial solutions. The bottom line: Linear independence
or linear dependence can be determined by solving an appropriate linear system.

A Determinant Test for Linear Independence or Dependence
In the case of n vectors each with n components, the system Ac =0isnxn

and has only the trivial solution ¢ = 0 precisely when det (A) # 0.

Theorem 1 A set of n, n-vectors is linearly independent if and only if the
determinant of the matrix whose columns are the given vectors is not zero.

Example 3 Determine whether the vectors

1 2 —4
u= 21, v=| 1|, w = 1
-1 3 —11

are linearly independent or linearly dependent. If they are linearly dependent
find a nontrivial linear relation that they satisfy.
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Solution. Since

1 2 -4
det [u,v,w|] = 2 1 1
-1 3 -11

(1) (=11 =3) — (2) (=22 + 1) + (—4) (6 + 1)
—14 442 — 28 =0,

the vectors u, v, and w are linearly dependent. So, there must be scalars x, y,
and z not all zero such that

xutyvtzw = 0. (5.1)

This vector equation can be expressed in matrix form as

12 —4][az 0
2 1 1 y|=1]0]. (5.2)
-1 3 -11 z 0

Note that the coefficient matrix is [u,v,w]. We solve this system using the
augmented matrix

12 —-410
2 1 110
-1 3 —-11 |0

Add —2 times row 1 to row 2 and then add row 1 to row 3 to eliminate x from
the second and third equations of the system:

1 2 —410
0 -3 910
0 5 =15 | 0

Divide the second row by —3 and the third row by 5 to reduce the system to

1 2 —4 10
01 =310
01 =310

The last two equations impose the single requirement
y—32=0 or Yy = 3z.
Then the first equation gives
x+2(3z)—42=0 or x=—2z.
Therefore equation (5.2), equivalently (5.1), holds for

r= -2z, y=3z and any choice of z.
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Thus,
—2zu+3zv+zw = 0 for any choice of z.

In particular, the choice z =1 (or any choice of z # 0) yields
—2u+3v+w=0.

This is the required nontrivial linear relation satisfied by u,v, and w. 0O

Did you notice in Example 3 that the column of zeros in the augmented
matrix never changes during systematic elimination of unknowns? This always
happens when you solve a homogeneous system. (Why?) Consequently, when
systematic elimination of unknowns is used to solve a homogeneous system, the
zero column of right members of the homogeneous system often is not written.
That is, the augmented matrix is replaced by the coefficient matrix. This saves
a little time and space.

Linear Dependence and Independence in C"

The formal definition of linear dependence and independence are the same
in R™ and C™ except that the scalars are complex in the case of C". A set of
vectors vi, va, vs,...,, v, in C" is linearly dependent if there are (complex)
constants c1, ca, ..., ¢ not all zero such that

c1v1 +cove +cgvy + -+ -+ v = 0.
A set of vectors vy, va, V3, ..., v, is linearly independent (LI) if the equation
vy +cava+cesvs+ -+ v =0=c¢1 =0, co =0, c3=0,..., ¢,y =0.

To distinguish between LI and LD in R™ and C™ we (sometimes) say the vectors
are LI or LD over R or over C to emphasize which scalars are used.

5.4 Suggested Problems

In Problems 1-6 determine whether the given vectors are linearly dependent or
linearly independent. If they are linearly dependent, find a nontrivial linear
relation that they satisfy.

1 ~1 (3 6
v 2 [3)-[1]

(1 0 1 (27 [o] [ -1]
3 1|, [1],]o0 4. 1, 1], ] 2

0 1 1 o] o] [ o]

~1 3 2 (1] 37 [ -7
5 30,1 1],] -1 6 o, 121, 2

2 0 1 3] 1] [ 1]
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7. If a, b, c are three vectors in 3-space, their scalar triple product is a-b x c.
Use the standard geometric interpretation of the scalar triple product to give a
geometric justification of Theorem 1 when n = 3.

e[ ] e [2]om e[ 2]

(a) Give a geometric argument that shows that the vectors are linearly
dependent in R?.

Let

(b) Give an algebraic arguments that shows the vectors are linearly de-
pendent in R2.

n= 0] =g ] m w=] 7]

be vectors in in R2.

9. Let

(a) Give a geometric argument that shows that the vectors are linearly
dependent in R2.

(b) Give an algebraic arguments that shows the vectors are linearly de-
pendent in R?. Hint. First express

c1V1 +covo +c3vy =0
in the form Ac = b where
A:{a b} and c:[cl].
c d Co

What is b? Now use what you know about solvability of linear sys-
tems.



Lesson 6

Matrices and Linear
Transformations

6.1 Goals

e Understand how a matrix determines a linear transformation
e Describe in geometric terms the effect of a linear transformation

e Find the matrix of a linear transformation relative to the standard bases

6.2 Overview

So far our treatment of matrices and their properties has been exclusively al-
gebraic. However, there is an important and revealing geometric way to think
about matrices which is the principal subject of this lesson; it is the linear
transformation (linear operator) point of view. The basic idea is to think of the
matrix as a function that takes input vectors and transforms them into output
vectors obtained by multiplying by the given matrix.

6.3 Matrices as Transformations
We attach a geometric character to a matrix in a very natural way by observing
the action of the matrix on input vectors. If A is an n X m matrix and v is any

m-vector, then A transforms (maps, carries) v into the output n-vector Av.

Example 1 Give a geometric description of the transformation that is multi-
plication by the matrix
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Solution. A transforms the 2-vector

[:]
w3 210 ()

The action of multiplication by A is shown in the following plot in the xy-plane:

into the vector

Multiplication by A in Example 1

Multiplication by A transforms each 2-vector v into its reflection (mirror image)
Av across the z-axis. [

It is often convenient to represent transformations, such as in Example 1,
with the same kind of notation used to represent functions in calculus. If A is
an n X m matrix, we define a function T' by

T (v) = Av.

For the right member to make sense v must be an m-vector. Then T (v) is
an n-vector. We express this relationship between input m-vectors and output
n-vectors by writing

T:R™ —-R"

which is read “T is a transformation (operator, function) from R™ into
R™.This transformation Tis referred to as multiplication by Aand we some-
times write T' = T'ato indicate explicitly that the transformation is determined
by the matrix A.
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Example 2 Give a geometric description of the transformation T = Ty : R —
R3 of multiplication by the matric

2 0 0
A=]10 -3 0
0 0 4
Solution. If
T
V= Yy |,
z
then
2 0 0 T 2x
T(v)=Av=|0 -3 0 y | =1 -3y
0 0 4 z 4z

The geometric effect of this transformation is most easily understood in terms
of the superposition of three stretching actions. To see this more clearly, first
let v =xi= (z,0,0). Then

T (v) = (2z,0,0) = 2v.

So, for any vector pointing along the x-axis, multiplication by the matrix A
simply stretches the vector by the factor 2. Likewise, for any vector pointing
along the z-axis, multiplication by the matrix A stretches the vector by the
factor 4. If v =yi = (0,y,0) . Then

T (v) = (0, —3y,0) = —3v.

So, for any vector pointing along the y-axis, multiplication by the matrix A
stretches the vector by the factor 3 and reverses its direction. Finally, returning
to a general input vector v = (x,y, z), multiplication by the matrix A stretches
the projection of the input vector on the z-axis by 2 units, stretches the projec-
tion of the input vector on the y-axis by 3 units and reverses its direction, and
stretches the projection of the input vector on the z-axis by 4 units. [

Example 3 Give a geometric description of the transformation T = Ty : R? —
R3 of multiplication by the matric
10
A=10 1
11

Solution. If

then

T
HEK
Y r+y



76 LESSON 6. MATRICES AND LINEAR TRANSFORMATIONS

Represent v = (x, y) as the position vector of the point (z,y,0) in a 3-dimensional
Cartesian zyz-coordinate system. Then Tv =(z,y, 2z + y) can be represented
as the position vector of the point (z,y,z + y) as show in the following figure:

/ :

Multiplication by A in Example 3

Tv can be obtained from v by moving the tip of v vertically by the distance
equal to the sum of the components of v. [

The transformation T4 of multiplication by a matrix A is linear, which means
Ta(v+w) = Ta(v)+Ta(w),
Ta(rv) = rTa(v),

for all vectors v and w (of the appropriate dimension) and all scalars r. These
relations are immediate consequences of the corresponding properties of the
product Av :

Alv+w) = Av+ Aw,
A(rv) = rAv.

In general, a transformation (operator, function) 7' : R™ — R™ is linear if

Twtw) = T(v)+T(w),
T(rv) = rT(v),

for all m-vectors v and w and all scalars r.

6.4 Matrix of a Linear Transformation

It is important to realize that any linear transformation is multiplication by
an appropriate matrix. We begin with an example in which this conclusion is
reasonably transparent.
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Example 4 Let T : R? — R3 be the operator that reflects a vector across the
zy-plane in 3-space. Show that T is linear and find a matrix A such thatT = T4.

Solution. The reflection of v = (x,y, z) across the zy-plane is w = {(x,y, —z).
So

T(<£E,y, Z>) = <:L',y, _Z>'
Now It is easy to check that T is linear:
T ((z,y,2) + <‘r/7yl7 z/>) = T({z+ iy +y 2+ z/>) = (z+ oy +y, - (z+ Zl)>
<Z’,y, _Z> + <xlﬂylv_zl>
T ((z,y,2)) + T ({, 9/, 7))

and, similarly,

T(r(z,y,2)) =rT ((z,y,2)) .
In this example it is rather easy to guess a matrix A that will transform v =
(x,y,2z) into w = (x,y, —2) :

1 0 0 x T
0 1 0 y | = Y
0 0 -1 z —z
So
1 0 0
T(v)=Av for A=|0 1 0 O
0 0 -1

Here is a systematic way of finding a matrix that represents a given linear
transformation. The matrix A in the following theorem is called the matrix of
T with respect to the standard basis in R™ and in R".

Theorem 1 Let T : R™ — R"™ be a linear transformation and ey, es, ..., e,
be the standard basis for R™. Then T = Ty where A is the n X m matrix

A= [T (el) ,T (82) 90y T (em>]
where T (e;) is expressed as a column vector in R™.

We shall prove this theorem for the case m = 2 and n = 3 because this case
illustrates clearly why the theorem is true in its full generality. In this case,

T:R? - R3. In R?
1 0
el—[o} and eg—{ll

Since T (e1) and T (e;) are particular vectors in R3,

a11 a12
T(e1) = | ax and T (ex) = | az |,
asi a32
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where the a;; are the components of these vectors (with respect to the standard
basis) in R3. Then for any

{ 5 } =ze; +yey in R?

VvV =
T(v) = T(ze; +yez) =xaT (e1)+yT (e2)
ail a12 a11T + a12y
= x| an [+y| a2 | = | 61T+ axny
as1 a32 a31T + a2y

ail a2 z
= a1 Qg2 [ ] =[T(e1),T (ex)]v=Av. O
asi a3z

From a practical point of view, Theorem 1 gives us an efficient way to evalu-
ate a linear transformation. The evaluation reduces to a matrix multiplication.
You find the appropriate matrix by determining the components of the images
of the standard basis vectors under the transformation.

Example 5 The transformation T : R2 — R? that rotates each vector counter-
clockwise by 60 degrees is a linear transformation. Find the matriz A such that
T =Ta. Then find a convenient formula for Tv for any v = (x,y) in R2.

o-[3] o [t]

Then, as the following figure reveals,

Solution. Let

Counterclockwise rotation by 60 degrees



6.4. MATRIX OF A LINEAR TRANSFORMATION 79

T (e1) = { %/22 }, T (e2) = { {/32/2 ]

So T =T}y for

A=[T(e1),T (e3)] = { \}3/?2 1//?,2/2 } |

Thus, for any v = (z,y) in R?

2, (] [k )

Tlv)=Av= V3/2  1/2 y $VBz + 3y

Example 6 The transformation T : R? — R? that reflects each vector across
the line y = 3x is a linear transformation. Find the matriz A such that T = Tjy.
Then find a convenient formula for T (v) for any v = {(z,y) in R2.

Solution. The matrix we seek is
A=[T(e1),T (e2)]

where e; and ey are the standard basis vectors for R?. There are several rea-
sonable ways to solve this problem. Some are suggested in the problems. Here
is one way. It is motivated by the following figure:

Reflection across y = 3x

Since the equation of the line L of reflection can be written as —3x 4+ y = 0,
the vector N = (—3,1) is perpendicular to L. If, see the figure, we can find the
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scalar ¢ such that e; + tN has its tip on L, then T (e1) = e; + 2tIN (note the
factor 2). Why? Here is one way to find ¢. Since the tip of e; + tN must lie on
L which is given by the equation y = 3z, e; + tIN has components (z, 3z) for
some x. Thus,

(1,37) = e; +tN = (1,0) + £ (=3, 1)

and equating components lead to a system of two equations in two unknowns
r=1-3t
3r =1

Since we only need ¢, multiply the first equation by —3 and add it to the second
to find

0 = -3+ 10t
, 3
o107

Thus,
4
T (e1) =e; +2tN = (1,0) +%<,3,1> - <g §>

Apply the same reasoning (do it) to find

rion= (4

Consequently, the matrix of T is

[ 45 3/
| 3/5 4/5 |
Finally, for any v = (z,y) in R?
4
| —4/5 35 x| | T3¥T35Y
T<V)—AV_{ 3/5 4/5“;;]_[ Sx 4ty B

6.5 Projections

A square matrix P with the property that P2 = P is called a projection
matrix. The next example will help explain the terminology.

Example 7 Show that

18 a projection matriz and describe the action of the corresponding linear trans-
formation Tp that is multiplication by P.
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Solution. Tt is easy to check that P2 = P. (Do it.) So P is a projection matrix.
T
]", then

o[} ][5+ [3) -

The linear transformation w = Tp (v) takes any vector v and projects that
vector onto the xz-axis as in the following figure:

Next, if v=[z y

w="Tp (v)

Notice that the range of Tp is the xz-axis and that Tp projects any vector in the
z-axis to itself. [

Any projection matrix P determines two important spaces:

R =TRange of Tp = {w:w =Tp (v) for some v},
N = Null space of Tp = {v : Tp (v) = 0}.

In Example 7
} :x is a real number} ,
} :y is a real number} .

S HEOEH

every vector in R? is decomposed uniquely into a vector in R and a vector in IN.
This unique decomposition property is true for any projection matrix P and is
given by

Since

v=Pv+(I—-P)v.
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See the problems.

You probably noticed in Example 7 that every vector in R is orthogonal
to every vector in IN. In general, a projection matrix is called an orthogonal
projection if N 1 R, meaning every vector in N is orthogonal to every vector
in R. So P in Example 7 is an orthogonal projection. Orthogonal projection
matrices are especially useful, but not all projection matrices are orthogonal.
See the problems.

Example 8 (Projection onto a Line) Show that for any unit vector u in R3,
viewed as a column vector, that P, = uu’ is a 3 x 3 orthogonal projection

matrix.

Solution. Tt is easy to verify that P? = P, so P, is a projection matrix:

Pg = (uuT) (uuT) =u (uTu) ul =uu’ = P,

T

because u* u = u-u = 1. Notice also that

P,v= (uuT) v=u (uTV) =u(u-v)

or, equivalently,
P,v = (v-u)u=proj,v.

So P, projects vectors onto the line L given by (x,y, z) = tu for ¢ real. Conse-
quently,

R = Range of P, = {w : w = tu for some ¢ in R},
N = Null space of P, ={v:v-u=0}.

Since R 1. N, P, is an orthogonal projection matrix. P, projects each vector in
3-space (orthogonally) onto the line L. O

Example 9 (Projection onto a Plane) The plane IT with equation x —y—+2z =0
has n = (1,—1,2) as a normal vector. Two orthogonal unit vectors that span
the plane are

a <1 1 1 > i b < 1 1 O>
= T =T =T = an = T =T = .
(Check that a and b lie in 11 and a-b = 0.) Let Py and P, be projection

matrices as in Erample 8. Show that the matric P = P, + Py, is a 3 X 3
orthogonal projection matriz.

Solution. You are asked to check in Problem 14 that P is a projection matrix;
that is, that P2 = P. To see that it is an orthogonal projection matrix, draw
a figure that shows the plane II in a horizontal position with orthogonal unit
vectors a and b in Il and the vector n perpendicular to II. Sketch a general
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position vector v and consult your sketch as you read what follows. From
Example 8, for each vector v in R?

Pv = proj, v+proj,v=(v-a)a+ (v-b)b.

Since a and b lie in II, Pv lies in II. So the projection matrix P projects any
vector v in R? into the plane II. Since a and b are orthonormal vectors in II, if
w lies in II to begin with, then

proj, W + proj, w = w.

(Make a sketch that confirms this.) That is, Pw = w for each w in II. Com-
bining these observations gives

R = Range of P =1I.

Furthermore, Pv = 0 if and only if (v-a)a = — (v -b)b. Dot this equation
with a and then with b to conclude that v-a =0 and v-b = 0. It follows that
v is orthogonal to the plane IT and hence parallel to n. That is, Pv = 0 if and
only if v = ¢tn for some ¢. Thus,

N = Null space of P ={v:v =tn for some ¢ in R}.

Once again R | N, and P is an orthogonal projection matrix. P projects each
vector in 3-space (orthogonally) onto the plane II. [

The language used above for matrices has its natural counterpart for linear
transformations. A linear transformation T is called a projection (or projec-
tion operator) if T2 = T and is an orthogonal projection if its range and null
space are orthogonal to each other. With this agreement, if P is a projection
(orthogonal projection) matrix then the corresponding linear transformation of
multiplication by P is a projection (orthogonal projection) operator.

6.6 Suggested Problems

1. Give a geometric description of the linear transformation that is multipli-
cation by the given matrix.

10 [ —1 0
(2) A:_o 1 (b) A:_o —1]
(1 0 0 o 1
(@ A=[0 -1 0| (@ A=|] 0}
0 0 1 i
[0 1 0] i
© A=|10 0 f) A= (1"01]
(0 0 1| i
(10 0] (2 0 0
@ A=]0 2 0 h) A=|0 1/2 0
0 0 3 | 0 0 -1
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2. Each transformation 7" below is linear. Find the matrix of T with respect
to the standard bases. In each case determine whether the matrix is a
projection matrix.

(a) For each v in R? T (v) is the reflection of v across the line y = z.

For each v in R?, T' (v

For each v in R?, T' (v
T (
T(

) is the reflection of v across the line y = —z.
)
(d) For each v in R,
)
)

is the reflection of v across the y-axis.

v) is the reflection of v across the line y = 2z.

— — ~— ~— ~—

For each v in R?, T (v

For each v in R?, T (v) obtained by projecting v onto the zy-plane
and then reflecting the projected vector across the plane y = z.

is the reflection of v in the origin.

~—

(g) For each v in R%, T'(v) is the vector obtained by a counterclockwise
rotation of v by 7/4 radians.

(h) For each v in R%, T (v) is the vector obtained by a counterclockwise
rotation of v by 6 radians.

(i) For each v in R?, T'(v) is the vector obtained by a clockwise rotation
of v by 6 radians.

(j) For each v in R®, T'(v) is the vector with the same length as v
and whose projection onto the xy-plane is obtained by rotating the
projection of v onto the zy-plane counterclockwise by /6 radians.
There are two distinct linear transformations with these properties.
Find the matrix of each one.

(k) For each v in R3, T'(v) is the projection of v onto the zy-plane in
R3.

(1) For each v in R3, T'(v) is the projection of v onto the xy-plane in
R2.

3. Solve Example 6 by making use of the dot product to find the projection of
one vector along another. Hint. What is the vector e; minus its projection
on the line L of reflection?

4. Solve Example 6 by first finding a formula for 7' (v) in terms of v =
(v1,v9). Hint. Reason along the lines of Example 6 or the foregoing
problem but with e; replaced by v.

5. It was assumed in Example 5 that a counterclockwise rotation by 60 de-
grees in the zy-plane is a linear transformation. Confirm this with a
geometric argument. Hint. Use the parallelogram (triangle) law of vector
addition.

6. A linear transformation 7 : R? — R? has matrix

1 -3 1
A= 2 -8 8
-6 3 15

Find a vector v in R? that satisfies T (v) = [4,—2,9]" .
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.

10.

11.

12.

A linear transformation 7" : R3 — R® has matrix

2 -1 1
A= 3 2 -4
—6 3 =3

Find a vector v in R that satisfies T (v) = [1,4,2]" .

. The transformation T : R? — R3 that reflects each vector across the plane

x4+ y+ 2z = 0is a linear transformation. Find the matrix A such that
T = T4. Then find a convenient formula for T'v for any v = (x, v, z) in R3.
Hint. Review the reasoning needed for reflection across a line in Example
6 or in Problems 3 and 4.

. Solve Problem 8 for reflection across the plane 2z — 3y +42z = 0. Hint. See

the hint for Problem 8.

A linear transformation T : R? — R? is defined as follows. For any vector
v in R? define w = T'v to be the vector whose tip is obtained from the
tip of v by displacing the tip of v parallel to the vector (—1,1) until the
displaced tip lies on the y-axis.

(a) Find the matrix P of T.
(b) Show that P is a projection matrix.

(¢c) What space does P project onto? Is P an orthogonal projection?

A linear transformation T : R? — R? is defined as follows. For any vector
v in R? define w = T'v to be the vector whose tip is obtained from the
tip of v by displacing the tip of v parallel to the vector (—1,1) until the
displaced tip lies on the line L with equation y = 2z.

(a) Find the matrix P of T. Hint. Reason along the lines of Example 6
or Problem 3 or 4.

(b) Show that P is a projection matrix.

(c) What space does P project onto? Is P an orthogonal projection?

Let P be any projection matrix. Assume P is n X n and let v be any
n-vector. Let Tp be the corresponding linear transformation of multipli-
cation by P and let R and N be, respectively, the range and null space of
T.

(a) Show that 0 is the only vector in RN N.

(b) Show that v =r + n with r in R and n in N is true if and only if
r=Pvandn=(I-P)v.
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13. (Reflection via Projection) Find the matrix of the linear transformation
in Example 6 using projections by means for the following steps. Let L
be the line with equation y = 3z shown in the figure accompanying the
example. Let a be the unit vector in L whose tail is at the origin and
whose tip is in the first quadrant.

(a) Find the components of a.

(b) Explain why Tv = v + 2 (proj, v — v) = 2proj, v — v.

(¢) Use (b) to conclude that T is multiplication by the matrix @ =
2P, —1I, where P, is the projection matrix on the line L as in Example
8.

(d) Show that Q? = I, equivalently, T? = I.

(e) Now explain in geometric language, without any calculation, why the
result in (d) is obvious.

14. Show that the matrix P = P, + P, in Example 9 is a projection matrix as
follows: (Recall that P, and P, are projection matrices as in Example 8.)

(a) Show that P? = P2 + P, P, + PP, + P2.
(b) Show P,P, = 0 and P,P, = 0. Hint. For a unit column vector u

recall that P, = uu”.



Lesson 7

Eigenvalue Problems

7.1 Goals

e Know the definitions of eigenvalue, eigenvector, characteristic equation

e Be able to find eigenvalues and eigenvectors for particular matrices, usually
2x2o0r3x3

e Learn the general properties of eigenvalues and eigenvectors given in The-
orems 1 — 4

e Know the properties of the eigenvalues and eigenvectors of a symmetric
matrix

7.2 Overview

Let A be an n x n matrix of constants (which may be real or complex num-
bers). A problem of central importance in several areas of mathematics and its
applications is to find all nonzero vectors v such that

Av = v (7.1)

where A is a scalar. This equation always has the trivial solution v = 0, whatever
A may be. We call A an eigenvalue of the matrix A if there is a nonzero
vector v, called an eigenvector corresponding to A, which satisfies (7.1). The
problem of finding all the eigenvalues and eigenvectors of a given matrix A
is called an eigenvalue problem. Depending on the context, eigenvectors
may determine steady-state population proportions among several competing
species, or may determine the principal axes of rotation of a rigid body, or
may determine the normal (natural) modes of oscillation of a mechanical or
electrical network, just to list a few areas where eigenvalue problems arise.
Corresponding eigenvalues give related information. For example, in oscillation
problems, eigenvalues determine natural frequencies of oscillation.

87
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7.3 Basic Properties

Evidently, the eigenvalues and eigenvectors of a matrix A satisfy a rather spe-
cialized equation. Here is a geometric interpretation of the eigenvalue problem.
Think of A as a linear transformation on 2- or 3-dimensional space that takes in-
put vectors x and transforms them into output vectors Ax. Typically, a nonzero
input vector x and its corresponding output Ax will point in different directions
in space. Is it possible that for some special nonzero input vector v the output
vector Av will point in the same or opposite direction in space as v? If this
happens, Av must be a scalar multiple of v. That is, there must be a scalar
A such that Av =Av, which is just the eigenvalue-eigenvector equation above.
In other words, the eigenvectors of a matrix A are either the nonzero vectors
(directions in space) that the matrix leave invariant (input and output have the
same direction) or the vectors (directions in space) that the matrix reverses.
This same interpretation is made in higher dimensional spaces.

To better understand the eigenvalue problem for matrices, we shall work
primarily with 2 x 2 and 3 x 3 matrices. The principal properties of the gen-
eral eigenvalue problem can be illustrated in this setting and the calculations
involved are much easier. In the 2 x 2 and 3 x 3 cases, we shall write

U1
U1

Vv = or v=| v
%]

U3

respectively. It is important to recognize that (7.1) can be expressed as a ho-
mogeneous system of linear equations.

1
3 4
homogeneous system of linear equations.

Example 1 If A = [ ] , express the eigenvalue problem Av =Av as a

Solution. With the notation just introduced, Av =Av can be expressed as
1 2 U1 - ) U1 ’
3 4 Vg p)
v1 + 209 - Avy
3v1 + 4vg o Avg |
Equate components in this vector equation to obtain

v1 4 209 = Ay o (1—)\)1}1+2U2:O
3v1 + 4vg = Avg 3U1—|—(4—>\)U2:O ’

a homogeneous linear system for the components of v. You also can express the
homogeneous system in matrix form:

e le] o
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In general, the equation Av =\v can be expressed as

Av-Aiv = 0,
Av-Alv = 0 since [v = v,
(A-\I)v = 0, (7.2)

which is a linear homogeneous equation for v. Notice that the matrix A—AI can
be obtained from A by subtracting A from each of its main diagonal elements.
As illustrated in the foregoing example, the vector equation (7.2) represents
a system of linear homogeneous equations for the components of the vector
v. By Theorem 3 in Lesson 3, (7.2) has a nontrivial solution v if and only if
det(A — AI) = 0. The equation

det(A — AI) =0 (7.3)

is called the characteristic equation of the matrix A, and we have established
the following result.

Theorem 1 The eigenvalues A of a square matriz A are the roots of its char-
acteristic equation, det(A — A\I) = 0.

In most cases an eigenvalue problem is solved by first solving (7.3) to find
its eigenvalues, A; then we find the corresponding eigenvectors. The following
examples show what can happen when A is a 2 X 2 matrix.

Example 2 Find the eigenvalues and eigenvectors for the matrix
11
-1

Solution. The characteristic equation of A is

1-x 1
det(A — A1) :’ . 1)\’:(1—)\)2—4:0,
(1= = 4,
A o= —1,3.

Thus, A has eigenvalues A = —1 and A = 3. For these two values of A (and only
for these two values) the homogeneous system (A — AI)v = 0 has nontrivial

solutions
_ | W
v = [ vy } . (7.4)
Written out in detail the system (7.2) for v is

(1-=XNvi+v2=0
{4U1+(11)\)’Uz—0 ’ (7.5)
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The next step is to find the nontrivial solutions to this homogeneous system
when A = —1 and when A = 3.
When A = —1 the system (7.5) is

201 +v9 =0
4v1 +2v5 =0

This pair of equations imposes the single requirement 2v; + vy = 0. Thus, (7.4)
will satisfy the system (A — (—1)I)v = 0 provided vy = —2uv :

SN |

Consequently, the eigenvectors of A belonging to the eigenvalue A = —1 are the
nonzero multiples of the vector
v — 1

When A = 3 the system (7.5) becomes

—2v1 +v3=0
41}1 — 21}2 =0

and this pair of equations imposes the single requirement —2v; + vy = 0. Thus,
(7.4) will satisfy (A — 3I)v =0 when vy = 20y :

(3] -o]

So, the eigenvectors of A belonging to the eigenvalue A = 3 are the nonzero
multiples of the vector
Vo = |: 1 :| .
2

In summary, the matrix A has eigenvalues Ay = —1 and Ay = 3 and correspond-
ing eigenvectors

vlz[_;] and V2:|:;:|. ]

You may have noticed in the summary that we did not mention that all
nonzero multiples of v; and v, are also eigenvectors corresponding to A\ = —1
and g = 3, respectively. The fact that nonzero multiples of a given eigenvector
are again eigenvectors is automatic (Problem 13) and therefore often suppressed
because no really new information is gained. Another interesting feature of
Example 2 is that the eigenvectors v; and vy are linearly independent. This
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follows at once from the meaning of linear independence, or it can also be
checked using Theorem 1 in Lesson 5 because

11
11 ]mas0
This special case reflects the following general fact.

Theorem 2 FEigenvectors of a matriz belonging to distinct eigenvalues are lin-
early independent.

We prove this result in the case of two eigenvectors. The general case is
argued along similar lines. Assume that

Av=2Av and Aw =puw
where v # 0 and w # 0 are eigenvectors of the matrix A. Consider the relation
av+fw=0

where « and § are constants. Apply A to both sides of this equality and use
the linearity of A to get
alv + fuw = 0.

Now, multiply the first equation by A and subtract the second equation from
the result to find

BA = p)w =0.

Since A — 1 # 0 and w # 0, we conclude that § = 0. Then av = 0 and we find
that a = 0. Thus, v and w are linearly independent.

Example 3 Solve the eigenvalue problem for the matriz
1 -1
A= [ Lol } |
Solution. First,

1—-A -1

det(A—)\I):‘ s

':—3+2>\+)\2+5

and the characteristic equation of 4, A 42X 4+ 2 = 0, has roots
A=—1414,—-1—1,

which are the eigenvalues of the matrix A. Here i = v/—1. To find the eigenvec-
tors (7.4) we must solve (A — AI)v =0 or

(1—-Xvi—v2=0
{ 5v1+(73i>\)vz:O : (7.6)
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When A = —1 4+ ¢ the system (7.6) is

(2—i)v1—v2 =0
S5v1 + (=2 —i)ve =0

Multiplication (check it) of the second equation by (2 —4)/5 reduces it to the
first equation, so the pair of equations above reduces to the single requirement

(2 — i)’Ul — V2 = 0,
Vo = (2 — i)vl,
and we deduce that the eigenvectors corresponding to A = —1 +14 have the form
S— (%] _ U1 —v 1
Tl || @@= | M| 2—d |
Thus, the eigenvectors of A corresponding to A\; = —1 + ¢ are the nonzero
multiples of
v — 1
=l 2—4 |-
An entirely similar calculation shows that Ao = —1—3 has for its eigenvectors
the nonzero multiples of
v — 1
2T 2+ |7

Of course, the eigenvectors v1 and ve are linearly independent by Theorem
2. This independence also can be deduced from the determinant test

1 1

'2—¢2+i =2%#0. O

Observe that the eigenvectors vi and vy are complex conjugate vectors; that

S AR R R

It is an elementary property of complex numbers that ¢ = ¢ when c is real and
that Ticz = €1¢2; moreover, it is routine to check that these properties carry
over to the product Av of a matrix and a vector. Then for any real matrix A
the calculation

is

Av=)v, Av=J)\v, AVv=)\v, AVv=)\¢
establishes the following useful fact.

Theorem 3 Let A be a real matriz. If A is an eigenvalue of A with eigenvector
v, then X is an eigenvalue of A with corresponding eigenvector v.
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Given this theorem, once we have found
AM=-14+4¢ and v; =
in Example 3, we get the eigenvalue-eigenvector pair

A=—-1—7 and wvo=

| 2+

free of charge by taking complex conjugates!

In both Examples 2 and 3, the 2 x 2 matrix A had two, linearly independent
eigenvectors. In general, an n x n matrix A has simple structure (is diago-
nalizable) if it has n linearly independent eigenvectors. A notable consequence
of Theorem 2 follows.

Theorem 4 Let A be an n X n matriz. Then A has simple structure (is diag-
onalizable) if it has n distinct eigenvalues.

Most applications in which eigenvalue problems play a role are easiest to deal
with in the case that A has simple structure. Unfortunately, not every matrix
has simple structure. Here is an example.

Example 4 Solve the eigenvalue problem for the matrizx

it

Solution. The characteristic equation of A is

1-x -1

det(A—)\I):‘ 1 3

’:)\2—4)\+4=()\—2)2:0.

So A has an eigenvalue of multiplicity two and we write Ay = Ao = 2. To find
corresponding eigenvectors (7.4), we must solve (A — 2I)v =0 or

—UV1 — V2 = O
v +v2 =0
Evidently, this pair of equations reduces to the single requirement that vo = —wvy,
and we conclude that the eigenvectors of A corresponding to Ay = Ay = 2 are

_ 1
M
and all its nonzero multiples. [

Based on Examples 2 and 3, the matrix A in Example 4 seems to be “short”
one eigenvector. The plain fact is (as Example 4 shows) that there is no second
eigenvector that is independent of v. This deficiency (shortage) of eigenvectors
presents practical difficulties in applications, but that is a story for another day
and a course in linear algebra.



94 LESSON 7. EIGENVALUE PROBLEMS

7.4 Symmetric Matrices

There is an important class of matrices, the symmetric matrices, that come
up often in applications and which are never “short” any eigenvectors. A real,
square matrix is symmetric if A = AT equivalently, a matrix is symmetric if
its entries in corresponding positions across the main diagonal are equal. For
example,

1 2 3
[3?] and 2 4 5
3 5 6

are 2 X 2 and 3 x 3 symmetric matrices.
Here is a deceptively important property of a symmetric matrix:

Ax -y =x- Ay for A a symmetric matrix

and any column vectors x and y. To establish this property for the case of
vectors in R”, recall that v - w = vZ'w and, hence,

Ax -y = (AX)T y = (XTAT) y= (XTA) y =x! (Ay) =x- Ay.
Virtually the same reasoning applies with the complex dot product.
Example 5 Solve the eigenvalue problem for the symmetric matriz

3 2 4
A=1]2 0 2
4 2 3

Solution. Here

3-x 2 4
A— = 2 —A 2
4 2 3-)
and
det (A—X) = (B=MN{-AB-XN—4}-2{2(3—)) -8} +4{4+4)\}
= B-ANN=-32—4)+4(A+1)+16(\+1)
= B-ANA+D)A=4)+4A+1)+16(A+1)
= A+ (NHA+H8) =—(A+1)2 (A —8).

The characteristic equation for A,
A+1)*(A—8)=0,

has roots
)\12)\2:—1 and )\3:8,
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where the double root is listed to its multiplicity. The eigenvectors

U1
vV = U2
U3

satisfy the equation (A — M) v = 0, which can be expressed as

3—A 2 4 V1 0
2 =X 2 v | =10
4 2 3—A V3 0

or as
(3—/\)U1+2U2+47}3 =0
201 — Avg +2v3 =0 . (77)
4U1+2’02+(3*>\)’U3 =0

Case 1. Ay = Ay = —1. Then (7.7) is
4vy + 2v9 +4v3 =0

2’[)1 +02+2’l)3:0
4vy + 2v9 +4v3 =0

Since the first and third equation are just twice the second equation, the 3 x 3
system imposes the single requirement

201 + v +2v3 =0 (78)
among the components of v. One way to get all solutions to (7.8) is to assign
any values to v; and vz and then solve for v9 = —2v; — 2v3. Thus,

U1 U1 U1 0
v = vy | = —2v1 —2v3 | = | —2v1 | + | —2v3
v3 v3 0 U3
1 0
v = v | =2 | +uv3| -2 for any vy, vs.
0 1
Geometrically speaking, the eigenvectors corresponding to the double eigenvalue
A1 = Ao = —1 are the nonzero vectors in the plane spanned by the two vectors
1 0
-2 and -2
0 1

which are themselves eigenvectors. For most applications it is convenient to
single out two eigenvectors in this plane that are orthogonal. This is easy to do.
For example, pick

1 (%1
vi=| —2 and vy = | —2v; — 2v3
0 U3
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where v; and v3 are chosen to make

V1'V2:Ul+4’l}1+4’03:5’l}1+4’l}3:0.

Convenient choices for v; and vs are vy = 4, v3 = —5. Then
1 4
vi=| —2 and vy = 2
0 -5
are orthogonal eigenvectors belonging to the double eigenvalue \;y = Ay = —1.

Case 2. A3 = 8. Then (7.7) is

—5v1 + 2v9 +4v3 =0
2v1 — 8ua +2v3 =0
4vq + 2v9 — vz =0

We solve by elimination. Divide the second equation by 2 and write it first to
obtain the augmented matrix

Now, eliminate v; from the second and third equations to obtain

1 -4 110
0 -18 910
0 18 -9 10

The system reduces to

'(}1747]2+U3:O
2’1}2—’03:0

Thus,
V3 = 2’[)27 V1 = 47)2 — V3 = 2’[}2

for any choice of vy and, hence,

V1 209 2
v=| vy | = Vo =wvy | 1
V3 2v9 2

The eigenvectors corresponding to A3 = 8 are

—

V3 =

and its nonzero multiples. [J
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The solution to Example 5 illustrates some important properties shared by
all 3 x 3 symmetric matrices: First, notice that all the eigenvalues are real. Also,
despite the fact that the characteristic equation has a multiple root (compare
with the deficient situation in Example 4), the 3 x 3 symmetric matrix still has
3 linearly independent eigenvectors, namely,

1 4 2
vi=| =2 |, vo= 2|, and vg=|1
0 -5 2

(Check the linearly independence using the determinant test.) Even more is
true. Observe that

vi-veg=0, vi-v3=0, and vy-v3=0.

That is, vi, vo, and v3 are pairwise orthogonal vectors. We arranged the orthog-
onality of vi and vy but the orthogonality of vs to both of v; and vy appears
to have come free of charge. The general properties just highlighted hold for
symmetric matrices of any size:

Theorem 5 Let A be an n x n symmetric matriz. All the eigenvalues of A
are real and there are always n linearly independent eigenvectors which can be
chosen to be pairwise orthogonal.

By Theorem 5 any symmetric matrix has simple structure (is diagonalizable).

One final comment is in order about Example 5 and its eigenvectors v; and
vy that belong to the same eigenvalue (A = Ao = —1). You already know that
a nonzero multiple of any eigenvector is again an eigenvector. Since v; and vy
are linearly independent eigenvectors belonging to the same eigenvalue, even
more is true: Any nontrivial linear combination of the eigenvectors vi and v is
again an eigenvector belonging to the same eigenvalue. In fact, it is always true
that a montrivial linear combination of linearly independent eigenvectors that
belong to the same eigenvalue is again an eigenvector belonging that eigenvalue.
(See Problem 15.) When results about eigenvalue problems are recorded it is
assume that you know this fact.

Symmetric Matrices and Orthogonal Projections

There is a more geometric way of thinking about the content of Theorem
5 which can be illustrated in the context of Example 5. The orthogonal eigen-
vectors vi = (1,—2,0) and vy = (4,2, —5) span a plane II that contains all the
eigenvectors corresponding to the eigenvalues A\; = Ay = —1. The eigenvector
vy = (2,1,2) spans a line L that is orthogonal to the plane II and contains
all the eigenvectors corresponding to the eigenvalues A3 = 8. Since the vectors
v1, Vo and v are mutually orthogonal, they are linearly independent and span
3-space (just like i, j and k). Consequently, any vector v in R? can be uniquely
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expressed as v = ¢1vy + cava + ¢3v3. Now T (v) = ¢1vy + cava defines a lin-
ear transformation that projects each vector in R?® orthogonally onto IT and
U (v) = c3vs defines a linear transformation that projects each vector in R3
orthogonally onto L, as illustrated in the following figure.

/ |

The transformations 7" and U

The matrix P; of T and P3 of U are both orthogonal projection matrices with
the properties

V=c1V1+ Ve +c3vy = Piv=c1vy + vy, P3v =c3vy
v=Pv+Pyv, Pvlesinll, Psvliesin L

for each vector v in R3. Moreover,

Av = A(e1vy + cava + c3v3)
= —(C1V] —CVa + 8C3V3 = —P1V + 8P3V
= >\1P1V + )\3P3V = ()\1P1 + /\3P3) V.
Hence,
A=XMP, 4+ \3P;.

That is, A can be decomposed into a weighted sum of orthogonal projection
matrices (with weights the distinct eigenvalues of the matrix). Moreover the
fact that Pv lies in II, and P3v lies in L implies that P, P3 = P3P, = 0.

The same type decomposition is true for a general symmetric matrix A. If
A has distinct eigenvalues A1, Ag, ..., Ay, and if

Er ={v:Av =X v}

is the so-called eigenspace of the eigenvalue Ay, then there are orthogonal
projection matrices Py, P, ..., P, such that

I'=P + P+ + Py,
PP, =0 for j # k,
A= P+ P+ 4+ X\, P
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Thus every symmetric matrix is a weighted sum of orthogonal projection ma-
trices.

A Note on Factoring Polynomials

Factoring cubic or higher order polynomials in normally challenging. Here
is a hint, a special case of the rational roots theorem, that often is useful: The
only possibilities for integer roots of the polynomial

AN 4y A N a A+ ag

all of whose coefficients are integers are among the divisors of ag. See Problem
22.

7.5 Suggested Problems

In Problems 1-12 solve the eigenvalue problem for the given matrix. If the
matrix is symmetric find a set of pairwise orthogonal eigenvectors. Check your
answers.

(5 —1] 1 1]

1. 5 1] 2. [13_
(1 —4] 3 —4]

3. 4 7] 4. [1_1_
(3 —2] 2 5

e |4 -1 | 6. [—1 ~2 |
1 -1 4] 0 -1 4

7. 3 2 -1 8. 3 1 -1
2 1 -1 | 2 1 -2
1 0 0] [ 1 0 0]

9 2 1 =2 10. -4 1 0
3.2 1 | 3 6 2

4 2 47 (2 2 4]

11. 2 1 2 12. 2 -1 2
4 2 4 4 2 2

13.  Show that any nonzero multiple of an eigenvector is again an eigenvector.
That is, if Av = Av and v # 0, then w = c¢v for ¢ # 0 is an eigenvector
of A.

14.  Consider the equation Av = Av.

(a) For any value of A, explain briefly why the equation Av = Av always
has the trivial solution v = 0.
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15.

16.

17.

18.

19.
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(b) Part of the definition of an eigenvalue is that there is a nonzero vector
v such that Av = Av. Students usually remember the equation
Av = Av but often forget that v # 0 is important. Use (a) to
explain why the condition v # 0 is important in the definition of an
eigenvalue.

Let v and w be linearly independent eigenvectors that correspond to the
same eigenvalue A. Show that cv+dw is also an eigenvector corresponding
to the eigenvalue A, provided that the constants ¢ and d are not both zero.
Interpret this result geometrically.

In Problem 15 take vi = v and vo = ¢v+w. Show how to choose ¢ so that
v and vo are orthogonal. Consequently, any pair of linearly independent
eigenvectors belonging to the same eigenvalue can be replace by a pair of
orthogonal eigenvectors belonging to the given eigenvalue.

Let A be a symmetric matrix so that Ax-y = x-Ay where - is the complex
dot product.

(a) Show that any eigenvalue A of A must be real. Hint. If Av = Av
with v # 0 apply the dot product relation with x =y = v.

(b) Show that eigenvectors belonging to distinct eigenvalues are orthog-
onal. Hint. If Av = Av with v # 0, Aw = puw with w # 0, and
A # u apply the dot product relation with x = v and with y = w.

Problems 15-17 show that the hard part of Theorem 5 is proving
that there always is a full set of n linearly independent eigenvectors
for an n x n symmetric matrix.

(On Diagonalizability) The 2 x 2 matrix A in Example 2 has simple struc-
ture. To get a hint about why the terminology diagonalizable is used in
this context let

11 MO -1 0
potv=[ ] =[50 ][0 8]
Verify that
AP =PD  equivalently P 'AP=D

a diagonal matrix. (The essential content of this result is that the linear
transformation associated with the matrix A is a simple diagonal matrix
when the underlying coordinate system is determined by the eigenvectors
of the matrix.)

(Formulas for the Characteristic Equation when n = 2 and n = 3) For
any n X n matrix A the trace of A, denoted Tr (A), is the sum of its main
diagonal entries.
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(a) Show that a 2 x 2 matrix A has characteristic equation
A2 — Tr(A) A +det (4) =0

(b) For a 3 x 3 matrix A whose element in row ¢ and column j is a;;
define

ailr a2
a1 Aa22

ail  ais
aszi ass

az2 a23

E(A): agz2 ass

+

How can you obtain E (A) from the 3 x 3 matrix A by a crossing
out of rows and columns procedure? Show that A has characteristic
equation

N+ Tr (AN —E(A)A+det (A) =0

20. Why is & = {v: Av = \;v} called an eigenspace of the eigenvalue A\;?

21. Let v = c1vy + cava + c3vs, T (V) = ¢1vy + ¢cave and U (v) = c3vs be
as in the discussion of Example 5 related to symmetric matrices. Find
the matrix P; of T' and the matrix P; of U relative to the standard bases
and verify that they satisfy I = P + P3, A = A\ P; + A3P3, and that
PPy = 0. Hint. First show that ¢; = (v -vy) /|v1|* and similarly for the
other coefficients.

22.  Let A be the matrix in Example 5.

(a) Expand det (A — AI), without attempting to factor it, to express the
characteristic equation of A as A> — 6% — 15\ — 8 = 0.

(b) What are the only possibilities for integer roots of this equation? Are
any of the possibilities actually roots?

(¢) The factor theorem of algebra say that if A = r is a root of a polyno-
mial in A, then A\ —r is a factor of the polynomial. Use this fact and
(b) to factor the characteristic equation for A.
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Lesson 8

Catch Up and Review

This is a self-study lesson. Now is the time to go back and clear up any
points of confusion in Lessons 1-7. Get help if you need it. Ask your instructor,
your GTA, and your fellow classmates. Don’t forget the MLC! Review the goals
given in Lessons 1-7. Have you achieved all of them? Have you solved all the
assigned problems? If not, finish the unsolved problems from earlier lessons
before you start on the additional problems below. Also, be sure that you really
understand how you solved each problem. Could you clearly explain how to
solve the problem to a confused classmate? Good luck with your review. A
little extra effort here will really payoff.

Review Problems

1. Review all previously assigned problems on homeworks, quizzes, and tests!

2. Do the following:

9

(a) Find the real and imaginary parts of the complex number z = T l
i

(b) Describe the set of points in the complex plane satisfying the inequal-

ity |z +1] < 1.
z+1

(¢) Find the domain of the function f(z) = Re(z) + Im(2)"

3. Find the eigenvalues and eigenvectors of the matrices.

(a)
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(b)

. Are the vectors u = (1,2,-2), v = (3,1,0), w = (2,—1,1) linearly

independent?

. Solve the system of equations

204+ 3y = —6
—rx+2y = 1

by the Gaussian (systematic) elimination using an augmented matrix.

Use an augmented matrix and systematic elimination of unknowns to find
the general solution of the system

T, — 209 —x3+ 34 = 0
—2x1 + 4z + dr3 — dxry = 3
3x1 — 629 — 63+ 8x4 = -3

Let A be the 2 x 2 matrix

7 6
=[5 )
(a) Find the eigenvalues of A.

(b) Find all eigenvectors of A.
(c) Is the matrix A diagonalizable? Why or why not?

Let A be the 3 x 3 matrix

2 =5 1
A= -6 0 10
3 10 h

where h is a real number.

(a) Find det A.

(b) For what values of h is the matrix invertible?

Suppose the matrices C' and D have inverses given by
1 _ | 7T 6 4| -1 6
C™ = { 6 —9 and D™ = 9 _9 |-

(a) Find C.
(b) Find (DC)™*



10.

11.

12.

13.

14.

15.

16.

17.
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(¢c) Find (CD) ™"

Let F be the vector space of all functions from R to R. Let T : F — R? be
the mapping
f(=1)

T(f)=1| £(0)
f()

Is T a linear transformation? Justify your answer.

Let A be an n x n matrix and suppose that there is an n x n matrix C so
that C'A = I, where [ is the identity matrix.

(a) Show that the matrix equation Ax = 0 has only the trivial solution.

(b) Next explain why the result of part (a) implies that A can be reduced
to the identity matrix I by a repeated application of row operations.

(c¢) Finally use the result of part (b) to show that A is an invertible

matrix.

Find the standard matrix of the linear transformation 7" : R? — R? that
first performs a vertical shear mapping e; to e; — 3e; and leaving es
unchanged and then reflects the result about the xs-axis.

Let T : RZ2 — R2 be a linear transformation such that

1 0
Tu=| -1 | and Tv = 2 | .FindT(2u-—v).
3 -3

Give a geometric description of the linear transformation associated with
the matrix

0 1
A=1]11 0
2 1
Let T4 and T be the linear transformations with the standard matrices

0 3
a=[93 man—2
5 1

Find the matrix associated with the composition T4 o T (in which Ty
acts first and T4 acts second on any input vector).

Let A be the 1 x 3 matrix [2 3 — 1]. Compute the products AAT and
AT A.

Let A be an invertible n x n matrix. Prove that the linear transformation
T4 associated with A must be one-to-one and onto.
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18.

19.

20.

21.

22.
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Find the inverse of the matrix

(3]

by row reducing the augmented matrix [A|I], where I is the identity ma-
trix.

Determine whether the functions fo (z) = 1, f1 () = €%, and f5 (x) = 3*
are linearly independent or dependent.

Determine whether the vectors
V] = <1, 1,2> , Vo = <2, —]., ].> , V3 = <—4:,57 1>

are linearly independent or dependent. If they are dependent, exhibit a
non-trivial relation amongst the three vectors.

Let A be a symmetric matrix.

(a) Show that the eigenvalues of A must be real.

(b) Show that the eigenvectors corresponding to distinct eigenvalues must
the orthogonal to each other. (Hint. Consider the expression (Av) -¥,
where the bar stands for complex conjugation.)

(¢) Let v be an eigenvector of A and let w be perpendicular to v. Show
that Aw is also perpendicular to v.

Evaluate the determinant
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Lesson 9

Taylor Polynomial
Approximation

9.1 Goals

e Describe and understand the general qualitative properties of Taylor poly-
nomial approximations

e Find Taylor polynomials and use them in approximate calculations

e Use the error estimate for Taylor polynomial approximation to approxi-
mate a given function on a given interval to within a prescribed error

9.2 Overview and a Glance Ahead

Lesson 9 sets the stage for our study of infinite series. The primary emphasis
will be on power series and related polynomial approximations, called Taylor
polynomials.

The group project on special limits in Appendix A.1 is usually covered in
your recitation section as Lessons 9 and 10 are covered in lecture. In the project
you develop some numerical and graphical evidence in support of some special
limits of sequences that you will be using from now on.

In everyday language, an infinite series is a sum with an infinite number of
terms. Infinite series arose early in the development of calculus. Solutions to
a great many mathematical and physical problems are represented as sums of
infinite series. For example, the shape of a vibrating string can be expressed as
an infinite series involving sines and cosines. Such series are called Fourier series.
In the final analysis, all numerical calculations reduce to additions, subtractions,
multiplications, and divisions. In particular, this is true for the evaluation of
complicated functions like f(z) = sinz, cosz, €*, Inz, and /z. (If you do
not regard these functions as complicated, turn off your calculator and try to

109
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evaluate any one of these functions to two decimals when x = 7.) To evaluate
these and other functions, we approximate f(z) by a function p(z) which can
be evaluated by a finite number of the four basic algebraic operations. The
simplest and most widely used approximations p(z) are polynomials. Then

p(x) = ap + arx + agx® + - - - 4 apx™.

For many complicated functions, there are polynomial approximations of higher
and higher degree that approximate the given function with increasing accuracy.
This suggests that perhaps a polynomial-like expression with infinitely many
terms

ao + ax + ax® + -+ apx” + -

might exactly equal a function such as f(z) = sinz, cosz, e*, Inz, and /z. The
expression above is called a power series and the possibility of expressing com-
plicated functions by power series and using those expansions to approximate
the functions to any desired degree of precision is the central theme of the next
several lessons.

In Lesson 11 we shall confirm the following power series expansions:

N e m 1'2 1'3 1'4 "
et = Zﬁ:1+x+i+§+1+'”+ﬁ+”"
n=0
. s (=)t x> 2 2T
e o= Y oo TCTwmtwmomt T
B el (_1>’ﬂx2n_ $2 $4 $6
cosx = 7;) )] _1_E+E_E+_

To be sure, it is not obvious that e”, sinz, and cosx are equal to the given
infinite series. Nevertheless, the Taylor polynomial approximations you will
study in this lesson will enable you to find such power series expansions with
relative ease.

Our focus will be on power series but much of what we shall learn can be
applied to other useful series, like the Fourier series mentioned earlier.

9.3 Taylor Polynomials

There are several strategies for approximating a given function f (z) by poly-
nomials. One approach, that leads to Taylor polynomial approximations, is to
choose polynomials that match f (x) and more and more of its derivatives at
a particular point, say the point x = a, called the base point. Typically the
Taylor polynomials approximate the function rather well near x = a and the
accuracy increases as the number of derivatives matched goes up. We shall deal
mainly with the case a = 0. Thus, for the time being, the Taylor polynomials
match the function and its successive derivatives at the base point 0.
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Let f (x) be a function defined on an open interval containing 0 and with
as many derivatives as we need. We want to determine a polynomial P (x)
that matches f (z) and several of its derivatives at « = 0. How do we find
such a polynomial? The key is to notice a fundamental relationship between
the coefficients of a polynomial in x and its derivatives at 0. The case of a
polynomial of degree 4 will make the pattern clear:

P (z) = ao + a17 + agx? + azx® + agx?, P (0) = ao,

P’ (x) = a1 + 2a27 + 3azx? + dasx3, P’ (0) = aq,
P" (x) = 2a3 + 3 - 2a3z + 4 - 3asz?, P (0) = 2aq,
P"(z)=3-2a3+4-3 24z, P (0) =3 - 2as,
PW () =4-32ay, P@ (0)=4-3-2ay4.
Therefore,
p (0) p (0) P(4) (0)
_ _ p! _ _ _
CL()—P(O), ap =P (0), ag = 5 asz = 31 aq = 41 :
Since 0! =1, 1! =1, and 2! = 2,
P®) (0
ap = © k=0,1,2,3,4.
k!
It follows that
P" (0 P (0 PW (0
P(z)=P(0)+ P (0)z + 2< )x2+ 3|( )x?’—i— 4|< ):c4.

Thus, any polynomial of degree 4 is uniquely determined by P (0) and its first
four derivatives at 0.

Example 1 Find the polynomial of degree 4 with
P(0)=6, P'(0)=-4, P"(0)=12, P"(0)=30, PYW(0)="72.
Solution. The polynomial is

p p" P#)
P0)+ P (0)z + 2(0) z? + 3|(0) 2+ 4'(0) 2
12 2
6—4x+7x2+%m3+%x4 =6—4z + 62 +52° + 3z*. O

P(z)

The reasoning used for the case with degree n = 4 extends to any degree
and yields
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The coefficients ag, a1, ..., a, of any polynomial
P(z) = a0+ a17 + agx?® + - - + apa"
of degree n satisfy

P®) (0
ak:% ]{IZO,L...,’R.

Consequently, P () can be expressed as
n P®)(0) .
P@=3, ,— °

=P(0)+P (0)z+

P P
2, , PO
2! n!

Example 2 A ball is thrown vertically upward with speed 96 ft/sec from a roof
top 42 feet above the ground. If the ball is subject only to the force of gravity
(with gravitational acceleration 32 ft/sec?) its position s at time t is a polynomial
of degree 2 in t. Assume t = 0 is the time the ball is thrown, that ground level
is s = 0, and that the s-axis is positive upward. Find s.

Solution. Since s(0) = 42, s’ (0) = 96, and s” (0) = —32 the position at any
time is

1
0
s(t) =s(0)+ s (0t + 2 2( )t2 =42+ 96t — 16t2. O
Remember the basic idea behind Taylor polynomials (about 0): successive
polynomials match more and more derivatives of a given function at x = 0. An
immediate consequence of the foregoing representation of polynomials is:

Assume f () has derivatives up to order n at = = 0.
Then there is a unique polynomial T}, (z) of degree < n that

satisfies
T, (0)=f(0), T,(0)=/(0),. T (0)=f"(0).
It is given by
T, (.’E) = Zk:o k'( )ZCk .
—r @@zt Ty ] nl(e)xn.

The polynomial T, (z) is called the nth Taylor polynomial of f about 0.
Compare the two boxed results to see that an nth degree polynomial is its own
nth Taylor polynomial.

Example 3 Find and graph the Taylor Polynomials (about 0) Ty (z), Ts (),
and Ts () for f(x) =1In(1+ ) and compare the graphs of these functions.
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Solution. Since f' (z) = (1+a) ", f"(x)=—1+a) >, and f” (z) =2(1+z)?,
we have f (0) = ,f’()—lf”()——l,f’”(O):2and

Ti(x) = fO+f(0)z=2
" 0 1
Ty(z) = fO0)+f(0)x +fT()$2=x—§x2
1" " 1 1
T@) = fO+ Ot Q2 Qs Ly L
2 3! 2 3
21 ;.
.':/(/
1 e
\\\
1 05 05 1 15 2
. 19
{,1

-2-

The graph of In (1 4 ) is solid. The graph of T3 (z) is dotted.
The graph of Ty(z) is dashed. The graph of T3 (x) is dot-dashed.

Apparently T (x), T5 (x), and T5 (z) provide rather good approximations to
In(1+ ) for z near zero. The length of the interval about 0 over which the
approximations seem quite good increases as the degree of the Taylor polynomial
increases. Notice however that all three approximations deviate substantially
from In (1 + z) for values of z “far” from 0. O

9.4 FError in Taylor Polynomial Approximation

Since T, (z) matches more and more derivatives of f (z) at = 0, it is reasonable
to expect that T, (x) should approximate f (x) reasonably well near = 0. For
example, the graphs of T5 () and f (z) have the same slope, the same bending
(curvature), and pass through the same point when z = 0. So the graphs should
be much the same near x = 0. To determine how close the graphs are, in other
words how well the Taylor polynomial approximates the function, we introduce
the error (remainder)
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Since T, (x) and f (x) agree together with their first n derivatives at 0, it
should seem reasonable that the error R, () = f () — Ty, (z) should depend
in some way on the amount by which f(+1 (z) differs from T." ™ (z) = 0.
(Why is 7" (2) = 0?) In fact, if £+ () =0, then f (z) is a polynomial of
degree n and is exactly equal to its nth Taylor polynomial; so R,, (z) = 0 in this
case. The following general result was discovered by the French mathematician
Joseph Louis Lagrange:

(nt 1)
R, (z) = f—(c)z"“ for some ¢ between 0 and z.
(n+1)!

A nice feature of this result is that it gives an exact formula for the error of
approximation. However, there is a significant practical drawback. The error
formula says there is some ¢ between 0 and « such that the error formula holds
but it does not give any information about how to determine c. In practice this
determination is impossible. Here is a closely related practical consequence of
Lagrange’s formula:

If you can find a constant B such that
the (n + 1)st derivative of f satisfies | f("*1) (2)| < B
for all x between 0 and b,

then
‘ |7L—|—1

(n+1)!

R, ()| < B for all « between 0 and b.

The point b may be either less than or greater than 0.

Example 4 (a) Find the nth degree Taylor polynomial for f (z) = e about x =
0. (b) What degree Taylor polynomial for € (about 0) is needed to approxzimate
e’ for —1 < x <1 to within an error of 10~ = 0.0001?

Solution. (a) Since f (z) = €%, f'(z) = €%, f”’(z) = €%, ... and in general
@) (z) = e® for all n,

fO)=1, f/(0)=1, f"(0)=1, f(0)=1, ..

and the successive Taylor polynomials of e* are

To(z) = [f(0)=1,

Ti(z) = fO+f0)z=1+z

L — Jon o 470 o 1,

2@) = JO)+f O+ Iga? =1kt o,

Tg(ZC) —_ f(O)—f—fl(O):C—l—f//<0).’172+f///(0)$3:1+$+i3?2+i$3,

2! 3! 2! 3!
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and, in general,

() = z”:f“f;!(mxk:i % o

1 1 1,
= lto+ 27+ 527+ + 2"
: n:

(b) Since f("*1) (z) = e® for all n, |f"FV) (z)| = e < e for all z between 0
and 1 and also for all x between 0 and —1. So we can use B = ¢ = maxe”
for —1 < x < 1 in the boxed error estimate above for any x in the interval
—1 < x < 1. For simplicity, let’s take B = 3 instead. Then the error estimate
gives
|{E‘n+1 1

R, <3 <3

B @l < 30, 01 =3
for all z in [—1,1]. The required accuracy is attained for all z in [—1,1] if n is
chosen so that

—— <10t e 1)! > 30,000.
(n+1)!< (n+1)! > 30,
Since 7! = 5,040 and 8! = 40, 320, we can take n = 7. Then the Taylor polyno-
mial T7 (z) = ZZ:O 2% /k! does the job. [0

9.5 Taylor Polynomials with other Base Points

Up until now, we have approximated functions by their Taylor polynomials
about 0. The story is essentially the same for approximations about any other
base point, say a. So we shall be brief.

Let f () be defined on an open interval containing the point a and assume
that f (z) has at least n derivatives at a. The nth Taylor polynomial of f
about a is the unique polynomial of degree at most n that satisfies

To(a)=f(a), T,(a)=f(a),.. T{(a)=f" (a).
Thus, Ty (z) = f (a) is constant and graphs as a horizontal line through the
point (a, f (a)) and Ty (z) = f(a) + f' (a) (x — a) is the linear (tangent line)
approximation to f at a.
In dealing with a base point a different from 0, it is convenient to represent
polynomials in powers of x — a :

P(x):bo+b1($—a)+b2($—a)2+---+bn(a:—a)"

which is called a polynomial in 2 —a. (By expanding out and collecting terms,
it also could be written as an ordinary polynomial in z.) Reasoning just as we
did when a was 0, we find that

p(k) (a)
k!

b, = for k=0,1,...,n,
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and

" p) (g
P =Y 2@ g,

k!
k=0
It follows that the nth Taylor polynomial of f about a is

n ) (a X
,@=3" T a o

As before, the error R, (z) = f () — T, (z) is given exactly by

_ (e

R, (x) - (n + 1)! i

(x — a) for some ¢ between a and z.

and approximately by:

If you can find a constant B such that

the (n + 1)st derivative of f satisfies | f("™V) (z)| < B

for all x between the base point a and another point b,
then

for all z between a and b.

The point b may be either less than or greater than a. The foregoing results can
be obtained by reasoning in the same way as for the base point 0. Alternatively,
they can be obtained directly from the corresponding results for base point 0
by means of the chain rule and the change of variable y = x — a.

For historical reasons, some authors refer to Taylor polynomials about 0 as
Maclaurin polynomials.

9.6 Suggested Problems

Find the Taylor polynomial T;, (z) about a for the given function f (). Then
graph T;, () and f (z) on the same screen centered horizontally at « = a.

l. f(@)=lnz a=1 n=5
2. f(z)=tanz a=0 n=5
3. f(z)=tanz a=n/4 n=4
4. f(z)=vF a=4 n=3

Find the Taylor polynomial of order 5 about 0 for the given function f ()
and use it to approximate f (0.25).
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. f(z) =sin2z
. f(z) = arctanx

. A car travels down a straight road. At time t = 0 the car has position

s(0) = 50 ft, velocity v(0) = —30 ft/sec, and acceleration a(0) = 16
ft/sec?. Find a Taylor polynomial that approximates s(t) for ¢ near 0.

. The car in the preceding problem is known to accelerate gradually; specif-

ically, its acceleration satisfies |a’ (¢)| < 0.35 for all ¢ during the trip. Use
the second Taylor polynomial of s(t) to approximate the car’s position
at time ¢ = 1 second. Give the best error estimate you can for your
approximation of the car’s position at time ¢ = 1.

. You need to approximate the position of the car in the preceding problem

to within an error of at most 5 feet. Over what time interval 0 < ¢t < T
will the second Taylor polynomial of s(t) estimate the car’s position to
within the required accuracy?

The motion of a pendulum bob with mass m is governed by the differential
equation
mLO" +mgsin@ =0

where L is the length of the pendulum arm, g is the acceleration due to
gravity, and @, in radians, is the angle between the pendulum arm and
the vertical. (Forces other than gravity have been neglected.) At time
t = 0, the pendulum bob is set in motion with 6 (0) = 1 and ¢’ (0) = —3.
Assume that L = 16 ft and g = 32 ft/sec?. Find the second degree Taylor
polynomial that approximates the angular position 6 (¢) of the bob near
t = 0. The Taylor polynomial provides an approximation to the solution
of the nonlinear differential equation for the pendulum.

In the previous problem, find the third order Taylor polynomial that ap-
proximates 6 (¢) for ¢ near 0.

For f (z) = v/1+ z do the following.

(a) Derive the Taylor polynomial approximation

1 1
v1+x%1+§x7§m2.
(b) Sketch the graph of the function and its Taylor polynomial for —1 <
z < 1 on the same coordinate axes.

(c) If the approximation is used for z in the interval —0.6 < z < 0.6,
estimate the error as accurately as you can.

Suppose, in the previous problem, that you only need the approximation
for z in the interval 0 < x < 0.6. Estimate the error in the approximation
as accurately as you can.
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Find the Taylor polynomials about 0 for f(z) = 1/(1—z) for n =
1,2,3,4. Then find T, (z) for any positive integer n.

(Taylor Polynomials for sinx)

(a) Find the Taylor polynomials about 0 for f(x) = sinz for n =
1,2,3,4,5,6,7,8.

(b) Based on the pattern in part (a), if n is an odd number what is the
relation between T), (z) and T, 41(x)?

You want to approximate sinz for all z in 0 < z < 7/2 to within 0.0001
by a Taylor polynomial about 0. Based on the error estimates in the text,
what Taylor polynomial should you use? Hint. For n odd, T, (z) =
Thia (.’E) = R, (JJ) =Ry (:C) Why?

(Taylor Polynomials for cosx)

(a) Find the Taylor polynomials about 0 for f(z) = cosx for n =
0,1,2,3,4,5,6,7.

(b) Based on the pattern in part (a), if n is an even number what is the
relation between T), (z) and T, 41(x)?

(Taylor Polynomials for Inx about 1)

(a) Find the Taylor polynomials about 1 for f () =Inz forn = 1,2, 3,4.
(b) Find T, (x) for any positive integer n.

A central angle Z/BOC' with radian measure t is inscribed in circle with
center O and radius 2. Let A be the area bounded by the chord BC and the
arc BC. Use a Taylor polynomial to obtain the approximation A ~ ¢3/3.
Hint. First find an exact expression for A.

According to the theory of special relativity, an object with rest mass
mo moving at speed v will have a relativistic mass m = mg/+/1 — v?/c2,
where c is the speed of light in a vacuum. Physicists often approximate
m by m &~ mo + $mo (v/c)? . Justify this approximation.

(Chain rule problem relating base point 0 and base point a.) Let f (z) be
a function defined near the base point ¢ and with as many derivatives as
you wish. Introduce a new variable y by setting x = a + y. Then the
function ¢ (y) = f (a + y) is defined for all y near the base point 0 and has
as many derivatives as you wish.

(a) Use the chain rule to relate the successive derivatives of g evaluated
at 0 to the successive derivatives of f evaluated at a.
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(b) Show that the nth Taylor polynomial of f about a can be obtained
by setting y = x — a in the nth Taylor polynomial of g about O.
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Lesson 10

Infinite Series

10.1 Goals

e Define, illustrate, and understand the terms sum, partial sum, conver-
gence, and divergence of an infinite series

e Master the basic geometric series and be able to use changes of variables
to obtain variants of the series

e Learn the algebraic properties for sums, differences, and constant multiples
of series

e Solve applied problems using the techniques of this lesson, especially geo-
metric series

10.2 Overview

This lesson prepares the way for understanding clearly what an infinite series

expansion like
2 n

- x x

e =14a+ ot
2! n!

means. There are two important points to address. First, what sense can we

make of the implied addition of infinitely many terms. Second, how do we know

(in this case) that the sum is ®?

10.3 Convergence, Divergence, and Sum

Let’s look at an example that leads naturally to an infinite series and the mean-
ing of its sum. Take a mile walk along a straight road. Walk from milepost

121



122 LESSON 10. INFINITE SERIES

0 toward milepost 1 in stages as follows. Walk halfway and stop; then walk
half the remaining distance and stop; then walk half the remaining distance and
stop; and so on and on.

A one mile walk

After many stages, you are very close to 1. The figure suggests that

11 1 1 1

PRI R TR
The expression on the left is called an infinite series. Our intuition suggests
that its sum should be 1. However, there is a problem. The rules of arithmetic
assign a sum only when a finite number of terms are added. What sense can we
make of a sum with an infinite number of terms?

The mode of travel suggests what to do. The total distance traveled after

completion of the successive stages of the trip in the figure are

1 1
S = —:17—
1 2 25
1 1 1
= — —:17—
52 2 "1 4
1 1 1 1
Sg = §+Z+§_1_§’
and so forth. In general,
1 1 1 1 1
Sn—§+1+§+"'+2—n—1—2—n.

One way to obtain the shorter formula for S, is to observe that distance re-
maining to reach 1 after each stage of the trip is reduced by a factor of 1/2;
thus, after the nth stage of the trip the distance remaining to reach 1 is 1/2".
So S, +1/2" =1or S, =1—1/2". The distance traveled during the entire
trip ought to be the limit of S,, as n — oo, which is given by

lim S, = lim (1—2%) =1.

In view of the definition of S,,,

lim 1+1+1+ +i-—1
n—oo\2 4 8 on )
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This limit statement is what is meant by

T I
248 o

or, more briefly, in summation notation by
> 5
: 2 B

In general, an expression of the form

Yoan=ar+az+--+a,+

n=1

is called an infinite series, or just a series. The nth term of the series is a.,.
The nth partial sum is

Sn:a1+a2+~~~+an:Zak.

If limy 00 Sp, = S (finite or infinite), then S is the sum of the series and we

write
oo

Zan:S or aj+as+---+a,+---=85.

We say that a series converges if it has a finite sum. From the introductory

discussion,
(oo}
> -
=2

So this series converges and has sum 1.

A series diverges if it has an infinite sum or no sum at all. A series with
the sum oo or —oo is said to diverge to oo or —oo. Examples of divergent series
are

oo
Zn =14449+- - = o0,
and
DD =1—141-1+--
n=0

The partial sums of the last series are 1, 0, 1, 0, 1, 0, ... which obviously have
no limit. So the series > ° /(—1)" has no sum and, hence, diverges.

In the last example, the summation index n started with n = 0 instead
of n = 1. From time to time, we shall use other starting values and other
summation indices besides n. The symbol used for the index of summation
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really doesn’t matter because it is a dummy variable, much like a variable of
integration.

It should seem reasonable that for a series to converge its nth term should
tend to zero. This is indeed the case because a,, = S,, — S,,_1; hence, if a series
converges, then a, = S,, — S,_1 — 5 — 5 = 0. This simple observation is quite
useful. We state it in two ways:

> a, converges = a, — 0.
an 0 = > a, diverges.

We refer to the second statement as the basic divergence test.

Example 1 What can you conclude from the boxed result about the convergence
or divergence of the series

N ) =1
(a) ;SIHQn—&—l (b) ;E

Solution. (a) Since

™ n T T
= — = — — as n— oo
n+1 n24+1/n 24+1/n 2 ’

the nth term of the series

2nﬁj_1—>sing:17§0 as n — oo.

a, = sin

Hence, the series in (a) diverges by the basic divergence test.

(b) The nth term of the series is a,, = 1/n and 1/n — 0 as n — oo. Now be
careful! You might want to conclude that the series converges because its nth
term tends to zero. That is NOT what either part of the boxed result says. The
first statement in the box says that if you already known the series converges,
then you can conclude that its nth term tends to zero. It does NOT say that if
the nth term of a series tends to zero, then the series must converge! So at this
point all we can say is that the boxed result gives us no information about the
convergence or divergence of the series Y~ % Stay tuned. O

Here are a few simple but very important observations. The bottom line is
that changing, adding, or deleting a finite number of terms from a series does
not affect whether the series converges or diverges. (Of course, it may affect its
sum.) Consider the two series

1+1+1+ +1+ d7+1+1+1+ +1+
271738 2" o 271738 2 ‘
We know that the first series converges (and its sum is 1). What about the

second series? The (n + 1)-st partial sum of the second series is 7 more than
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the n-th partial sum of the first series. So the partial sums of the second series
converge to 7+ 1 = 8. It follows that the second series also converges. By the
same reasoning, the series

14+4+9+16+--- and 7+1+4+9+16+ -

both diverge. Similar arguments show that, for any m,

o0 o0
Z an, and Z an both converge or both diverge.

n=1 n=m

A very important conclusion follows:

Any finite number of terms of a series can be
changed, removed, or added without any affect
on the convergence or divergence of the series.

Of course, in the case of convergence, changes of the foregoing type will very
likely change the sum of the series (but will not affect its convergence).

10.4 Geometric Series

The most important series in calculus and its applications is the geometric
series

oo
dat=lt+a+a+ a2+
n=0
Since the ratio of any two consecutive terms in the geometric series is x, we call

 the common ratio of the series. Here are the basic facts about the geometric
series:

oo 1
= — f < 1.
an(]x 1—1 or |$|

The series diverges if |z| > 1.

To see why, form the nth partial sum of the geometric series
Sp=1+z+a>+ - +a"

It is easy to express this sum more compactly. Multiply the foregoing expression
by x and subtract to obtain

Snflan = 1+$+l‘2+"'+$n

2

—x -zt " — "t
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Then
(1-2)S, = 1—a",
1— n+1
Sn = S x# 1.
1—=x

If |z| < 1, 2"*! has limit 0 as n — oo and, hence, lim, .o, S, = 1/ (1 —);
otherwise, there is no finite limit, which confirms the results in the box.

The formula for S,, is important in its own right. Here are two ways to
express it that we will used later for estimating errors:

1—$n+1
1+x—|—x2—|—-~-+$"=1— for x#1,

1 znﬁl
—— =1+az+a?+--+a"+ for x#1.

1-=z -z

Variants of Geometric Series

The geometric series

o0
1
Zx”:1+z+$2+---+x”+-~:1— for |z| <1
n=0 -
is often used with other indices and with various changes of variable. Such
variants of the geometric series will become increasingly important as we go
along. For the moment, we just give a few examples to illustrate the possibilities.

First, observe that

" = $+$2+~~~—|—x"—|—-~~=$(1+$+$2+~-~—|—x"+~-~)

n=1

x
—— for |z| < 1.
x

1—
What is the sum if the starting index is n = 27
Replace « by —z in the geometric series and use |—z| = |z| to obtain
- 1
Z(—l)"w"zl—m+x2—x3+...:— for |z| < 1.
= 142

Set © = 1/2 to obtain

i(—nn_l L1t 2
2n 2 4 8 1+ (1/2) 3

n=0
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In the series with sums 1/(1 — ) and 1/(1 + z) let x = t> and use the fact that
|t?| < 1if and only if |¢| < 1 to obtain

o0
) 1
D = 14t = for <1,
n=0
oo 1
n ,2n 2 4 6 —
;(71) " . +'“_1+t2 for |t] < 1.

There is no need to memorize formulas such as these. They can be recovered
from the basic geometric series by simple changes of variable whenever you need
them.

Example 2 Find an infinite series expansion, similar to a geometric series,

for the function

3

5— a2’
Solution. The key is to “see” the geometric series hidden in the term 1/ (5 — x2) :

3 23 1
5 1—a2/5

x
5 — x2

Let t = 22/5, a step you will quickly learn to do in your head with a little
practice, to get

1—$2/5:1—t:7;t _Z<?> =) 5 for =

n=0 n=0

2
T
—| <L

Finally, since |22/5] < 1 if and only if |z| < /5,

.%'3 B $_3 1 _ﬁiﬂ_ix%ﬁ-s
5—22  51—-a2/5 5 5n 5+l
n=0 n=0
:E3 :E5 :E7
= F—'_?—’_?—’_“' for |£E‘<\/5 O

10.5 Series of Functions

The geometric series is a series whose terms are functions, namely the functions
x™. For each x with |z| < 1 the series converges and the sum of the series is the

function
1

o0
n
> "=
1—=x
n=0
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with domain all  with |z| < 1. The most important series in applications are
series of functions.
Earlier when we defined the sum S of a series by

Zan:S if lim S, =S

n=1

you were probably thinking of each a,, as a number. Then S, and S are numbers.
We use the same definitions when the a, are functions. In the case of the
geometric series, the functions are a,, () = 2™. The partial sums S,, and sum S
also are functions of x. Specifically,

_ n+1
Sn(x):% for x # 1.

These partial sums have a finite limit if and only if |z| < 1 in which case

lim S, (z) = S (z) = —

10.6 Series With Complex Terms

So far we have only displayed series whose terms are real numbers or functions.
Nevertheless, the reasoning we have used applies verbatim to series whose terms
are complex; the absolute value signs above need only be interpreted as the
absolute values of complex numbers. The variable z in the geometric series
is usually replaced by z when we are dealing with a problem where complex
numbers are in use. Thus,

= T
Yo 2t = 1= for |z| < 1.
—z

The series diverges if |z] > 1.

For example, z = i/2 has |z| = 1/2 and

DY A TS S I A B
2) 2 4 8 16 32 C1—i/2 2—d

n=0

What is the sum expressed in standard form?



10.7. POWER SERIES 129

10.7 Power Series

The geometric series is a particular power series. An infinite series of the form

o0
E anz™ = ag + a1z + asz® + - + apx™ + -

n=0

is called a power series in powers of = (or about x = 0). Here the coefficients
can be real or complex numbers (although normally they are real). In the
geometric series a,, = 1 for all n. Likewise, an infinite series of the form

oo
g cnzt =cot izt depzt 4
n=0

is called a power series in powers of z (or about z = 0). In many respects
(but not always) power series behave like “infinite degree” polynomials. Stay
tuned.

10.8 Algebraic Properties of Series

There are some natural and useful properties of sums of convergent series that
follow immediately from the algebraic limit laws of calculus. They are just like
familiar properties of finite sums:

Z(an—i-bn) = Zan+an,
Z(an—bn) = Zan_zbn;
ann = cZan.

In these expressions a,, b,, and ¢ can be real or complex numbers or functions.
Each property holds whenever the series on the right-hand side converge. We
have used a customary shorthand notation in which the limits of summation are
suppressed in the sigma-notation. It is understood that all series are summed
over the same values of n.

10.9 Suggested Problems

Determine whether the series is convergent or divergent. If convergent find its
sum.

- 9 n—1
L Zn:14 (g)

2 Sztu ()
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ZZO:O 3—n8n+1

ZZO:O 3n87n+1

I
2onet g

= (2(3) +2(5))

(a) Find the sum of the following series and (b) state the values of x for
which the series converges to its sum.

P
220:1 (z — 3)n

00 x2n
Zn:(] (1+z2)™

(a) Find a power series, similar to the geometric series expansion for the
function 1/ (1 — z), for each of the following functions. (b) State the set
of x values for which the expansion is valid.

2?/(1-x)

x/ (1 —2z)

1/ (1+922)

22/ (1 — 4a?)

(a) Make the indicated change of variables = = f (¢) in the geometric series
Yol ga™ =1/(1—z) for |z] <1 to obtain a related series in ¢. (b) State
the ¢ values for which the new expansion is valid. (c) Express the result in

part (a) in the -- - notation including enough terms so the general pattern
is clear.
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21.
22.

23.

24.

25.

26.
27.
28.
29.

xr = 2sint

Let ¢ be a fixed complex number. For which z does the series Y ¢z
converge? What is its sum? Give a geometric description of the region of
convergence.

(The basic divergence test)

(a) What conclusion can you draw about convergence or divergence of
the series Y > cos(1/n) from the basic divergence test? Explain
briefly.

(b) What conclusion can you draw about convergence or divergence of
the series Y 2 sin(1/n) from the basic divergence test? Explain
briefly.

(¢) What conclusion can you draw about convergence or divergence of
the series > >° | 1/n? from the basic divergence test? Explain briefly.

Take a walk starting at mile post 0. First, walk 1/2 mile toward mile
post 1 and stop. Second, walk 1/4 mile back toward mile post 0 and stop.
Third, walk 1/8 mile toward mile post 1 and stop. Fourth, walk 1/16 mile
back toward mile post 0 and stop. Continue walking indefinitely in this
back and forth manner.

(a) Find the total distance that you walk.
(b) How far from mile post 0 do you end up?

Revisit the mile walk in this lesson. Instead of walking 1/2 the remaining
distance at each stage of the trip, walk a fixed fraction z with 0 < z < 1
of the remaining distance at each stage. In this walk, show that

2

Sp=z+x(l-2)+z(1—-2)"+ - +ax(l-2)"

and explain why the distance remaining to milepost 1 after the nth stage of
the trip is (1 — z)" . Use this information to show that Y ° ja (1 —2z)" =
1 as expected. Reconfirm the sum by using the result of Prob. 22.

What is ¢ if 300 ) ke =27

If0<r<2 then ) 2 r(l—r)"=?
If -1 <z <1, then Y~ (—1)" 2" =7

Start with a square of side length 1. Join the midpoints of its four sides
to form a smaller square and 4 right triangles. Let A; be the area of one
of the right triangles. Now, join the midpoints of each side of the smaller
square to form a new even smaller square and 4 new right triangles. Let
As be the area of one of the new right triangles. Continue with the process
for ever. Find > 77 | A,.



132

30.
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(The Multiplier Effect) The federal government pumps an extra $1 billion
into the economy in hopes of stimulating growth. Assume each business
and individual saves 15% of its income and spends the rest. So initially,
the $1 billion results in $0.85 billion in new spending. The businesses
and individuals who receive this new income likewise save 15% of the new
income and spend the rest. This process continues on and on indefinitely.
Find the total increase in spending due to governmental pump priming.

A ball is dropped vertically and bounces up and down. Assume that, on
subsequent bounces, the ball always rebounds a fixed fractionr (0 < r < 1)
of its previous height. If the ball is initially dropped from a height of H
feet, find the total distance the ball travels assuming it bounces up and
down forever.



Lesson 11

Taylor Series
Representations

11.1 Goals

e Define a Taylor series and explain its relationship to Taylor polynomials
e Find Taylor series of given functions

e Use the error or remainder estimates from Lesson 9 to show that particular
functions have Taylor series representations

11.2 Overview

We know from the examples and homework in Lesson 9 that for several functions
f (z) it is true that

at least for certain values of x, where T, (x) is the nth Taylor polynomial of f.
Moreover, the accuracy of the approximation often improves as n increases. It
is natural to ask if

f(z) = lim T, () :nllrﬂo]éka-

n—oo

In this lesson we address this question and find means for confirming it for most
of the functions that you have met so far in calculus.
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11.3 Taylor Series

We call the infinite series

— f*®)(0)
,;) ! @

whose nth partial sum is T;, (z) the Taylor series of f about 0. The question
posed above is when is f (z) the sum of its Taylor series; that is, when is

> (k) (0

k=0
We will return to this question several times in subsequent lessons. For now we
take some important first steps. Notice that for f (z) to have a Taylor series
about 0 it must have derivatives of all orders at 0. Since the index of summation
is a dummy variable (just like a variable of integration), it is useful to observe
that any convenient letter can be used for that index. Thus,

| |
— k! = n!

N{ON( > f£(n) (0 > £(r) (0
SN0 S0, S0,
r=0
For historical reasons, the Taylor series for f about 0 also is called the
Maclaurin series of f. We will refer only to Taylor series and normally we
will suppress the qualification “about 0” or some other point when the base
point is clear from the context.
It is worth observing that we have already established that the function
f(x) = 1/(1 — ) is the sum of its Taylor series; however, we arrived at this
result from quite a different point of view.

Example 1 Show that f () = 1/ (1 — x) is the sum of its Taylor series (about
0).

Solution. The Taylor series is

n! v
n=0
and
fla)=(1-2)", fo)=1=o,
fla)=0@1-272 fr(0)=1=1l,
@) =0@0-x)7", \ f7(0)=(1)(2) =2,
ff@)=1)2)B)1-2) ", f7(0)=(1)(2) (3) = 3,
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Consequently, for f () =1/(1 —z),

o0 (o) o0
F0) ol n_ L

from our knowledge about the geometric series. So the function f () =1/ (1 — z)
is the sum of its Taylor series about 0 for |z| < 1. O

x

Example 2 Find the Taylor series of f (x) = €*.

Solution. Since f (z) = €*, ' (z) = €®, f” (x) = €%, and so on, we find that
f(0)=1, f/(0) =1, f”(0) =1, and in general £ (0) = 1 for all n. Therefore,
f (z) = e® has Taylor series

“f(n)()n °°1n
z_% n})x =y e O

n=0

Notice an important point: Example 2 tells us that the Taylor series of e*
about 0 is > %:r” but it does not tell us that the sum of the series is e*.

11.4 When is f (z) the Sum of its Taylor Series?

To begin to answer this question, we start with the Taylor series
> £(n) (0
Z f '( ):L,n
— nl

of f (z) and its nth partial sum

" k) ’ " (n)
1@ =3 O o) L0, D0 T 0
k=0 : ' ! !

which is the nth Taylor polynomial of f (z). The error or remainder in approx-
imation of f (x) by this partial sum is

Ry (z) = f () = Ta ().

Since the sum of a series is the limit of its sequence of partial sums,

f () = Tty H

ne0 1 & Ty(z)— f(x) as n— oo
==

R,(z) -0 as n— oo




136 LESSON 11. TAYLOR SERIES REPRESENTATIONS

For this result to be useful we must have a reasonable expression for R,, (z) or
at least a reasonable bound on its size. Both types of information are available
and were given in Lesson 9, where you learned:

If [ f"*D (2)] < B for all x between 0 and b,

then
n+1

2|
| Ry ()] SB(n+1)!

for all z between 0 and b.

This estimate is often used with the special limit

for any fixed value of z.

Example 3 Use the foregoing error estimate to show that e* is the sum of its
Taylor series for all x.

Solution. Fix a value of  and any convenient number b so that x is between 0
and b. Since, f(™) (z) = e” for all n and €® is an increasing function

’f(”“) (z)] — " <elifb>0,
‘f(”“)(a:)‘ — F<lifb <O,

for all  between 0 and b. In either case, b > 0 or b < 0, |f(”+1) ()] < el’l and
we can use the error estimate with B = el’l to obtain

n+1
IR, (z)] <€\bIL,
- (n+1)

Since |z|"*! / (n+1)! — 0 as n — oo, it follows that R, (z) — 0 as n — oc.
Hence,

=

= Z —

Similar reasoning applied to sinz and cosz (see the problems) establishes
that these functions are the sums of their Taylor series. As we have mentioned
earlier and now have established:

OOLB 72 3 4
Z?_1+x+_+§+——|— - for all x.
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R N o D 2 2 2
Sln$—2w—$*§+a 7'+7 for all z.
= (D" 2?2 2t S
cosx—zw—l—i—&—z—a—l——--- for all z.
n=0

Another notation for the exponential function is exp (z) ; that is,

x

exp (z) = e”.

This notation is convenient typographically when the power to which e is raised
is itself a complicated expression. For instance compare the ease with which
both sides of the following equation can be read:

ex 3: —eljl'2
PlT—2 )~ '

With this new notation, the power series for the exponential function can be
written as

e’} s 2 ZCS $4
exp (z Z_'_1+x+—+§+—+ for all «.

In order to use Taylor series expansions effectively, we need a better un-
derstanding of infinite series in general and power series in particular. Stay
tuned.

11.5 Other Base Points

As for Taylor polynomials, the story for Taylor series about base points, say a,
other than 0 is essentially the same as for the base point 0. So we shall be brief.

Let f () be defined on an open interval containing the point a and assume
that f (z) has derivatives of all orders at a. The Taylor series of f about a

is
X f(n)
> : n'(a) (z —a)"
n=0 :

which also is called a power series in & — a. As before, the error R, (z) =
f(z) = T, (x) can be estimated as follows:
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If |f("+1) (x)} < B for all x between the base point a and b,

then
o ()] < Bl

< W for all z between a and b.

Example 4 Find the Taylor series of cosx about the base point 1.

Solution. The derivatives of the cosine repeat in a cycle of length four:

and so on. Thus, the Taylor series for cosz about 1 is

sin 1

> cos(™ cos 9
S (1) = (cos 1)~ (sin 1) (& — 1) 1@—1)+3!

n! 2!

n=0

Reasoning as in Example 3 you can show that the Taylor series about 1 for
cosz has sum coszx for all x.

11.6 Suggested Problems

1. Find the Taylor series about 0 of the following functions.

(a) sinz

(b) cosx

(c) ze®

(d) In(1—x)
() (1+2)"?

2. Show that sinz is the sum of its Taylor series about 0.
3. Show that cosz is the sum of its Taylor series about 0.

4. Show that In (1 — ) is the sum of its Taylor series about 0 for —1/2 <
x<1/2.

5. Find the Taylor series about a of the following functions.

(a) sinx a=m/6
(b) cosz a=m/4

(¢) Inz a=1

(@ —1)° ==
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6.
7.

10.
11.

12.
13.
14.
15.
16.

17.

. e

Show that sin x is the sum of its Taylor series expansion about a = 7/6.

Show that cosz is the sum of its Taylor series expansion about a = 7/4.

It is not always easy to write down Taylor series expansions by computing
all the successive derivatives of a function. The next examples should
convince you of this. (Later we will find new ways to find Taylor series
that can sometimes avoid unpleasant calculations.) Find, by evaluating
derivatives at 0, the first three nonzero terms in the Taylor series about 0

for the given function.
cos 2

71‘2

tanx

secx

Use the series expansions given in this or in earlier lessons and appropriate
changes of variable to find infinite series representations for:
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Lesson 12

Series With
Nonnegative Terms
The Integral Test

12.1 Goals

e Explain how the sum of a series with nonnegative terms is related to the
area of an infinite system of rectangles

e Learn and apply the integral test
e Know when a p-series converges and when it diverges

e Approximate the sum of a series that converges by the integral test to
within a prescribed tolerance using the error estimates associated with
the test

12.2 Overview

Frequently an infinite series is obtained from calculations intended to solve a
problem of interest. We expect the series obtained to converge and that its sum
is the solution of the problem. When we get a series in this way, the first step
in checking that it really does solve the problem at hand is to check that it
converges. Then it has a finite sum and hopefully the sum really does solve the
problem. If all this works out, the series itself gives us a means of approximating
the solution to any desired degree of precision.

In this lesson, which is restricted to series with nonnegative terms, you will
learn the integral test for convergence or divergence of particular series. It is
helpful in the foregoing scenario. Area comparisons make it easy to understand

141



142 LESSON 12. SERIES WITH NONNEGATIVE TERMS

the integral test and also lead to effective means for estimating the sum of a
series that converges by the integral test.

12.3 Series with Nonnegative Terms

Two series with nonnegative terms are

iginzl and in:1+2+3+"-=oo.
n=1

n=1

The first series converges and has a finite sum. The second series diverges and
has an infinite sum. These results are typical of the general situation for series
with nonnegative terms. A series with nonnegative terms always has a sum,
finite or infinite.

It is easy to understand why this is so. Let

o0
D>
n=1

be a series with nonnegative terms; so each a,, > 0. Then the partial sums of
the series satisfy

S = a,

Sy = ay+ax =51 +a > 5,

S3 = a1 +ax+az3=S52+az >S5y,
and so on. In general, S,, = S,_1 + a, > S, _1. Thus,

S1 <8 <8< <8, <

The partial sums are a nondecreasing sequence of real numbers. There are two
possibilities for such a sequence. Either the sequence is bounded above, which
means there is a number M that is greater than all the S, or the sequence
is not bounded above. If the sequence S, is bounded above by M, then it
is a fundamental property of the real number system that S,, converges and
lim, .o S, =5 < M. If the sequence S, is not bounded above, then its terms
ultimately become arbitrarily large and lim,_, S, = oo. Since S is the sum of
the series, we have established:

| Every series Y a,, with a,, > 0 has a finite or infinite sum. |

The following figure shows how to interpret the sum of a series > ° | a,
with each a,, > 0 as an area. The nth rectangle has height a,,, width 1, and
area a,. The sum S of the series is the shaded area (finite or infinite) of the
infinite system of rectangles in the figure.
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Area interpretation of S = Znoozl a, with a, >0

12.4 The Harmonic Series

The area interpretation of the sum of a series enables us to use integral calculus
to study the convergence or divergence of certain infinite series. In the next
example we do just that. In Example 1 of Lesson 10 we tried to decide whether
the series 220:1% converged or diverged. This series came up early in the
study of infinite series and some prominent mathematicians of the 17th century
believed that the series converged because its terms 1/n got steadily smaller
and tended to zero. Let’s see if they were correct in that belief.

Example 1 Determine whether the harmonic series 220:1% converges or
diverges.

Solution. Let

1 1 1
S, =1+=4=—4 - +—
—|—2+3—|— —l—n

be the nth partial sum of the series. The harmonic series converges if the partial
sums have a finite limit and the series diverges if the partial sums have an infinite
limit. The figure that follows
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I S

Graph of y = 1/x

shows that

1 1 1 1 "1 1
Sp = (1+z+5++—— | +=—> /—da: +—,
2 3 n—1 n 1T n
1
S, > Inn+4+ - —>o00 asn— o0,
n

where we have used the basic fact (see the problems) that

‘ lim,, .o Inn = oco. |

Therefore, the partial sums of the harmonic series grow without bound and the
harmonic series diverges to oo :

=1
—=o00. U

Were you inclined to believe that the harmonic series should converge? It
is intuitively appealing to believe that if the terms of a series tend to zero then
the series must converge. THIS STATEMENT IS JUST PLAIN FALSE as the
foregoing example shows. It is important that you understand the reasoning in
the example and that you begin to adjust your intuition and understanding of
infinite series accordingly.

12.5 Improper Integrals

The area comparison used in our discussion of the harmonic series is worth
pursuing further and leads to the integral test for the convergence or divergence
of certain positive-termed series. The test is expressed most conveniently in
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terms of improper integrals, which are closely related to the definite integrals
you already know. The definite integrals, f: f (x) dz, you have studied earlier
are sometimes called proper integrals. This means a and b are finite and the
integrand f (x) is bounded for a < x < b. These integrals give the (signed)
area between the graph of y = f(x) and the z-axis. They have numerous
applications. All this is familiar.

Integrals for which @ = —oo and/or b = oo are examples of improper in-
tegrals. Such integrals are defined as limits of proper integrals and have rather
evident area interpretations. In this lesson, we only need improper integrals of
the form [° f () dz with a finite. These improper integrals are defined by

0o b
/ f(z) de = bli}m f(z) dz

provided there is a limit, finite or infinite. (Stop and draw a figure that illustrates
this definition in terms of areas.) The improper integral is said to converge
(exist) if the limit exists and is finite; otherwise, the improper integral diverges
(does not exist). If the limit is —oo or oo, we say the integral diverges to —oo
or oo. This terminology matches the language we are using for infinite series.

Example 2 By definition

> 1 b 11°

/ — dr = lim - dr = lim [—}

1 T b—oo 1 Z b—oo X 1
1

The improper integral converges and is equal to 1. Draw a figure that illustrates
this limit calculation in terms of areas. O

Example 3 By definition

*1 S : b
—dx lim —dz = lim [Inz]]
1

xT b—oo J1 T b—o00

lim Inb = co.

b—oo

The improper integral diverges to co. Draw a figure that illustrates this limit
calculation in terms of areas. [

12.6 The Integral Test

Remember that a series Y - | a, with a, > 0 always has a sum S, finite or
infinite,

ian:S 0<85 <.
n=1
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The sum can be interpreted as the area of an infinite system of rectangles as
illustrated earlier in the lesson. This area point of view links positive-termed
series with improper integrals. One such connection is illustrated in the next two
figures in which the function y = f (x) is positive, decreasing, and continuous
and f (n) = a,, the nth term of the series.

Area Comparison I

An area comparison in the foregoing figure shows that
n
S,=a1+as+as+- - +an, §a1+/ f(:L’) dx.
1

A similar area comparison in the following figure

Area Comparison 1T

yields
/ f(x)dr <ay+ay+az+--+ap_1< Sy,
1
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Combining these estimates gives
n n
/f(ac)dxgsngcq—i—/ f(x) dz.
1 1
Finally let n — oo to obtain
/ fx)yde <S<a —I—/ f(x) dx. (12.1)
1 1

Now it is apparent that S and floo f (z) dz are either both finite or both infinite.
This is the integral test:

The Integral Test

Let f (x) be a positive, decreasing, and continuous for x > 1.
Let a, = f (n). Then

Yoo a, converges — [° f (z) dz converges.

The conclusion of the integral test also can be expressed as

Zan<oo — / f(x) dx < .
n=1 1

Useful variants of the integral test are obtained by replacing 1 by other integers.

>~ 1
—dx =1.
1 a2

Since f(x) = 25 is positive, decreasing, and continuous for x > 1, and f (n) =
#, the integral test tells us that > -, n—12 converges.

1
/ —dx = 0.
1 X

Since f (x) = % is positive, decreasing, and continuous forx > 1, and f (n) =
the integral test tells us that the harmonic series > - %
know). O

Example 4 From Example 2,

Example 5 From Ezample 3,

1
n’

diverges (as we already

Use of the integral test as in Examples 4 and 5 when p > 0 and the basic
divergence test when p < 0 leads to the useful result:

> 1
The p-series > —  converges = p> 1.
n=1"
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12.7 Approximating Sums Of Series
That Converge By The Integral Test

Assume that the series >~ ; a,, converges by the integral test applied to the
positive, decreasing, continuous function f (z) with f (n) = a,. As usual, let

0o N
S:Zan and SN:Zan.
n=1 n=1

The area comparisons that led to (12.1) when applied to the series

aGN+1t+aN42 HanN43 + -,

whose first term is a1 and which is sometimes referred to as the “tail” of the
series Y > | a,, gives
o0 o0

() de <any1+ani2tanis+-- <ani1+ f(z) de.
N+1 N+1

Since the middle term in this inequality is S — Sk,

o0 oo
fz)de <S—Sy <any1+ f(z) du.
N+1 N+1

These inequalities indicate how good and how bad Sy can be as an approxima-
tion to S.

If the series converges very slowly, then the partial sums Sy have little
practical value in approximating S. In such cases, we can often do much better
with virtually no extra work if we know an antiderivative of f(z). Indeed, define

oo

Uy =S8N+ [ (z) da.
N+1

Then adding Sy to all members of the foregoing inequality yields

‘UN<S<UN+(1N+1 and O<S—UN<aN+1.|

In words, the approzimation Uy is less than the sum S of the series by at most
the first term omitted from the full series.

In view of the area comparisons that led to Uy, we sometimes refer to Uy
as the area corrected approximation to S.

Example 6 Find S =37, 1/n® accurate to within 0.001.

Solution. The series converges by the integral test; it is the p-series with p = 3.
The exact sum of this series is unknown. We shall use Uy to approximate S.
Here a,, = 1/n3, f (x) = 1/23, and from the preceding displayed results,

<1 1
Uy = SN+/ —dr =Sy + ——,
N1 TP 2(N +1)°

1

0 < S—Uy< —.
AT
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So Uy approximates S to within 0.001 if

m<0.001<:>(N+1)3>103<:>N>9.

Let N =10. Then 0 < S — Uy < 0.001. Use a calculator to find

10
1 1
S10 = ; e ~ 1.1975, Uy = S10 + W ~ 1.2016.

The approximation S = 1.2016 is accurate to within 0.001. [

In the foregoing example, to approximate S to within 0.001 with Sy you
would need to use N > 23; see the problems. This may help you to appreciate
the advantage of using the area corrected approximation Uy instead of Sy as
an approximation to S. This point is driven home more forcefully in one of the
suggested problems.

12.8 Suggested Problems

1. Let f (z) be positive, decreasing, and continuous for x > 1 and let a,, =
f(n). Let A, B, and C be fff (x) dx, Zi:l ap, and 22:2 ap, in some

order. If A < B < C, find A, B, and C. Use a sketch to justify your
answer.

Determine whether the series converges or diverges:

n
2. N—
2ozt nZ+3
3. Yons ke %
arctann
4. N
2z n2+1
1 1 1 1

5. §+?+ﬁ+1—5+"'

Find the values of p for which the series is convergent:
6. o0 n(1+n?)"

w~ Inn
7. Zn:l o

np

- 1
b 2 iy

Check that the following series converge by the integral test. Then use
Uy = SN—&—f;j_l f (x) dz to approximate the sum S of the series to within
0.001.
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10.

11.

12.

13.

14.

15.

16.

17.

LESSON 12. SERIES WITH NONNEGATIVE TERMS

fo:l 1/n2
fo:l 1/“4

Do e~

Zzozl n_1/26_ﬁ

Numerical experiments on any computer will suggest that the harmonic
series appears to converge. In fact, if the computer runs long enough all
the partial sums calculated after a certain point will be equal.

(a) Explain briefly why the foregoing statement is true. Hint. How does
a computer store any number that is sufficiently small.

(b) The integral test shows that the harmonic series diverges; hence,
Sp — o0 as n — oo. However, the divergence of the partial sums
to infinity is exceedingly slow. For the harmonic series use area
comparisons to show that In(N + 1) < Sy < 14 InN; hence, 0 <
Sy —InN < 1. Use these results to estimate reasonably well how
large N must be to make Sy exceed 10, 20, and 100. (Got the point?)

(Comparison of Ux and Sy as approximations to S.) In the context
of Example 6, use the inequality f;oﬂ f(x) dr < S — Sy to show that
S — Sy > 0.001 for all N < 23. Hence, to approximate S = Y >, 1/n?
to within 0.001 by Sy requires a choice for N that will be greater than or
equal to 23.

(Comparison of Un and Sy as approzimations to S.) (a) Show that the
series 2, 1/n(In n)? converges by the integral test. (b) Find N so that
Uy approximates the sum S of the series to with 0.01. (c¢) As in Problem
14 find at least how large N must be so that Sy approximates the sum
S of the series to with 0.01. Remark. The sizes of N in (b) and (c)
are astronomically different! The value of N you should find in (c) is so
large that no current computer could even come close to carrying out the
computations to produce Sy, even if it could have started to compute
when the universe was born.

Show that lim,, .., Inn = co. Hint. For any positive integer m show that
lim,, oo IN2™ = c0. If n > 2™, then Inn > In 2™.

(The Harmonic Series) Show that the harmonic series diverges using the
following line of reasoning.

(a) First show that the partial sums of the harmonic series satisfy

1 1 1 1
52251+5, 54252+§, 58254+§, 516258+§7'~'~
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(b) Second, deduce from part (a) that Sam > S + m/2 for any positive
integer m.

(c¢) Finally, observe that for n > 2™, S,, > Sam and conclude that S,, —
00 as M — 00.
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Lesson 13

Comparison Tests

13.1 Goals

e Learn and apply the basic comparison test

e Learn and apply the limit comparison test

13.2 Overview

The integral test and other tests you will learn give specific ways to test partic-
ular series for convergence or divergence. Once you know the convergence and
divergence properties of a batch of "test" series, it is natural to expect that you
can use these series to test other series for convergence or divergence. A series
that is "close enough" to a convergent series should converge and a series that
is "close enough" to a divergent series should diverge. Comparison tests are the
vehicles that put these plausible expectations on a firm foundation.

In this lesson we continue to treat only series with nonnegative terms.

13.3 Basic Comparison Test

o0

We know that the geometric series )~ 2%Lconverges. In fact, we even know

=1
;Q—nzl.

So what can we say about the series

= 1
2 ir

153

its sum
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Since
1

2n+ 7

1
< —
Son

each partial sum of y 7, 2n—1+7 is less than the corresponding partial sum of
3> | ok Consequently, the limits of the partial sums, which are the sums of

n=1 27
=1 =1
;2n+7§;2_n'
e o] 1

the series, satisfy
Since ) ,° | 5 converges (has a finite sum), it follows that > 7, Zno7 COn-

verges.
In the same way,

0<a,<b, forall n = ZanSan.

where the sums may be finite or infinite. An immediate consequence is

Basic Comparison Test

Let 0 < a,, <b, for all n. Then
SNbhp<oo = Y a, <oo;
SNap=00 = > b,=o00.

In other words,

If 0 <a, <b, for all n then
> b, converges = > a, converges;
> a, diverges = > b, diverges.

The basic comparison test remains valid if the inequalities 0 < a, < b, hold
only for all large n because the behavior of a finite number of terms of a series
has no effect on its convergence or divergence.

Example 1 Determine whether the seriesy . | m converges or diverges.

Solution. Since

1 1 = 1
S m S ﬁ and Z ﬁ converges

n=1

the series Y > | m is convergent. U
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13.4 Limit Comparison Test

Although the basic comparison test is easy to understand, it can be challenging
to apply. This is so because even if the test is applicable to a particular pair
of series Y a, and _ b,, it may not be easy to establish that the inequalities
0 < a, < b, are in fact true (at least for all large n). Fortunately, in such
cases, the inequalities often can be inferred from a simple limit comparison. An
example will illustrate how this works.

Example 2 Determine whether the series T converges or diverges.

%) n
n=1 n2—5n+

Solution. The series has positive terms for n > 5. Since, for large n, n? is very

much larger than n, it follows that

Vn N nl/? 1

n2—btn+1  n2  pd2
Since convergence or divergence of a series depends only upon the behavior
of its terms for all large m, it is reasonable to expect that the given series
converges because it should behave like the convergent (p-series) > 1/n%/? with
p = 3/2 > 1. This plausible expectation is correct and follows from the basic

~
~

comparison test as you can see as follows: The approximate equality WZH

# becomes more nearly an equality as n increases. In fact,

i Vvn/(n? —sn+1) i n/2n?2 i n?
nieo 1/n?/2 T SN2 Bt l noeen2(1—5/n+1/n?)
1
lim

n—oo 1 — 5/n—|— 1/n2 -

n ’I’L2— n . .
By the meaning of a limit, the ratio % will be as close to 1 as desired

for all n large enough. In particular, the ratio will be less than 2 for all n large
enough. That is,

Vvn/ (n? —5n+1)
1/713/2
\/ﬁ

n—5n+l

< 2 for all large n,

for all large n.

Now, the basic comparison test tells us that the series > T converges

n
n2—5n+
because the series Y —2= = 2" — converges. []

The reasoning used in the foregoing example can be used to establish the
following variant of the basic comparison test.

Limit Comparison Test

If a,, and b,, are positive for all large n and

lim,, 0 @, /by, i positive and finite, then

> ay and Y b, either both converge or both diverge.
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For a useful variant of this test when lim,,_,~ a, /b, = 0 see the problems.

o ny/n

Example 3 Determine whether the series Y~ | P |

converges or diverges.

Solution. For large n, the terms of this series a,, = n\/n/ (n? +n — 1) behave
like the terms b, = ny/n/n*> = 1/n'/2. In fact,

. nyn/(n*+n—-1) . nnt/?pl/?
lim = lim ——
n—oo 1/n1/2 n—oo n2—|—n—1

= 1 - 1.
nbo 12 (14+1/n—1/n?)
Since the p-series 3 1/n'/? diverges, it follows that the given series diverges by
the limit comparison test. [

Variations on a Theme

Comparison tests also can be used to test series of functions for convergence
or divergence. Here is an example using the basic comparison test and that
hints of things to come.

Example 4 Let x > 0. Determine whether the series Ziozl f/—% converges or

diverges.

Solution. The series now depends on z and the convergence or divergence does
too. Since

o0
z" . .
0< T < z" and the geometric series g ™ converges for 0 <z < 1
n
n=1

the series >, f”/—% converges for 0 <z < 1 (by the basic comparison test.) On
the other hand, since for x > 1

z" 1 =1
—— > — > 0 and the series — diverges,
NV nz_:l Vvn

it follows by comparison that the series Y 7 ; IT; diverges for x > 1. O

13.5 Suggested Problems

Determine whether the given series converges or diverges.

1
LY e
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10.

11.

12.
13.

14.

15.
16.

17.

18.
19.
20.

21.
22.

23.

24.
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1
: Z n242n—2
. Z n2+gn+3

3
D

3TL
Tigon

n?+3n
nd+4

>
Z\/m

1+4+n?

nlnn
n3+n

> sin (1)
P

’I'L2

n!

n"
n!

2 @y

In the series that follow & > 0. Determine the values of x for which the
series converges and those for which it diverges.

Yoo T
n=0 n2+n+1

ZOO 3+cosnx
2

n=1 n

0 —nT
Y omeo€
Yoo gx™e™ ™ Hint. For x > 0, what is the max of z™e™"*?7
ZOO sin? na

n=1 n?2

Justify the conclusions of the basic comparison test by making area com-
parisons using systems of rectangles. Illustrate your discussion with sketches.

Explain why > n1++/" is not a p-series. Then determine whether the series
converges or diverges.

Explain why > nl,—ll/n is not a p-series. Then determine whether the series
converges or diverges.
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25. (A Variant of the Limit Comparison Test)

(a) Use the basic comparison test to justify the following convergence
test: If a,, and b, are positive for all large n, > by, converges, and
lim,, o0 @n /by, = 0, then > a,, also converges.

(b) Show that \/ﬁlw converges.




Lesson 14

Alternating Series and
Absolute Convergence

14.1 Goals

e Learn and apply the alternating series test

e If a series converges by the alternating series test, use the associated error
estimate to approximate the sum to any desired accuracy

e Distinguish between absolute convergence and conditional convergence
and understand the practical significance of the distinction

14.2 Overview

Previous lessons dealt mainly with series with nonnegative terms. However,
series whose terms change sign have important applications, especially alternat-
ing series, whose terms alternate in sign. Such series often arise by a successive
approximation scheme for solving a complicated problem. A first approxima-
tion overestimates the solution, then a correction term is calculated that when
subtracted from the first approximation leads to a better approximation that un-
derestimates the solution, then another correction term is added to the current
approximation leading to a still better approximation that now over shoots the
solution, and so on. Sometimes convergence of a series whose terms vary in sign
can be deduced by examining the related series of absolute values of the terms
in the original series. This enables us to use indirectly tests for positive-termed
series on some series whose terms are not all positive.

159



160 LESSON 14. ALTERNATING SERIES, ABSOLUTE CONVERGENCE

14.3 Alternating Series

A series of real numbers whose terms alternate in sign is called an alternating
series. For example, the series
11 1 1 1

1l 4 2 4.
2+3 4+5 67L

is called the alternating harmonic series. It can be written in sigma-notation
in two natural ways:

> 1 > 1
—)ntt = d —" .
2 (UTSad ) ()

Write out several terms in each series to confirm this.
Quite generally there are two convenient ways to express an alternating series
in sigma-notation, namely,
o0
S0 = by bbby~ by~

n=1
(o]

D> (=1)"bpyr = bi—by+by—byit—--.
n=0
where in each case b, > 0. You need to become comfortable with both ways.
There is a simple convergence test for alternating series, that often can be
applied by inspection:

Alternating Series Test
If the numerical size of the terms in an alternating series
decrease and tend to zero, then the series converges.

The following figure motivates the alternating series test.

Partial Sums of an Alternating Series
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Example 1 Obviously the numerical size of the terms in the alternating har-
monic series decrease and tend to zero. So the alternating harmonic series
converges. [

By comparison, recall that the harmonic series diverges. We will learn later
that the alternating harmonic series has sum In2 :

1 11 1 1 1 092
5 + 371 + 576 + =In2.

As displayed in the foregoing figure, the consecutive partial sums of an al-
ternating series successively overshoot and undershoot the sum S of the series.
Moreover, the sum of the series is trapped between the partial sums Sy and
Sn+1 which are by units apart. These observations give the following very
easy way to approximate the sum of a series that converges by the alternating
series test.

Error of Approximation in an Alternating Series
If a series converges by the alternating series test, then
any partial sum Sy ending with a positive term is greater than S
any partial sum Sy ending with a negative term is less than S
and in either case

|S — SN| < bN+1~

Example 2 The series Y, (—1)”+1 /n? converges by the alternating series
test. Estimate the sum S of the series to within 0.001.

Solution. Here 32°°  (=1)"*' /n? = 32°°  (=1)"*'b,, for b, = 1/n>. By the
foregoing estimate

1
S —Sn|<b =——— forall N.
| N| N+1 (N+1)2

Now

Wi <0.001 < (N +1)>> 1000 < N +1 > 1010 > 31.

Let N =31 to get
|S — S31] < 0.001.

Use a calculator or computer to find that

which approximates S to within 0.001. For the record, it is known that the
series has sum 72/12 ~ 0.82247. O
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Variations on a Theme

Recall that convergence is not affected by any finite number of terms of a
series. Consequently, if a series wltimately satisfies the conditions of the al-
ternating series test, then the series converges. Likewise, the error estimate
associated with the test holds for all NV beyond the point where the hypotheses
of the alternating series test are satisfied.

In some cases where the alternating series test (or its variants) apply it may
not be obvious that the numerical size of the terms decrease (or ultimately
decrease). In such cases, if b, = f (n) for a differentiable function f (x), then
you can often use the first derivative test to determine if f (x), and hence b,
ultimately decreases.

14.4 Absolute Convergence

A series Y a, is said to be absolutely convergent (converge absolutely)
if " |ay| is convergent. It is reasonable to expect that an absolutely convergent
series converges. This is true:

| > lan| convergent = > a, convergent. |

This result holds for series with real or complex terms. The next example will
help explain why this result is true.

Example 3 (a) Show that the series

i(q)"*l PN SO S S N
n=1

T TEtTE T ETR et

converges absolutely. (b) Then show that it converges.

Solution. (a)

(="

o0 o0
> >
- 2
n
n=1 n=1

and we know that 3 1/n? converges. So the series 3 (—1)""" /n? is absolutely
convergent. (b) To show that >, (=1)" /n? converges use the basic compar-
ison test twice: Both series

1 1
1+0+§+0+§+0+"'

1 1 1
0+§+0+E+0+@+'“

converge by comparison with the convergent series > 1/n?. Therefore, the dif-
ference of these two series
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converges. [

Of course the convergence of 3 (—1)""" /n? in (b) of Example 3 follows
directly from the alternating series test, but the reasoning used in (b) is im-
portant because it can be used to establish the general principal that absolute
convergence implies convergence for series of real numbers.

Example 4 Show that the series Y ., 2"/ (n+ 1) converges absolutely for any
complex number z with |z| < 1.

Solution. Since

ZTL

< < [2]"
n+1 n+1
and the geometric series
o0
Z |z|" converges for any |z| < 1,
n=0

the series Y ° 2"/ (n+ 1) converges absolutely for |z| <1. O

Ccos NT

Example 5 Discuss the convergence properties of 220:1 2

Solution. Since |cosnz| < 1 for any choice of n and any x,
O [ COS T =1
< — < 0.
I B
n=1 n=1

The given series is absolutely convergent for all z; hence, it is convergent for all
z. O

1)n+1

Example 6 Determine when the power series y .- 1 (— x™/n converges.

Solution. The series converges for some = and diverges for others. If |x| > 1
then (—1)""' 2" /n - 0; hence, the series diverges for such z. If |z| < 1, the
geometric series Y |z|" converges and, since |%| < |z|™, the series > \%\
converges. So Y (—1)"! % is absolutely convergent (hence convergent) for
|x] < 1. For « = 1, the series is the alternating harmonic series which converges.
For © = —1, the series is the negative of the harmonic series which diverges. In
summary, the power series
e n
Z (=)t % converges <= —1<z<1l. O

n=1

Example 7 The alternating harmonic series Y~ (=)™ /n is convergent,
but the corresponding series of absolute values fozl 1/n is divergent; it is the
harmonic series. So the alternating harmonic series is not absolutely convergent.
O

Series, such as the alternating harmonic series, that converge but are not
absolutely convergent are called conditionally convergent.



164 LESSON 14. ALTERNATING SERIES, ABSOLUTE CONVERGENCE

14.5 Conditional Versus Absolute Convergence

What’s all the fuss about? If we are interested in the series Y a,, and its conver-
gence or divergence, then why do we care whether the series > |a,| converges
or not? There are two important reasons.

1. First, we know several tests (and will learn others) for establishing con-
vergence of a series with nonnegative terms. If we use one of those tests
to establish convergence of > |a,|, then we get the convergence of > a,
free of charge.

2. Second, the distinction is important because conditionally convergent se-
ries and absolutely convergent series behave quite differently under famil-
iar algebraic operations. The terms of an absolutely convergent series can
be added in any order without changing the sum of the series or the fact
that it converges. Also, parentheses can be inserted into an absolutely
convergent series without changing its sum.

You say of course, but read on. The sum of a conditionally convergent
series may change and the series may even become divergent if its terms are
rearranged. For example,

1 1 1

TS SR S S S Y
2 3 4 5 6 7 8 B
and the rearranged series
1_|_1 1+1+1 1+1+1 1 _312
3 2'5'7 4’9 11 6 27

The famous German mathematician Bernhard Riemann (1826-1866) proved the
terms of a conditionally convergent series can be rearranged so that the re-
arranged series has any prescribed sum S, including co and —oo.

14.6 Suggested Problems

1. Give brief clear answers to the following questions:

(a) What is an alternating series?
(b) To which alternating series does the alternating series test apply?

(¢) Suppose the hypotheses of the alternating series test are met. What
can you say about the error when the alternating sum of the first n
terms of the series are used to approximate the sum of the series?

Show that each alternating series converges. Then estimate the error
made when the partial sum Sig is used to approximate the sum of
the series.
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0o n+1
2. Zn:l (_1> * In(nl+1)

o) n+1 n
3. Zn:l (71) n241

o (=17
6. > nm0 VrterD)

(a) Determine whether the series is absolutely convergent, conditionally
convergent, or divergent.

TN (1)

[e%s) n+l pn
9. Zn:l (_1) " 5+n

10. ZOO cos nm

n=1 n

11. Zoo sin(nm/2)

n=1 n

12, 3300 (—1)" " S

o n+1
13. 35,5, (=1 \/ﬁ

14, Yoo 2

n=1 n2

(a) Determine the values of x for which the series converges. (b) Determine
where the convergence is absolute. (¢) Draw a figure that illustrates the
domain of convergence.

15. 307 2" /n?

16. >0 a"/n

17. 3202, (sinnz) /n?

18, 0, 4"/
(a) Verify that the series converges by the alternating series test. (b) Find
the smallest N such that the error estimate |S — Sy | < 0.001 is guaranteed
to hold in connection with the alternating series test. (c) Calculate the

corresponding Sy correct to five decimal places. (d) Is Sy > S or is
SNy < S? Explain briefly.

19. 2% (=)™ /n?

n=1
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20.

21.

22.
23.
24.
25.

26.

27.
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Yoty (=1 far
Yoty (=)™ (sin (1/n)) /n?

Let z be a complex variable. Determine where each series is absolutely
convergent. Describe the domain of absolute convergence geometrically.

Yoy 2 n?

Yo 2/

Y 2V

Yoo (1) 2" /ny/n

Is the 75th partial sum Srs of the series 300 | (—=1)"*! / (n? + 1) an over-
estimate or an underestimate for the sum S of the series? Explain.

Is the 56th partial sum Sse of the series 300 (—=1)"*! / (n? + 1) an over-
estimate or an underestimate for the sum S of the series? Explain.



Lesson 15

Root and Ratio Tests

15.1 Goals

e Learn and apply the ratio test
e Learn and apply the root test

e Approximate sums of series using comparisons with geometric series

15.2 Overview

The root and ratio tests are two of the most widely applicable tests for the
convergence or divergence of a series, especially power series. Both tests are
based on comparisons with geometric series and both tests apply to series with
real or complex terms. Further comparisons yield numerical approximations for
sums of series. In applying the root or ratio test it is useful to know several
basic limits that come up in calculus. They are listed at the end of this lesson.

15.3 The Root Test

The root test is a little simpler for series with positive terms. So we start with
that case. Let > ay be a series with every a, > 0. Compare ) a,, with the
geometric series Y r™ to obtain

Z a, converges if a,, < r" for all large n and some 7 < 1,

Zan diverges if a,, > r™ for all large n and some r > 1.

These results are expressed more conveniently in the following form.

167
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Let a,, > 0. Then:

> a,, converges if a}/ " < r for all large n and some r < 1.

> ay, diverges if a}l/ " > r for all large n and some r > 1.

n
Example 1 Does Y 7 ( n+2 ) converge or diverge?

n=1 \ 3n—1

n
Solution. Here a,, = (;Ltl) and

2 1
a}/”:;ﬂ;_tlﬂgasnﬂoo.

Consequently, a}/ " can be made as near to 1/3 as desired by taking n large

enough. Since 1/3 < 2/3, it follows that

2
al/m < 3 for all large n

n
and by the foregoing test > (%‘;—21) converges. [

The reasoning just used in Example 1 stands behind

The Root Test
Assume
lan|”"™ — L (finite or infinite) as n — oo.
Then
> a,, converges absolutely if L < 1,
> ay, diverges if L > 1,
the test fails if L = 1.

By the test “fails” is meant that the root test cannot distinguish convergence
from divergence when the limit L = 1.

Example 2 Determine where the series Y oo (—1)" 2™ /n? converges.
Solution. As usual, z is a complex variable. Here a,, = (—1)" 2" /n? and

jan | = I l2l
" n2/m o (pimy? 1

because

1/n

n — lasn— oco.
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Consequently, by the root test, the series

converges absolutely if |z] <1

and diverges if |z| > 1.

The root test gives no information if |z| = 1. However, if |z| = 1,
> <
= — <
2
n=1 n

and the series converges absolutely when |z| = 1. In summary, the series

oo

>

ZTL
"=
n:l( ) s

converges absolutely if |z] <1
and diverges if |z| > 1. O

15.4 The Ratio Test

The ratio test also is a little simpler for series with positive terms. The geometric
series > r™ converges if 0 < r < 1 and diverges if r > 1. Notice that the common
ratio of two consecutive terms of the series is r*!/r® = r. Therefore, the
geometric series > r™ converges if the common ratio 7 < 1 and diverges if the
common ratio r > 1. A very similar result holds for any series of positive terms:

Let a,, > 0. Then:
> a, converges if Gnt1 < r <1 for all large n.
a

n
anJrl

> a, diverges if > r > 1 for all large n.

n

First we establish the test for convergence. Since the convergence of > > a,,
depends only on a, for n arbitrarily large, we can change the initial terms of
the series so that

Yt 1 forn=0,1,2,3,... .
an

Then an41 < apr for all n and, hence,

ay S aopr,
as < air < apr?,
az < agr < apr’,

and, in general,
an < agr™.
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Since 0 <7 < 1,

Zan SZaor”:aOZr”: 16?70 < o0

and the basic comparison test implies that > a, converges. The proof of the
test for divergence amounts to reversing the inequalities and noting that > agr™
diverges for r > 1.

Example 3 Does Zflo:l n?/2" converge or diverge?

Solution. Let a,, = n?/2". Then

2 2
Ans1 1 (n+1)? 20 1 1 1
—apgq — = T (14— z
an Gntt an on+l n? 2 + n) T2

as n — oo. Consequently, a,,11/a, can be made as near to 1/2 as desired by
taking n large enough. Since 1/2 < 3/4, it follows that

An+41
[e2%

< % <1 for all nlarge

and by the foregoing boxed result Y - n?/2" converges. [

The line of reasoning in the previous example leads to

The Ratio Test
Let a,, # 0 for all large n and
an+1

Qn

— L (finite or infinite) as n — oo.

Then
> a, converges absolutely if L < 1,
> a, divergesif L > 1,
the test fails if L = 1.

2n

Example 4 For what values of x does the series Y~ (—1)" & converge?

Solution. Let a,, = (—1)" 2*"/n%. If x = 0, it is obvious that the series converges

absolutely. For x # 0,
|x‘2(n+1) n2 9 n 2 9
= 5 o = 1] = ||
(17 o n

as n — o0o. By the ratio test, the given series

Ap+1
Gnp

converges absolutely if |z]> <1 < |z| <1
and diverges if |z]* > 1 < |z| > 1.
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If |z| = 1, that is if z = £1, the ratio test gives no information. However, for

x = +1, the series is
o0 " 1
)" —

n=1

which we know converges absolutely. In summary, Y (—1)" % converges ab-
solutely for || <1 and diverges for |z| > 1. O

Example 5 Use both the ratio test and the root test to determine if the series

) n2
>

n=1

converges or diverges.
Solution. Here a,, = n?/n!. First let’s apply the ratio test:

Ap+1
QA

(n+1)° n! 1\* 1
2 (14=) — —o0
(n+1)! n? +n ntl

as n — oo and the series converges. Now let’s apply the root test:

e (V)

1/n _ n

because (as we know) n'/™ — 1 and (see below) (n!) n! — oo asn — oo.

So the given series converges by the root test. [

The fact that

Vnl — 00 as n— oo

is an elementary consequence of a much more useful result, called Stirling’s for-
mula, that tells how rapidly n! grows with n in terms of more familiar functions:

Stirling’s Formula

|
m "
n—o0 /21 (n/e)

Stirling’s formula often is express as
n! ~ V2 (n/e)",

which is read n! is asymptotic with v/2mn (n/e)" as n — oo, and where the tilde
notation means that the ratio of the two expressions has limit 1 as n — oc.
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15.5 Approximation of Sums of Series
That Converge by the Root or Ratio Test

Refinements of the comparisons with geometric series used to establish the ratio
and root tests lead to practical numerical approximations for sums of series that
converge by these tests.

Suppose for example that the terms of the series > a,, satisfy

MSr<1fornZM.
|an |

Then the series converges absolutely by the ratio test. Let S be its sum and Sy
be its Nth partial sum. Then

oo o0
‘S—SN‘Z Z ag| < Z |ak|.
k=N+1 k=N+1

If N > M, then comparison with the geometric series, just as we did earlier in
the lesson, gives

lante| < aniim, |anis| < aniir?, lanial < angar?, .

Hence, if N > M,

oo
IS —Sn| < Z lag| < lanr| (A +r+r2+r34+--)
k=N+1
= lavil 7—
In summary, we have:
AssumeM§T<lforn2M.

Qn
If N > M then the partial sum Sy and
sum S of the series >~ a, satisfy
1S — Sn| < M,
1—r

Some thought is required to use this error estimate effectively because you must
determine an M and a corresponding r so that the hypotheses of the error test
are satisfied. The name of the game is to choose M not too large but large
enough so that the corresponding r you determine is reasonably less than 1. In
typical applications |a,+1/a,| — L < 1 and you want to pick M not too large
but large enough so that r is reasonably close to L. The rub is that normally
a larger M allows a relatively smaller r. You have to strike a balance. Finding
a suitable pair of M and r usually requires a little numerical experimentation
with a calculator or computer.
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Example 6 Find > - n%/2" accurate to within 0.001.

Solution. Let a, = n?/2". From Example 3, the series converges by the ratio

test. In fact,
2
n+1 1 1 1
— = (14— =.
an, 2 ( * n) 2

The formula for the ratios show that they decrease as n increases. Here are a
few sample ratios:

n 11235 10 20
an 9 8 [ I8 _ 2T 4T
o 25|90 [35=0T72] 555 =061 | g5 ~ 056

The last two decimal approximations are rounded up. Since the ratios decrease,
any column in the table with n > 3 determines a pair of values M and r that
satisfy the hypotheses of the error estimate. For example, we can take M = 10
and r = 0.61. Then for N > M = 10,

anp| _ (N4+1)? /2N (N 4+1)?

1—r 39 (:39)2N+1

|S—SN|<|

and the required accuracy will be achieved if N > 10 also satisfies

N +1)2 oN+1
(V4 1) < 0.001 <

S > ~ 2564.1.
(.39) 2N+ (N +1)° ~ 0.00039

Use a graphics utility to plot graphs of 2*+1/ (z + 1)? and 2564.1 on the same
screen to see that any N > 20 will satisfy the foregoing inequality. The same
conclusion can be reached by trial-and-error calculations of 2*+!/ (z + 1)2 for
various integer values of x and comparison with 2564.1. Therefore,

20 n2
Sa0=Y o ~ 59995
n=1
approximates the sum of the series to within 0.001. You may suspect that the
sum is 6. Stay tuned. O

Very similar reasoning related to the root test gives the estimate:

Assume \an\l/" <r<1forn>M.
If N > M then the partial sum Sy and
sum S of the series Y.~ a, satisfy

N+1
1S — Sy| < .
1—1r
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The following fact is often useful when using this error estimate:

1/n

‘ n decreases for n > 3.

15.6 Special Limits

Here are several special limits that you may find useful when you apply the ratio
or root test to particular series. (If you did the group project on special limits
in the supplemental materials at the end of these lessons, you already have met
most of the special limits and developed some numerical evidence in support of
them. Now you can prove some of them!)

Asn — oo
1. a™ — 0 provided |a| < 1.

2. a/™ -1 provided a > 0.

1 |
3. n_: — 0 for any p > 0;in particular, an 0.
n n

4. pt/n 1.

x€X n
5. (1 + —) — e for all z.
n

l,n

6. — — 0 forall z.
n!

A homework problem guides you through the verification of three of these
results.

15.7 Suggested Problems

What can you say about the series > a,, in each case.

: u’n+1 _
Lo limy oo |2 =4
n
. Gy | 1
2. lim,,— o = =1
. a
3. limy, o |2 =1
Qn

Use either the ratio or the root test to determine (absolute) convergence
or divergence of the series.
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10.

11.
12.

13.

14.

15.

16.

17.
18.
19.

20.

21.
22.

>n(3)"

X ()"
Y ()"
TGy

n?

n!

’ﬂ3
oy

Z (;n)!
n”
n!

-2 4 3 4 4 . 5 4. ..
T32 T 725 7356 T 767 T

Determine whether the series is absolutely convergent, conditionally con-
vergent, or divergent.

oo —2)"
Zn:l %
Soto S
0o n? n
Zn:l (Wﬁ)
5 n
S (0" ()

(a) Use the ratio test to show that the series converges. (b) Then use the
error estimate in this lesson associated with the ratio test to approximate
the sum to within 0.001.

Zzo:o 1/n!
ZZO:O n/2"
Yoo ("2 + ”) /3"

S (0" ()"

(a) Use the root test to show that the series converges. (b) Then use the
error estimate in this lesson associated with the root test to approximate
the sum to within 0.001.

S ,1/n! Hint. {/n!is increasing.
nson/2"
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23.

24.

25.

26.

27.

28.

29.

30.
31.

LESSON 15. ROOT AND RATIO TESTS

S (0" ()"
Yonzo (n* +n) /3"

For real z, 7 | «™/n3" is a real power series. (a) Show that it converges
absolutely by the ratio test for all |z| < 3. (b) Its sum S (z) and partial
sums Sy (z) are functions of x. Determine N so that that the partial
sum Sy (x) will approximate S (z) to within 0.001 for all x in the interval
—-2<zx <2

For real z, - ° | na™ /3" is a real power series. (a) Show that it converges
absolutely by the root test for all |z| < 3. (b) Its sum S (z) and partial
sums Sy (z) are functions of z. Determine N so that that the partial
sum Sy (x) will approximate S (z) to within 0.001 for all x in the interval
—2<x <2

Use the ratio test to determine where the given power series converges and
where it diverges.

(a) Y- na"

(b) S nia"

(c) Yon’a"

(d) What general result is suggested by (a), (b), and (c)? State and
confirm it.

Use the root test to determine where the given power series converges and
where it diverges.

(a) > z"/n

(b) Y a"/n?

(c) Xam/n?

(d) What general result is suggested by (a), (b), and (c)? State and
confirm it.

Fix |x| < 1 and p > 0. Use Problem 27(d) to show that n’z" — 0 as
n— oo.

(a) Determine for which z (as usual a complex variable) the series con-
verges absolutely and for which z it diverges. (b) Describe the region of
absolute convergence geometrically.

S (=1)"n2m/2n
> (Inn)z"
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32. > z"/nl
33. > _nlz"/3"

34. The terms of the series » a, are defined recursively by a; = 1/2 and

Uni1 = 321%“” for n > 1. Determine whether the series converges or

diverges.

35. The terms of the series Y a,, are defined recursively by a1 = 2 and ay,+1 =

dnt2ay, for n > 1. Determine whether the series converges or diverges.

36. (More Error Estimates) Assume there is a positive integer N such that
Gp > Gpy1 > 0 for all n > N. Establish the following assertions:

- aN+1TN+1
(a) FO<r <1, then Y~ v a,r" < 1,
" pVHL
oo T
(b) If >0, then > >~ v, n—y < aN+1m€ .
n N+1
) ) r T N +2
(¢) Moreover, in (b) if r < N+2, then }>° v, n—y < AN+ N+OINT2—+

Hint. Use a geometric series.

37. Let Sy () be the Nth partial sum and S (x) the sum of a given power
series. Do the following:

(a) For the power series > ° | #-z" use (a) of the previous problem to

find a reasonable N so that Sy (x) approximates S (z) to 4 decimal
places (error at most 0.00005) for all z with —1 < z < 1. Hint. For
lz] <1,

n

n
—XT
21’L

cn__n < 1 >n
(b) For the power series Y, ﬁ"’"ﬂ—? use (b) of the previous problem to

find a reasonable N so that Sy (x) approximates S (x) to 4 decimal
places (error at most 0.00005) for all z with —2 <z < 2.

(c) For the power series Y - | ﬁ% use (c) of the previous problem to

find a reasonable N so that Sy (x) approximates S (z) to 4 decimal
places (error at most 0.00005) for all x with —2 <z < 2.

38. Use Stirling’s formula to deduce that ¥/n! — oo as n — co.

39. (The Special Limits) Recall that e* — 0 as x — —o0, e* — 1 as ¢ — 0,
and a® = e*™ for any a > 0.

(a) Verify special limit #1. Hint. |a"| = |a|" = e™lal
(b) Verify special limit #2. Hint. o'/ = ¢(1/m)Ina
(¢) Verify special limit #4. Hint. n'/™ = (/""" and special limit #3
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Lesson 16

Power Series

16.1 Goals

e Learn the general convergence properties of power series
e Find the radius of convergence of particular power series

e Know that a power series converges absolutely inside its interval of con-
vergence (real case) and inside its circle of convergence (complex case)

e Establish convergence or divergence at the end points of the interval of
convergence (or on the circle of convergence in simple cases)

e Learn and apply the algebraic properties for addition, subtraction, multi-
plication, and division of power series

16.2 Overview

Recall that a power series (in powers of « or about 2 = 0) is an infinite series
of the form

Zanx":a0+a1$+a2:102+---+anx"+-~-.

As always, x is understood to be a real variable and in this context the coeffi-
cients are (usually) real numbers. We also have met power series in z

2
g anz" =ag+arz+ a2+ -+ anz" + -0,

where z is understood to be a complex variable. The coefficients of a complex
power series may be either real or complex numbers. You have worked with
several examples of such power series in earlier lessons. We will take a closer
look at power series in the next two lessons. In certain respects power series
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behave like “infinite degree” polynomials and it is important to know when this
is the case. In Lesson 11 we saw that some complicated functions of calculus
can be expressed as power series. In particular,

2 3 n

9 x X xr
e = +x+§+§+...+ﬁ+..,7
o .
sinx = x—§+§ W_i_ ,
2?2zt af
cosxT = 1—54—1—54__...,

for all real z. Indeed, virtually all the functions you have met in calculus have
power series expansions. Power series expansions such as these have important
theoretical and computational uses.

In this lesson and the next one, we shall concentrate successively on the
convergence properties of power series, the algebraic properties of power series,
the analytic properties of power series, on how to obtain power series expansions
for many functions that occur in calculus, and finally on some applications. This
lesson deals primarily with convergence properties and algebraic properties of
power series.

16.3 Convergence of Power Series

Did you notice a common convergence property of the power series in all the
examples given in earlier lessons and in the homework? In each case, there was
a number r > 0 such that the power series converged absolutely for |x| < r and
diverged for |z| > r. This behavior is typical, as we explain next. The following
results should seem quite plausible based on your experience with particular
power series. The proofs of these results and other general results about power
series discussed later will be skipped. They can be found in most books on
advanced calculus.

For any power series Y a,z™ there are three possibilities:
(a) 3" apa™ converges only for 2 = 0;
(b) > anz™ converges absolutely for all z;
(c) There is a number r > 0 such that
>~ anx™ converges absolutely for |x| < r
and Y a,a™ diverges for |z| > r.

Let C be the set of values = for which the power series > a,z™ converges. By
the foregoing theorem, C is one of six intervals

[0,0], [-mr], (=rr] [-r7), (=rr) (—o00,00)
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for some r > 0. We call C' the interval of convergence of the power series.
Define r = 0 if C = [0,0] and r = oo if C = (—00,00). Then r is called the
radius of convergence of the power series.

The terminology radius of convergence comes from the corresponding theo-
rem for complex power series:

For any power series »  a,2" there are three possibilities:
(a) > anz™ converges only for z = 0;
(b) >~ anz™ converges absolutely for all z;
(¢) There is a number r > 0 such that
>~ anz™ converges absolutely for |z| < r
and Y a,z™ diverges for |z| > r

Let D be for the set of values z for which the power series Y a,z" converges.
We call D the domain of convergence of the power series. In case (c), the
power series converges absolutely inside the circle |z| = r in the complex plane,
diverges outside the circle |z| = r, and may converge or diverge at points on the
circle |z| = r. Define r = 0 if D = {0} and r = oo if D = C, the entire complex
plane. Then r is called the radius of convergence of the power series and the
circle |z| = r the circle of convergence of the power series. The domain of
convergence D consists of all points z inside the circle |z| < r together with any
points on the circle at which the series converges.

Example 1 Find the radius and interval of convergence of the power series

>onlz™/ (2n)!

Solution. Because of the factorials, we try to ratio test. Let b, = nla™/(2n)!
Then for x # 0,

(n+ 1)lgntt ~(2n)! _ (n+1) || _ |z] 0
2(m+1)])  nlan 2n+2)(2n+1) 2(2n+1)

bn+1
by,

as n — 00. By the ratio test, the series converges for all z, the radius of conver-
gence is r = 0o, and the interval of convergence is (—o0,00). O

Example 2 Find the circle of convergence of the power series Y (—1)" 2™ /n?.
What is the domain of convergence?

Solution. This time we apply the root test. (Try the ratio test for yourself.) Let
cn = (—1)" 2" /n?. Then

1/
": 2 = 2 HM:M as m — oo
n2/n (nl/n)2 12 '

‘Cn|1/n = ’—(—l)n 2"

n2

By the root test, the series
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converges absolutely for |z| < 1
and diverges for |z| > 1.

So the radius of convergence is r = 1, the circle of convergence is |z| = 1, the
unit circle in the complex plane. We know the series converges absolutely in the
open unit disk |z| < 1. If |2| =1,

X[

So the series also converges absolutely at each point on the circle |z| = 1. The
domain of convergence is the closed unit disk |z| <1. O

For a given complex power series it can be quite difficult to decide whether
or not the series converges at a particular point on its circle of convergence. For-
tunately, in most practical situations, what happens on the circle of convergence
is not especially important. The action usually takes place inside the circle of
convergence (where the convergence is absolute).

Example 3 Fix a real number o # 0. The Taylor series of (1 + z)“ is (see the
suggested problems)

> -1 D (a—2
> e s
n=1
ala—D(a=2)(a—3) 4
1-2.3.4 Tt

where the coefficient of x™, called a binomzial coefficient, is

(3)-2te=bie-2:onry

Find the radius of convergence of this power series, called the binomzial series.

Solution. Observe that two consecutive binomial coefficients satisfy

( a ):a(a—1)(a—2)---(a—n+1)(a—n):(a)a—n

n+1 1-2:3--- n-(n+1) n ) n+1

Now, it is easy to find the radius of convergence of the binomial series using the
ratio test:

a—n
n+1

|z| — |z| as n — oo.

By the ratio test, the binomial series
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converges absolutely for |z| < 1
and diverges for |z| > 1

Consequently, the binomial series has radius of convergence 1 and converges
absolutely for —1 <z < 1. O

The binomial series is most useful for fractional powers such as (1 + x)l/ 2,

(1+ x)_1/2, and (1+ x)l/?’. Newton, who used the binomial series in approxi-
mate calculation of roots, is often credited with discovering the binomial series;
however, it also was known to Leibniz. As you probably have guessed, the
binomial series has the expected sum:

o al@a—1) , ala=1(a=-2) 5
1 = 1
(1+x) +ax + 5 x° + T5.3 x° +
ala—1)(a=2)(a—3) 4
1-2.3.4 T

for —1 < & < 1. See the group projects for one way to establish this binomial
expansion.

As the foregoing examples suggest, the radius and domain of convergence of
a power series often may be found using either the ratio or the root test.

16.4 Algebraic Properties

Real or complex power series can be added, subtracted, multiplied, and divided
in the same way that polynomials are. We summarize these useful facts below.

Let >°0° , a, 2™ be a power series with radius of convergence r, > 0 and let
ZZO:O b, z" be power series with radius of convergence r, > 0. Let

r =min (rq,7p) .

Then
[ee] oo oo
Z a2z Z b, 2" = Z (an £by) 2" for |z| <r
n=0 n=0 n=0

If the two power series are multiplied as if they were ordinary polynomials and
like powers are collected in the usual way, then the formula obtained for the
product is

o0 oo oo n
g anz" Z bpz" | = E cp 2" where ¢, = Z apbn—_k-
n=0 n=0 n=0 k=0

This multiplication formula is valid for |z| < r. To understand the formula for
cn, notice that to get one of the terms in the product that is a multiple of z™
you must multiply together two terms on the left side of the product whose
exponents add to n. Such terms have the form ayz* and b,_,2" "% and each
pair contributes the term ayz"b,_52" "% = agb,_rz" to the product.



184 LESSON 16. POWER SERIES

Division of Y0 janz™ by > " by2™ can be carried out formally just as if
the power series were polynomials (provided that by # 0) to yield

2 om0 @n?’
== dpz"
Zn Ob 2" HZ;)

and the quotient power series converges for |z| < s if both numerator and
denominator converge and the denominator does not vanish for such z.

In practice, except in special cases, only the first few terms of the product
or quotient series can be easily calculated by hand. The algebra required to
compute even a few terms in the series is often unpleasant and best done with
the aid of a CAS.

16.5 General Power Series

> anx™ is a power series in x or a power series about = 0. A general power
series of the form > a,, (x — ¢)" is called a power series in x — ¢ or a power
series about c. The change of variables t = x — creplaces the power series
> an (z — ¢)"by the power series Y~ ja,t™. In this way, any question con-
cerning a power series about ccan be recast as a question concerning a power
series about 0.In particular, the change of variables enables us to transfer the
basic convergence results of power series about Oto power series about any point
c:

For any power series Y a, (x — ¢)" there are three possibilities:
(a) S"ay (x — )" converges only for x = ¢;

(b) Y a, (z —¢)" converges absolutely for all z;

(c) There is a number r > 0 such that
S~ an (z —¢)" converges absolutely for |z —c| < r
and > a,, (z — ¢)" diverges for |z —c| > 7.

The corresponding result hold for complex power series in z — c.Radius of
convergence, interval of convergence (real case), circle of convergence and do-
main of convergence (complex case) are defined as expected.

(z=2)"
n3n

Example 4 Find the radius and circle of convergence of Zn (="

Solution. Since
_ 2)71 1/n
n3n"

I et I e
- )

3pi/n 3

(S

it follows from the root test that the series
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converges absolutely for 1 |z —2| <1 or [z—2[<3

and diverges for 4|z —2[>1 or [z—2]>3

Since |z — 2| < 3 is the open disk in the complex plane with center 2 and radius

3, the radius of convergence is 7 = 3 and the circle of convergence has equation
lz—2|=3. O

16.6 Suggested Problems

1.
2.

10.

11.

12.

13.
14.
15.
16.

What is a power series?

What is the radius of convergence of a power series?

. What is the interval of convergence of a real power series?

Find the radius of convergence and interval of convergence of each power
series.

o "
Zn:O n!

ZOO (39:)"
. n=1 n2m

YooV (z—=2)"

g (2z—1)"

n=1 n4n

. ZZO:O n? (z — 4)2n

ZOO (_1)1’L+1 (2x+3)n

n=1 22n1/2

2 3 4
xz o X L —_ .
1-2 23+3~4 4~5+

z—4 _ (z=4)° (z—4)3 (z—0)*
1 x2~3 + x3»4 - x4‘5 +—

Find the radius of convergence and circle of convergence of the power
series.

S 27/l

Y (z+4)"/n

> (32 -2)" [y/n2"
Sl (22 — 1)"
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17.

18.

19.

20.
21.
22.
23.
24.
25.
26.
27.

28.
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The Bessel function of order 1,

oo " z2n+1
J = —1 _—
1 (@) T;( ) n!(n+ 1)122n+17

has important applications in mathematics, physics, and engineering. Find
the domain of Jj () ; that is determine its interval of convergence.

Suppose Y a,z™ has radius of convergence 2 and > b,a™ has radius of
convergence 5. What can you say about the radius of convergence of
> (an + by)z™?

The series ZZOZO anx™ is given by ag = 1, a; =0, ag = —1, and ap4+3 = a,
for n > 0. Explain why the series must converge for all |z| < 1. Then find
the sum of the series.

(a) Use the power series expansions for e?, sinz, cosz, and geometric
series to find the first three nonzero terms in the power series expansion
of the given function. (b) Based on the information given in the section
on algebraic properties of power series, for which values of = can you
guarantee that the new series converges.

(If you have a CAS, you can easily find several more nonzero terms in the
power series expansions of the functions.)

sin 2z

e* + 3cosx
efsinx
cosxsinx
e’/ cosx
tanx
cosx/e*

(sinz) /(1 —x)

Suppose you need to calculate the first several coefficients ¢y, c1,..., ¢y of
the product series

(i anz"> (i bnx”> = i cpx”.
n=0 n=0 n=0

Explain why cg, c1,..., ¢y also are the coefficients of 1, z,..., 2 in the
product of the two polynomials Zg:() a,z"™ and ZT]LO bpx™.
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29. Show that Y~ z™/n! has radius of convergence infinity. Conclude that for
any z
2"
— —0 as n—o0
n!

30. Fix a # 0. If f (z) = (1 + ) verify by direct calculation that

0 _afo-Dla=2:a=n+1) <a>

n 92.3...-n “\n
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Lesson 17

Analytic Properties of
Power Series

17.1 Goals

e Learn and apply the fact that a power series is continuous inside its interval
or circle of convergence

e Learn and apply term-by-term differentiation and integration properties
of power series to obtain new power series representations from known
ones

e Use changes of variable to obtain new power series representations from
known ones

e Use power series methods and error estimates for sums of series to approx-
imate definite integrals to a prescribed accuracy

e Learn the uniqueness property of power series representations

17.2 Overview

In many respects, a power series behaves like an “infinite degree polynomial”
inside its interval of convergence. This is true not only for addition, subtraction,
multiplication, and division but also for differentiation and integration. Any
polynomial can be differentiated or integrated term-by-term. Similarly, any
power series can be differentiated or integrated term-by-term inside its interval
of convergence. This is an important practical and theoretical property of power
series.

We will not prove the facts concerning continuity and term-by-term differ-
entiation and integration of power series, but Examples 5 and 6 of this lesson
illustrate the type of reasoning that lies behind the general proofs. Our first
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order of business is to learn how to apply these important properties of power
series.

17.3 Calculus and Power Series

Suppose a power series >~ a,z" has radius of convergence r > 0. Then the
sum of the series, call it f (z), is a function of = for |z| < r:

fx)= Z apz”™ for x| <r.
n=0

Several basic properties of sums of power series follow.

Continuity of Power Series
Let f(z) = Y07 g anx™ with radius of convergence r > 0
and interval of convergence I.
Then f(z) =Y,° , ap,x™ is continuous on I.
Consequently, for any ¢ in 1

im Y00 Jana™ = > 07 ) anc”

r—c

with the understanding that x — ¢ with x in 1.

Continuity of the sum of a power series inside its interval of convergence is
relatively easy to establish using a related geometric series. Continuity at end
points of the interval of convergence that belong to that interval is more subtle;
that result is known as Abel’s theorem. You will find some applications in the
problems.

Example 1 Use power series to establish that lim,_ . Si;m =1.

Solution.

. sinx o1 3 b 27
lim = lim—-(e——+——5+—---
z—0 z—0 T ! :
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Differentiation and Integration of Power Series

Let f(z) = >" g ana™ with _ﬁidius of convergence r > 0. Then:
n

(W) Jy £ dt =Yg any

(2) f (x) is differentiable and

[ (x) =30 naa™ ! for —r<z<r.

(3) The differentiated and integrated series have the same

radius of convergence as the original power series.

(4) The interval of convergence for the differentiated series

is the same or smaller than for the original series. The

interval of convergence for the integrated series is the same

or larger than for the original series.

for —r<z<r

Property (1) also has the indefinite integral formulation

/ ( ) i anrl
f(z) dx = ap—— +C
oy n+1

with C' a constant of integration and where x varies inside the interval of con-
vergence of the original power series.

Since the differentiated series in (2) is again a power series with the same
radius of convergence as the original, we can apply (2) repeatedly to differentiate
term-by-term again and again:

Let f(z) =Y o anx™ with radius of convergence r > 0.
Then f (z) has derivatives of all orders and

the kth derivative of f (x) can be obtained by
differentiating the original series k times term-by-term.

17.4 Uniqueness of Power Series Representations

Suppose that f (x) has a power series representation with radius of convergence
r>0:

o0
f(z)= Z@nl’n = ag + a1z + azz”® + azax® + - - for |z| <.

n=0

Evidently there must be a close connection between the function f (z) and the
coefficients a,, in the power series. A little reflection will reveal the precise
connection. (Compare what follows with the polynomial case that was treated
in Lesson 9.) Since

f(z) = ap+ax+aa®+azz®+---,

I () a1 + 2a0x + 3agz® + -,

f"(z) = 2-lay+3 2a3x+4-3a42”+ -,

[ (x) = 3-2-laz+4-3-2a4z+5-4-3asz? + -,
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it follows that

f@0) = ao,

f0) = a,

f7(0) = 2-lag,
f(0) = 3-2-1las,

and, in general,
f™0)=n-(n—1)---3-2-lay,.

Therefore,
f™ (0)

n!

Ay =

Uniqueness of Power Series Representations
If f(z) =Y 0" anx™ with radius of convergence r > 0, then
_ ™)

n!

n=0,1,2,..,

n
and, hence,

f(z) = ZOO 1 (0) " for |z| <.

n=0 n!

There are two important conclusions in this uniqueness result: First, it is
conceivable that a given function f (z) might have more than one power series
representation about 0. The uniqueness result says that this does not happen.
Second, if f (x) has a power series representation, then it is the Taylor series for
f(x). This means that if we find a power series representation for a function
by any means whatsoever, the power series we have found is the Taylor series
for the function. This gives us an important new way to obtain Taylor series
without calculating the coefficients f(™ (0) /n! directly, as we had to do up
until now. For example, all the power series representations developed in this
lesson are the Taylor series for the functions on the left side of the equations.
None of these series will be found by calculating £ (0) /n! directly. To see the
advantage of avoiding the direct approach, try your luck on a direct calculation
of the Taylor series of e~ . Then read Example 2 of this lesson where the Taylor
series expansion of e~ is obtained by inspection from the known power series
expansion of e*.

17.5 Applications

Changes of variable in known power series expansions, such as we used in Lesson
10, algebraic manipulation, and term-by-term differentiation and integration
of such series expansions can lead to a surprising variety of useful new series
expansions. A few examples will hint at what is possible.
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Example 2 FEvaluate fol e~ dx correct to within 10~S.

Solution. This integral has no elementary antiderivative and consequently can-
not be evaluated exactly using the fundamental theorem of calculus. Replace x
by —z? in the power series expansion e = Y~ ;2" /n! which holds for all z to
obtain

e ) Sy
T
n=0 n=0

for all x. Integrate term-by-term to find

1 o0 n 2n+1
—z? _ (_1) T
/0 ¢ de= Z n! 2n+41

n=0

X (= 1 1 1
— :17 + — G+— ..
o Z(2n+1)n! 3.1 5.2 7.3

n=0

Since the series on the right satisfies the conditions of the alternating series test,
the error committed by cutting of the series at the term (—1)~ /(2N + 1) N! is
at most the magnitude of the next term in the series. Consequently, we want
to choose the smallest IV such that

| 1 )
RS E S R TS I

A little experimentation with a calculator shows that N = 9 does the job and
that
/1 e de ~ i DT 46824

n=0

with error less than 1076. [
Example 3 Find power series expansions for In (1 — x) and Inzx.

Solution. The key here is to recognize that In (1 — z) has derivative —1/ (1 — x),
which apart from the minus sign is the sum of the basic geometric series. So we
can get a power series for In (1 — z) by integrating the geometric series expansion
term-by-term. Here are the details:

1 oo
1= = —nZ::ox” for —1l<zxz<l,
In(l—-2z) = - +C,
n:On—i—l

for some constant C. Set = 0 to find that C' = 0; hence,

3 4

> gt 2z x
111(171’):*5 n_’_l—(IJr?Jr?Jerr"') for —-1<z<l1.
n=0

Now simply make the change of variable u = 1 — z and observe that
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—1 <z < 1ifand only if 0 < u < 2 (check this)

to obtain

Inu

<<1u>+<12“>2+“3“>3+ <14“)4+...>

2 3 4
_ (u_1>_(u—21) +(u—31) _(u—41) P

for 0 < u < 2, which is a power series expansion for Inu about 1. If you prefer
to use z as the independent variable, simply replace u by = to get

(z-1° (@-1° (@-1'
5 T3 T 1

Ine=(z-1)- + -

for 0 < 2 < 2. This is the power series expansion about 1 (in powers of z — 1)
of Inz. O

Example 4 Use term-by-term differentiation of the geometric series to find the

sum of the power series Y oo n*z".

Solution. The critical observation needed to get started here (and in similar
problems) is that term-by-term differentiation of the geometric series ultimately
produces new series with terms that are very nearly n?z". Indeed, two term-
by-term differentiations of

:Zx” for —1<ax<l1

yield
-
(1-a)°
2
(1—a)

lofor —l<ax<l,

-1 "2 for —1l<z<l.

>
St

Notlce that we get close to the series Y > | n22” if we multiple the last equation
by z?

Lz?) = in n—1)z Zn —inx’ﬂ
(1—.’1?) n=2 n=2

2
ZnQ" = ﬁ—&—;nw”
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The series we seek starts with n = 1 not n = 2. To get the desired additional
term, add = to both sides to get

$+Zn2z" = %+1’+an",
n=2 (17‘11) n=2
Zn%" = 3+Zn3:” d—i—xan” L
n=1 n=1 ) n=1
222 1 2+
= 3T z = 3
(1—x) (1-x) (1—x)
So -
Zn = il for —1l<z<l1 0O

1736)3

Let z = 1/2 in the last formula to find }",> , n?/2" = 6. Compare this with
Example 6 in Lesson 15 where we approximated the sum of this series.

17.6 Variations on a Theme

All of the foregoing results about real power series > a,z™, with one exception,
apply to complex power series > a,2". The exception is the analogue of Abel’s
theorem, which is more delicate in the complex domain. Otherwise, the only
change needed is to replace interval of convergence by domain of convergence in
the complex case. For example, the reasoning used in Example 4 yields

Zn = z+z3 for |z] <1
2)
in the complex domain.

Likewise, analogs of the results above hold for both real and complex power
series of the form Y a, (z —¢)" and Y a, (z — )" . For example, if f(x) =
S gan (x—¢)" for |v —¢| < r, then

n-l—l

/f(t)dt:/ Zant—c dt = Zanx_c for |z—c<r

and there is an indefinite integral formulation of term-by-term integration.
What is it?

17.7 Term-by-Term Operations Revisited

The next two examples confirm, in two special cases, the general results about
term-by-term differentiation and integration stated earlier. The reasoning used
in the examples is very much like the reasoning used to establish the general
results.
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Example 5 Show that the geometric series

1
o =ltatateta o for o[ <1
— X

can be differentiated term-by-term to obtain

s=1+42z+32°+--+nz" '+ for |z| <1l

1
(1-=)
Solution. We start (see Lesson 10) with the finite geometric series with remain-
der

xn—l—l
=l+a4+a2+- +2"+ for x#1
1—=x 1—=x
and differentiate both sides to obtain
1 2" + (1 — ) nz™

s=1+2z+32"+-- +na""' +

(1-a)

Fix « with |z| < 1 and let n — oo. Then 2" — 0 and nz™ — 0 (see the
problems). Therefore,

for x# 1.

2" + (1 — ) nz™

5 —0 as n— o0
(1-=z)

and, from the previous equation,

1
W:1+2x—|—3x2+---—|—nm"71+~-~ for Jz|<1. O
-z

Example 6 Replace by —x2 in the geometric series to get

1

1+x2:1—x2+x4—x6—|——--- for —1<z<l1.

Show that this series can be integrated term-by-term to yield

x  x® 2

arctanx:x—g—i—?—?—l——n- for —1<z<1.

Solution. We begin again with

n+1

1
— =14zt 42"+ for x#1
11—z 1—=x

and let z = —2 to obtain

1

(71)n+1 t2n+2
1+41¢2

T for all ¢.

=124t =t (D) +
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Integrate from 0 to z to find

r o1
arctanxr = /—dt
0

1+¢2
.’133 .TS .T7 n $2n+1 ntl x t2n+2
= ——t = — = — — dt
S S S Sl T R ) /01+t2
Now, for —1 <z <1,
It2n+2 1 1
/—dt §/t2”+2dt: —0 as n — oo.
0 1+t2 0 2n+3
It follows that
3 5 7
arctanx:x—%—i—%—%—l——-n for —-1<z<1. 0O

17.8 Power Series and Differential Equations

Power series often provide solutions to differential equations that cannot be
solved by more elementary means. Conversely, knowledge about solutions of
particular differential equations can enable you to find the sum of certain power
series. The following examples give a glimpse of the interplay between power
series and differential equations.

The first example takes advantage of your knowledge of solutions to the
exponential growth equation 3’ = y to sum a particular power series.

Example 7 Find an explicit formula for the sum of the series

2 .’133 .’134

=z T
S(x)=;H=1+x+§+§+I+---.

Solution. Of course, you know the sum is e®. But the point here is the method.
So forget you know the answer. The series converges for all x by the ratio test.
First, notice that S (0) = 1. Next, differentiate the series for S (z) term-by-term

to obtain
2 3

x x
S’(m):0+l+x+§+?+~~:5’(:ﬂ)
for all z. The same calculation, expressed in summation notation, is

e n—1 & n—1 &

Y@= = i T o =5

n=1

where n was replaced everywhere by n + 1 in passing from the middle to the
last summation. (Changes of variable like this will be very effective when the
going gets tougher. Stay tuned.) Either way,

S'"(z) =S (z) and S(0)=1.
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In MTH 252 you learned that the initial value problem

Yy =y and y(0)=1
has the unique solution y = e”. But we just showed that S(z) = >, %", solves
this initial value problem. So S (z) = €® and we have a new derivation of the
power series expansion

forall z. O

Now, let’s turn the tables. Suppose you have not met the exponential growth
equation before.

Example 8 Show that the initial value problem
y =y, y(0)=1,
has a power series solution.

Solution. Let
o0
y = Z anx™.
n=0
We seek to determine the coefficients a,, so that the series solves the initial
value problem. First, set £ = 0 in the series to see that y (0) = ag. So we choose

ag = 1 to satisfy the initial condition. Second, substitute the series for y into
the differential equation 3’ = y and differentiate term-by-term to obtain

éé (gg%anxn> 2;%anxn7

iannxn_l = ianx". (17.1)
n=1 n=0

To see what this means write out explicitly several terms on each side of the
equation

1a1+2a2x+3a3x2+4a4x3+~~:a0+a1x+a2x2+a3m3+~-'.

This equation will clearly be satisfied (and, by the uniqueness of power series
representations, can only be satisfied) if we can choose the a,, so that the powers
of = on both sides have the same coefficients. This requires

lay = ag, 2a2 = a1, 3a3 = as, 4a4 = ag, ...
and, in general,

n+1)apt1 = an for n=0,1,2,....
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Another way to arrive at the same result, but working in summation notation,
is to make a change of variable in (17.1) so that = occurs to the same power in
all the summations in equation (17.1). To this end, replace n everywhere on the
left side by 7 4 1 and note that summing from n + 1 = 1 to infinity means that
n varies from 0 to infinity to obtain

Zan-i—l (n+ 1)z Zanx

Now equate coefficients of ™ on both sides to get
(n+1)apt1 = ap for n=0,1,2,...,

just as before. Either way

1
anH:n—l—lan for n=0,1,2,....
Since ag = 1,
1
= :1
ay O+1a0 9
- 1 1
I Rk
1 111
BT eI T3 2T 3
1 1 1 1 1
a = — Qa === = _
: 3+41° 43 2 4
and so on. In general,
1
anp = — for n=0,1,2,....
n!

So

— 1
y= Z ana” =3 e
n=0
It is easy to check that this power series has radius of convergence r = oc.
Hence, the term-by-term differentiation used above is justified and y solves the
initial value problem. [

As in Example 7, we know that e® is the only solution to the initial value
problem in Example 8 so we have yet another derivation of the Taylor series
expansion for e®. But, what is really significant about the solution in Example 8
is the process of finding a power series solution to a given differential equation.
It is most useful in cases where you cannot solve the differential equation by
other means.
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Example 9 Find a power series solution to the initial value problem

y =ay, y(0)=1
Solution. Let
oo
Yy = Z anx™.
n=0
Since y (0) = ap, we must choose ap = 1 to satisfy the initial condition. Next,

substitute the series for ¥ into the differential equation vy’ = xy and differentiate
term-by-term to obtain

d = n = n
— apT = anT",
() - o2

ianna?"_l = ianx"H. (17.2)
n=1 n=0

Replace n by n — 2 everywhere in the right member of the previous equation to

get
o0 o0
g apnz" Tl = E Qp_ox™ L.
n=1 n=2

Thus y = Y7, apa™ will satisfy the differential equation y’ = zy if we choose
a1 =0 and na,=an_o forn=23,...
In summary, y = ZZO:O anx™ will solve the given initial value problem if
1
ap=1, a1 =0, and a,=—-a,_o forn=223, ...
n

Use the recurrence relation to find
1 1 1

ay = 300=35, 63 =301 =0,

1 1 0
Qa. = —AqAo = ——— a5:—a = y
4 4 2 427 5 3

1 1 1 0
ag = =—=a4= a7 = =as =0,
0 6 ' 6-4.27°7 7

1 1 1 0
a = —ag = ag = ar =
8 3 6 86427 9 9 7 )

and so on. In general,

1 1
B T U T R
forn =0, 1, 2,... . Since all coefficients with an odd index are zero,

1

oo oo oo
y = g apx’™ = E Aoz’ = E o 'xQ".
n!
n=0 n=0 n=0
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This power series has infinite radius of convergence (by what test?) and, hence,
solves the given initial value problem.
Once again we are in luck and can find the sum of the series

)= i% ("’”_;>n —exp (e2/2). O

n=0

The Airy differential equation, used in the next example, is named after the
English astronomer and mathematician who directed the Cambridge Observa-
tory from 1835 to 1881. Solutions to the Airy equation cannot be expressed in
terms of the standard functions of calculus that you are used to using.

Example 10 Solve y”" +2y =0, y(0)=1, ¢ (0)=0.

Solution. We try to express the solution to this problem as a power series:
y = ZZOZO anx™. Our goal is to determine the coefficients in the power series so
that y satisfies the Airy equation and the given initial conditions y (0) = 1 and
y' (0) = 0. Since y = Y07 janz™ and v = > 7 na,z"t, we have y (0) = ao
and ¥y’ (0) = a1. The initial conditions will be satisfied if we choose

ap=1 and a; =0.

In order to see what is required for y = > °  a,z" to satisfy the differential
equation, substitute the power series for y into the left side of the differential
equation, differentiating term-by-term, to obtain

o0

y' oy = Z (n—1) an”Q—i—xZan
= n=0

= i (n—1) an”2—|—2anaﬁ
= n=0

Now, combine like powers of = by replacing n everywhere in the second sum on
the right by n — 3 to find

o0 o0
vty = Z n(n—1)a,z" %+ Z Qpgz™ 2
n=2 n=3

— 2a2+z (n—1)ap + ap_3lz" 2.

Evidently, the power series y = ZZOZO anx™ will satisfy the differential equation
y” + zy = 0 if we choose

200 =0 and n(n—1)a,+a,—-3=0 forn=3,4,5,....
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In summary,

an—3

a=1, a=0, a=0, and a,=—-——"- forn=3,45,....
n(n—1)
The recursion relation a, = —a,_3/n (n — 1) determines ag, ag, ag, ... in terms
of ag = y (0) = 1; determines aq4, a7, ajg,... in terms of a; = 0; and determines
as,as, ail, - - . in terms of az =y (0) /2. This last equality comes from the fact

that the power series for y must be its Taylor series. Set z = 0 in the Airy
equation y” 4+ zy = 0 to find that y” (0) = 0. So az = 0. Now since a; = 0, the
recursion relation implies that a4 = 0 which in turn yields a7 = 0 and so on.

In general azp1 =0 for n =0, 1, 2,... . Similarly, since ag = 0, ag,4+2 = 0 for
n=20,1,2,.... The a3, are obtained from ay = 1 and the recursion relation,
1 1 1 1
ag = 3 =——, Gg=————, aGg=———"-—— ...
0T BT ey T 93560 YT 2.3.5.6-8-9
Finally, the solution y to the initial value problem is
1 1 6 1

3n 3 9
p— (n :1—— —_— _—
y (@) T;)““’ 23" "2 356" 235689

where the as, are given by repeatedly applying the recursion relation a, =
—ap—3/n(n—1). O

17.9 Suggested Problems

1. The power series Y a,x™ has radius of convergence 4. What can be said
about the radius of convergence of the power series Y na,z" 17

2. The power series Y a,z™ converges for |z| < 3. What can be said about
the convergence of the power series > n“—ﬁ:z:”“?

Find, by any appropriate means, a power series expansion for the function
and the radius of convergence of the series.

3.1/ (1—4a?)

4. (142%) /(1 -2?)

5. (" +e7 ") /2

6. In (}J_r—i) Hint. Think about algebraic properties of logarithms.
7. In(5—x)

8 In(1/(5—x))

9. rarctanx
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10.
11.
12.

13.

14.

15.
16.

17.
18.
19.
20.

21.
22.
23.
24.

25.
26.

27.

28.
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xsin (z/2)
cosT +sinx
[ cos (x?) dx

J e dg

J

sin

arctanx
——dx
T

2 Hint.Use a trigonometric identity.

x + cosx

Use power series methods to evaluate the limit.
lim, o (1 — cosx) /2?2

lim, 0 (1 —cosz)/(1+x—e %)

lim, o (z — arctan ) /2®

lim,_o(tanz — z)/23

Find, by any convenient means, the first 4 nonzero terms in the power
series expansion of the given function. Then determine the radius of con-
vergence of the series.

(arctan x) /e*

e */(1—2x)
e%® arctan

Inz/cosx

Find the sum of the series by relating it to a series whose sum you know.
r—a?+ad—at+ -

2 3
LR RE R R

3¢+ L0 4 20 g S

dx correct to within

Use power series methods to approximate fol/ 4 3
x

4 decimal places; that is, the error must be less than 0.00005.
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29

30.

31.

32.

33.

34.

35.

36.

37.
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(a) Find a power series representation for arctan (:L'2) . (b) Use the repre-

sentation to calculate fol/ % arctan (xQ) dz correct to within 1076,

The Fresnel integral, named for the French physicist noted for his work in

optics, is
T
S (z) :/ sin (Eﬁ) dt
0 2
Find a power series representation for the Fresnel integral S (z) and de-

termine the values of = for which the expansion is valid.

Use power series methods to evaluate S (1) correct to within 0.001.

The Bessel function of order zero, Jy (x), is defined by

x2n

4n (nh)?’

Jox) =3 (-1)"
n=0

Show that the series converges for all z and satisfies the differential equa-
tion

m2y// _’_my/ +m2y — 0’
which is Bessel’s differential equation of order 0.

Use power series methods to evaluate Jy (1) correct to within 0.001.

Find ezactly the sum of the series > ", #%. Hint. First find the sum of
the series Y0 | na™.

Find ezactly the sum of the series >~ | —t=. Hint. The hint from Problem
34 should give you a hint.

In Example 3 the power series expansion
o0 n
-1
Inz = E (—1)" (e for 0 <z <2

n
n=1

was established.

(a) Show that the power series has interval of convergence 0 < z < 2.

(b) With the aid of continuity properties of power series, explain carefully
why the power series expansion for In z is valid for all x in the interval
of convergence. What does the choice z = 2 establish about the
alternating harmonic series?

Do the following:



17.9. SUGGESTED PROBLEMS 205

38.

39.

40.

41.

42.

43.

44.

(a) Make a change of variable in ) ° jz" = 1/(1—z) for |z| < 1 to
obtain a power series expansion for the function 1/ (1 + x2) .

(b) Find the interval of convergence of the power series about 0 you found
in (a).

(c) Use power series methods and the result of (a) to find a power series
representation for arctanx and state with a brief explanation for
which x the series representation is valid.

(d) Use (c) to find an infinite series expansion for /4.

Find a power series solution to the given initial value problem. Give the
sum of the series if you know it:

y —2y=4, y(0)=3.

Find a power series solution to the given initial value problem. Give the
sum of the series if you know it:

y +azy=0, y(0)=3.
Do the following:
(a) Use the power series method to solve the initial value problem 3" —

6y’ +9y =0, y(0) =2,y (0) =4.

(b) Find the sum of the power series you found in part (a).
Let a be a constant.

(a) Use the power series method to solve the initial value problem 3" —
a’y=0,y(0)=1,y'(0) =0.
(b) Find the sum of the power series you found in part (a).

Bessel’s differential equation of order zero, z2y" + zy’ + x?y = 0, has one

solution that is given by a power series y = > >~ anz™.

(a) Find the first four nonzero terms in the series solution.

(b) Find the recursion relation for the coefficients a,, and use it to find
a general formula for a,,.

The initial value problem y” + 3zy’ — 9y = =9, y(0) =1, ¢'(0) = 1 has a
power series solution. Find it. What is special about it?

The Laguerre differential equation has the form xy” + (1 —x)y' +ay =0
where a is a parameter.

(a) Show that the Laguerre differential equation has a power series solu-
tion > anz™ by determining the recurrence relation satisfied by the
coefficients and using it to determine its radius of convergence of the
series.
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45.

46.

47.

48.

49.
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(b) For what special values of a does the Laguerre differential equation
have a polynomial solution? Explain.

The power series solution to the Airy equation in Example 10 is an alter-
nating series for > 0. Let yy (2) = ij:(] az,x>", a partial sum approx-
imation of the solution y (). Find N so that |yx (z) —y (z)| < 0.001 for
all x in the interval 0 < z < 2.

Let |z| < 2 and let yn () and y (x) be as in the previous problem. Find N
so that |yn () — y (x)] < 0.001 for all z in the interval |z| < 2. Comment.
For |z| < 2, the power series solution to the Airy equation in Example 10
is not an alternating series. So you will need a new approach. Hint. Use
the error estimate related to the ratio test. It may help to first express
the solution y as a power series in ¢t = z3 : y = > > b, t" where b, =
asn. What recursion relates b,+1 and b,7 What t-interval corresponds to
|z < 2.

Fix k > 0. Show that n*2™ — 0 as n — oo for any z with |z| < 1. Hint.
Show that the series > oo | n*z™ converges for |z| < 1.

Term-by-term differentiation of f (z) = > 07 a,z™ gives

J' (@) = S5 g nana .

(a) In the second boxed result of this lesson, the result of term-by-term
differentiation is expressed as f’ (z) = > oo na,z™"'. Why are both
formulas for f’ (x) correct?

(b) Find two formulas for f” (x) that correspond to the two formulas in
part (a) for f/'(z).

sin nx
Show that the series Y7 | ——
obtained by term-by-term differentiation diverges when z = 27n for any

integer n. Why doesn’t this contradict a basic property of power series?

converges for all . Show that the series



Lesson 18

Power Series and Complex
Calculus

18.1 Goals

e Evaluate limits of simple expressions involving functions of a complex
variable

e Define continuity and differentiability for functions of a complex variable

e Learn the definitions and basic properties of the complex functions e?,
sin z, and cos z

e Learn the Euler identities

18.2 Overview

In this lesson you will glimpse the beginnings of the differential calculus of
complex-valued functions and its connection to power series expansions. You
will learn the Euler identities that play a key role in various parts of pure and
applied mathematics, especially in differential equations. In several instances
the discussion closely parallels material familiar from real differential calculus.
When that is the case, your instructor may just cover the highlights and leave
the rest to you.

18.3 Differential Calculus and Power Series
We treat limits in the complex domain informally, much as real limits were
treated when you first studied real differential calculus. Let f (z) be a function

of a complex variable z. Assume the domain of f includes all points of a small

207
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open disk centered at the complex number c. Then

llg}:f (2)=1L (L a complex number)
means that f(z) is as close to L as desired when z # c is close enough to c.
More precisely, for z # ¢, |f (z) — L| is as close to zero as desired when |z — ¢|
is close enough to zero.
The same reasoning used in connection with real limits yields the same
algebraic limit laws that you learned earlier in calculus. For example,

lim ( (=) + g (=)) = lim (=) + lim g (=)

z—cC z—cC

provided the limits on the right exist. Also, for any positive integer n,

lim 2" = c",

zZ—cC

1 1

lim — = — c#0.
z—c Z" ch

As in real calculus, the algebraic limit laws and knowledge of a few basic limits
make it easy to find many other limits virtually by inspection. For example,

lim (2% —4iz +5) =4-8i+5=9 -8

and
22— 3-4 7 1,

lim = — = — = — — —1.
z—2—i 2z — 1 1—12 1—12 2 2

Once complex limits have been defined, the definitions of continuity and
differentiability in complex calculus are the same as for real calculus. A function
f (z) is continuous at ¢ if

lim f(2) = f (¢).

zZ—C
The special limit, lim,_,. 2" = ¢", show that the function f (z) = 2™ is contin-
uous (meaning continuous at ¢ for every c in its domain). The algebraic limit
laws then imply that any polynomial in z with real or complex coefficients,

p(2) =ao+ a1z + -+ ap2"

is continuous. Likewise, any rational function (a quotient of two such polyno-
mials) is continuous.
A function f (2) is differentiable at z if

o) tim LEEN 1)

exists.
h—0 h

Example 1 If f (2) = 22, show that f'(z) = 2z.
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Solution.

2 2 2
N e . 2zh+h* B
f(z)= hlmo — = lllmo — = ’lllr% (2z+h)=2z. O

The definition of differentiability and the calculation in the foregoing exam-
ple should look familiar. On the surface, the calculus of complex functions looks
very much like the calculus for real functions. For example, the derivative is
still linear and the product, quotient, and chain rules still hold. Furthermore,
virtually every derivative formula you learned in real calculus continues to hold
in the complex domain. For example,

n n—1

d — M — zZ __ z
EZ =nz ,ESIHZ—COSZ,EE =€7,....

These formulas should look appealing to you, but only the first one really makes

sense now. After all we don’t know what sin z, cosz, and e* mean when the

variable z is complex! So what can we make of the derivative formulas now?

Stay tuned.

Although the complex and real calculus look much the same on the surface
there are profound differences. The differences all stem from the fact that
the limits of real calculus are one-dimensional (z — @ along the number line)
whereas the limits of complex calculus are two-dimensional (z — ¢ along any
path in the complex plane). Here is one of the fundamental differences: A
function that is differentiable in the complex sense at all points in a domain of
the complex plane must have a power series expansion about each point in that
domain. Since power series can be differentiated indefinitely, it follows that a
function that is differentiable in the complex sense automatically has derivatives
of all orders. The corresponding statement is false for real differentiability.

Real functions f (z) that have power series expansions have analogues in
the complex calculus obtained simply by replacing the real variable = by the
complex variable z. For instance, replace x by z in the power series (Taylor
series) expansions we found in Lesson 11 for e®, sinz, and cosz to obtain the
complex functions

; e o 2 253 Z4

¢ = Zmzl+z+§+§+z+---,
n=0

) > _1)" 22n+1 3 25 2’7

e = 2:0 Gnr)l T EmTE om T
> n _2n 2 4 6

o (=1)" 2" z z z

cosz = ), O

The complex power series on the right converge for all z by the ratio text. If
z = x is real, the series sum respectively to e”, sinz, and cosz. Thus, it is
reasonable to use the complex power series to define e*; sin z, and cos z for z
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any complex number. Moreover, these “extended” functions satisfy the same
relations as when z is real. For example, term-by-term differentiation (check it)
of the power series shows that

z

d

- . .

—e*=¢ —sinz =cosz, —cosz= —sinz.
dz T odz T odz

Also, algebraic manipulations with power series can be used to confirm that

e =e€%e and sin® z 4+ cos® z = 1.

There is an elegant and fundamental reason for the persistence of these and
other familiar formulas, but that is a story for a course in complex variables.
An easy and useful consequence of the basic exponential law is

(ez)n — enz

for any integer n, positive, negative, or zero.

18.4 FEuler Identities

One surprise, discovered by Euler, comes from the three power series for e,
sin z, and cos z. Set z = i0 where 0 is real into the power series for e* and use
i? = —1, i3 = —i, i* = 1, etc. to obtain

2 3 -4 S\ D
0 _ o, @0 @) (i6)" | (if)
e’ = 1440+ 51 + o + 1 + 5l +
. " 2 .03 04 .05

+1 —5—154'14'25——4"‘?”'

92 94 63 05
(1_§+I_+>+Z(9_§+§_+>

= cosf +isinf.

Check the steps and include a few more terms to be sure of the pattern. This
result is Euler’s formula (or identity)

et = cos@+isin6?.|

Replace 6 by —6 to obtain the companion formula
e = cosf — isind.
This pair of equations can be solved for cosf and sin# :
i0 | —if 0 _ ,—if
cosf = e te and sinf = i
2 24

You will find these Euler formulas very useful in differential equations.
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Euler’s formula and the rules of exponents enable us to express e* in standard
form: If z = = + 4y, then e = e*t% = e¢%¢™ and, hence,

e* = e® (cosy +isiny) = e® cosy + ie® siny.

Calculators and computers use this formula to evaluate e*. What are the exact
values of €374 and e?™?

Recall that e* # 0 for all z. Since cosy and siny are never simultaneously
equal to zero, the formula above reveals that

e* £0 forall =z.

The same formula contains a surprise. Since the sine and cosine have fundamen-
tal period 27, when the imaginary part y of z = x + iy is increased by 27 the
value of e* is unchanged. That is, the complex exponential function is periodic
with fundamental period 277 :

for all z. Repeated application of this result yields
ez+27rin — ez
for any integer n. The choices z = 0 and n = 1 yield

27ri:1

Finally, the Euler identity enables us to express the polar form of a complex
number in an especially convenient way:

z = rcosl+irsind

= r(cosf +isinf) = re®.

Thus, the complex number z = z + 4y has polar representation
z=re

where x = rcosf and y = rsinf. All polar representations of z are

i(0+2mn)

Z=Te

(Why?)

18.5 Suggested Problems

Evaluate the limit.

L lim,_; (22 — 4iz 4 5)
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
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. z—4
lim, 14 >
z—1+41

lim, 14 5
z

. A z—1+4+14
my, 17— 22 7224’2

Use the definition of derivative f’'(z) = limy_ W to find the
derivative of the function.

fz)=2-Ti
fz) ==
f(z)=1/z
fz)=1/2"

Use term-by-term differentiation to establish:

T Cosz = —sinz
4

4 ginzy =
4z Sinz = cosz

Use the product, quotient, and/or chain rules to find the derivative of the
given functions.

k(z) = (sinz) / (14 2?)

1(z) = cos ((4 +3z— 22)3)

Find ezxactly the standard form for the complex number given.
o242

o—3+4i

o

eﬂi/Q
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20.

21.

22.

23.

24.

25.

26.

27.

28.
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47

The Complex Trigonometric Functions: Now that sin z and cos z have been
defined via power series for complex z, the definitions tan z = sin z/ cos z,
cotz = cosz/sinz, secz = 1/cos z, and cscz = 1/sin z define complex-
valued trigonometric functions that reduce to the corresponding real func-
tions when z is real.

Use the foregoing definitions, the known derivatives of the sin z and cos z,
and the familiar rules of differentiation to verify that

(a) <L tanz = sec?

(b) 4L secz =secztanz

(The Complex Logarithm,)

(a) Use the power series expansion for Inz about = 1 to define In z.
For what complex z have you defined In 27

(b) Use power series methods to verify that 2 Inz = 1/z.

For complex z establish:

' = cosz+isinz

—1z

a
b

C

d

e

e =cosz —1sinz

—~ o~
(@)

—

08z = % (eiz + e‘iz)

% (ez’z _ e—z’z)

)
)
)
)

z
sin z

—

Use parts (c) and (d) of the foregoing problem to confirm that sin® z +

cos? z = 1 for all complex z.

Let zp = roe™ be a fixed complex number and z = re’ be a variable
complex number. Describe geometrically how to obtain zyz for z. lllustrate
with a figure.

Describe geometrically how to obtain iz for z. Illustrate with a figure.

Sketch the vector that represents the complex number z = '’ Then sketch
the graph of the equation z = €% for 0 < # < 2 in the complex plane.

Check directly that ¢*™ = 1. Then use this result to establish that ¢*™" =
1 and that e**2™ = e* for any integer n and any complex number z.
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Lesson 19

Catch Up and Review

This is a self-study lesson. Now is the time to go back and clear up any points
of confusion in Lessons 9-18. Get help if you need it. Ask your instructor,
your GTA, and your fellow classmates. Don’t forget the MLC! Review the goals
given in Lessons 9-18. Have you achieved all of them? Have you solved all
the assigned problems? If not, finish the unsolved problems from earlier lessons
before you start on the additional problems below. Also, be sure that you really
understand how you solved each problem. Could you clearly explain how to
solve the problem to a confused classmate? Good luck with your review. A

little extra effort here will really payoff.

Review Problems

1. Review all previously assigned problems on homeworks, quizzes, and tests!

2. Determine whether the given series converges. Justify your answers!

(@) S5
1 2 3 on
0 g-3F5— Vg
(c) S22 L (Hint: use the integral test. Recall: [ de
"=2nlnn rlnz
)
o 1—3n

(~1)"
.

3. Consider the alternating series > -

(a) The series converges. Why?

215

=Inlnz+
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10.

11.

12.

13.
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(b) How many terms of the series do we need to add in order to find the
sum of the series correct to three decimal places?
o (@ =3)" .

Do the following for >°°°  (—1) 3
n

n=1

(a) Find the radius of convergence of the power series.

(b) Find the interval of convergence of the power series.
Let f(x) = cos.
(a) Find the third degree Taylor polynomial Ps(z) of f(x) centered at
a=0.

(b) Write down an expression for the third degree remainder term Rs(x)
of f(z) for a = 0, and show that if || < 0.1 then |R3(z)| is less than
5-1076.

Let f(z) = sinz.
(a) What is the maximum error possible in using the approximation
sine ~x —23/31 + 25 /5! if 0 < 2 < 0.3?

(b) For what values of x is this approximation accurate to within 0.00005?

Let f(z) = v1+ 3.

(a) Find the Taylor series of f(z) about 0.
(b) Use your answer to part (a) to find f(12)(0).
Find the interval of convergence of the series y >~ | —
n

Find a power series representation with a = 0 for the function f(z) =
22/(1 — 2x)%

Let Pp(z) =3, i
f(z) = e* at a = 0. Show that lim,,_,., P,(z) = e* for all z.

be the n'" degree Taylor polynomial of the function

Find the Taylor series expansion of the complex valued function f(z) =
(z—=1)/(z =1 —1i) based at a = i. Use your answer to compute the
derivative () (4).

Find the nth degree Taylor polynomial of f(x) = sin x centered at a = 7/4.
Find an expression for the remainder R, (x) and show that lim,, ., R, (z) =
0 for all xz. What do you conclude?

Let f(z) =Inz.
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(a) Find the formal Taylor series of the function f(z) = Inx centered at
x = 1. What is the interval of convergence of the series? Does the
series converge to the values of the function f(z)? Explain.

(b) Now replace x by the complex variable z = x + 14y in the Taylor series
in part (a). Discuss the convergence of the resulting complex power
series.

(¢) In its domain of convergence, the power series in part (b) defines a
complex analytic function In z which agrees with the real natural log-
function when z is real. Recall that we defined a complex analytic
exponential function e* using power series. Is the function In z the
inverse of e® also for complex z7 Explain!

14. Do the following.

(a) Find the power series expansion of the function f(z) = 2z/(10+4x%)
at a = 0. Discuss the convergence of the resulting series. Compute
the derivative £(9(0).

(b) Find a power series expansion for g(x) = cosy/x at a = 0.
15. Do the following.
(a) Use the integral test to show that the series > -, 1/(n(Inn)?) con-
verges.

(b) How many terms would you have to add up the series to approximate
the sum of the series within 10747

(¢) The approximation obtained in part (b) can be considerably im-
proved. Explain!

16. Lesson 13, problems 20 and 22.

17. Evaluate the improper integrals.

() [ 57

) 2 m da

dz

18. Determine whether the given series converges. Justify your answer! If the
series converges, also find its sum.

(8) s+t S pp 2y
273" 1 nt 1
1
b) Y, ——
()ZnZQ\/’ElHTL
o 2
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3n+1

@) Y =
19. Lesson 15, problems 26 and 27.
20. Do the following.

(a) Use the integral test to show that the series > -, 1/(nlnn(Inlnn)?)
converges.

(b) How many terms would you have to add up the series to approximate
the sum of the series within 1074?

(c) Next use the formula
o0
Uy =S5y + f(.’L‘) dx
N+1

given in the study guide to approximate the sum of the series. Find
N so that the error is at most 107

21. Do the following.

(a) Use the ratio test to show that the series Y2 ((n*+n)/2" converges.
(b) Write a,, = (n?+n)/2". Find Ny so that a,y1/a, < 3/4 for n. > Ny.

(¢) Next use part (b) to find an estimate for the error |S — Sy, where
N > Ny.

(d) Finally find N so that Sy approximates the sum of the series within
0.001.

22. Lesson 16, problems 15, 22, and 26.
23. Lesson 18, problems 8 and 27.
24. Do the following.

(a) Find the limit

(2 479 .8
lim cos(z?) 1r+$ /2 —x /24.
0 exp (z%) — 1 — b

2
b) Find exactly the sum of the series n Cf. example 4 in Lesson
n>1 on

17.)

(c¢) Find a power series solution to the differential equation

y'(z) +a?y(z) =0, y(0)=1, ¥ (0)=3.
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Appendix A

Lab/Recitation Projects

A.1 Group Projects

Your instructor may use some of the following group projects, probably as part
of the work required in a recitation/lab class meeting.

Your instructor will give explicit directions concerning a group project such
as the due date, the credit assigned to the project, and the format of an accept-
able group report, if one is required. Be sure to check with your instructor
about what is required and when it is due.

Typically you will work together in groups of three or four. You can share
information among groups. These projects are collaborative learning activities.

An * is appended to the name of a group project if the project covers material
that is essential for MTH 306 and the topic of the project normally is covered
in a recitation class meeting.
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Group Project

Suitable for use with

Solving Linear Systems I Lesson 3
Solving Linear Systems 11 Lesson 3
Finding the Inverse of a Matrix Lesson 4
Linear Dependence and Independence Lesson 5
Matrices and Linear Transformations Lesson 6
Projection Matrices Lesson 6
Eigenvalue Problems I Lesson 7
Eigenvalue Problems IT Lesson 7
Special Limits* Lesson 9, 10
L’Hopital’s Rule and Taylor Polynomials* Lessons 9
Taylor Polynomial Approximation Lesson 9
Taylor Series Representations Lesson 11
Series With Positive Terms and the Integral Test | Lesson 12
Conditional and Absolute Convergence Lesson 14
The Ratio and Root Tests Lesson 15
Enrichment Projects

Population Dynamics Lesson 7
Systems of Differential Equations Lesson 7
Special Relativity 1 Lesson 9
Series in Action: Heat Conduction Lesson 12 — 17
Effective Calculation of Logarithms Lesson 17
The Binomial Series Lesson 17
Special Relativity 2 Lesson 17

Enrichment projects indicate some areas in which the mathematical ideas of
MTH 306 are applied and typically are a little more demanding.
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The projects are printed on tear-out pages.
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Group Project:
Solving Linear Systems I: Systematic Elimination of Unknowns

Names:

Directions: Solve the following problems. Check with your recitation/lab
instructor about the format required for the written report on this group project
and the date the report is due.

This project will help reinforce some key ideas related to solving linear sys-
tems.

Do the following for each of the linear systems given below:

e Find the determinant of the system. Based on the determinant what can
you say about the number of solutions of the system? Explain briefly.

e Use systematic elimination of unknowns to solve the system.

e Interpret you solution in geometric terms.

dor+y—95z = 13

1. r+2y+z = 0
Jx—3y+z = -—12
r—y+2w = -1

2. r+2y—w = 2
or+ Ty — 2w = 7

20 —b+c = 1

3. a+3b—5c = 3

—4da+2b—2¢c = 3
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Group Project:
Solving Linear Systems II: How many solutions will there be?

Names:

Directions: Solve the following problems. Check with your recitation/lab
instructor about the format required for the written report on this group project
and the date the report is due.

This project will help reinforce some key ideas related to solving linear sys-
tems.

Answer the following questions about the linear system

T +cz = 6
3r—-2y+z = 2
2 —y+z = 4
1. Set ¢ = —1 and find the unique solution to this system of equations.

2. Find the value of ¢ that corresponds to an infinite number of solutions to
this system of equations.

3. Describe the family of solutions given by the value of ¢ in Problem 2.

4. Ts there a value of ¢ for which this system has no solutions? Explain why
or why not.
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Group Project:
Matrix Inverses and Transposes

Names:

Directions: Solve the following problems. Check with your recitation/lab
instructor about the format required for the written report on this group project
and the date the report is due.

Do the following for the matrices given below:
e Use determinants to determine which of the matrices has an inverse.

e Use the systematic method in Lesson 4 to find the inverse of those matrices
that have an inverse.

1.
1 2 1 2
(a) [34] and (b) [24]
2.
010 1 2 1
(a) 1 0 2 and (b) -1 1 2
0 0 1 1 0 1
3. Let
1 0 0
A=1]10 0 1
010
(a) Find AT, AAT and AT A.
(b) Find A~1.
4. Let a 3 x 3 matrix A be expressed in term of its rows by
rp
A= Iro
rs

(a) Express AT in terms of its columns using the transpose operation
and the row vectors of A.

(b) Show that the entry in row i and column j of AAT is given by the
(matrix) product riro. Now express this entry as a dot product.

(c) Suppose AAT = I. What special geometric properties do the rows of
A have?

(d) If (c) holds, then ATA =7

(e) What is the geometric interpretation of (d)?
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Group Project:
Linear Dependence and Linear Independence

Names:

Directions: Solve the following problems. Check with your recitation/lab
instructor about the format required for the written report on this group project
and the date the report is due.

Do the following for each set of vectors:

e Determine whether the vectors in the set are linearly dependent or inde-
pendent

e If dependent find a nontrivial linear combination of the vectors that has
sum 0.

e In each case give a geometric description of the span of the given set of

vectors.
1.
-1 1 3 1
o (D] (5] me e [ 2] [4]
2.
[ 2] [ 1] [ 0] [ —2 ] [ —2 ] [
(a) 11, 1], 1 and (b) 01, 2,
_O_ _1_ _—1_ i O_ _—2_ i
3.
[ 2] [ 1] [ 1] [ —2 ] [ —2 ] [
0 1 -3 0 2
(a‘) 1 Y 1 ) _1 and (b) 1 ) O })
_O_ _1_ _—3_ i O_ _72_ i




232 APPENDIX A. LAB/RECITATION PROJECTS



A.l

GROUP PROJECTS 233

Group Project:
Matrices and Linear Transformations

Names:

Directions: Solve the following problems. Check with your recitation/lab
instructor about the format required for the written report on this group project
and the date the report is due.

This project is designed to help you better visualize the action of a matrix

in geometric terms. It also show how to take advantage of the matrix represen-
tation of a linear transformation.

1. Give a geometric description in words and with sketches of the transfor-

mation T : R? — R3 that is multiplication by the matrix

1 0 0
A=|0 -1 0
0 01

. Give a geometric description in words and with sketches of the transfor-

mation T : R? — R? that is multiplication by the matrix

1 00
A‘[o -1 0]

. Do the following;:

(a) Find the matrix of the linear transformation 7' : R? — R? where
T (v) is the reflection of v across the line y = (1/2) z.

(b) Find the reflection of the vector [2 3]7 across the line y = (1/2) .

Let a = [123]" and define a linear transformation T : R® — R3 as
follows: For each position vector v in R? let T (v) be the position vector
with the property that the line segment from the tip of v to the tip of
T (v) is parallel to a and such that the tip of T'(v) is in the zy-plane. Do
the following:

(a) Find the matrix A of T.

(b) Determine whether or not A is a projection matrix. If it is, is it an
orthogonal projection? Explain.
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Group Project:
Projection Matrices

Names:

Directions: Solve the following problems. Check with your recitation/lab
instructor about the format required for the written report on this group project
and the date the report is due.

1. Goal: Find the 3 x 3 matrix A that reflects vectors across the plane II
with equation

z=2r—vy

by the following steps:

Let n be a unit vector that is normal to II. Find n. (There are 2
possible n’s.)

Find comp,, e; for i =1,2,3.

For i =1,2,3, find b; = proj,, e;.

Give the vector Ab; for ¢ = 1,2,3. (What do you want A to do to
b;?)

Fori=1,2,3, find ¢; = e; — b;.

Give the vector Ac; for i = 1,2,3. (What do you want A to do to
Cz?)

For i = 1,2,3, e; = b; 4+ ¢;. Use this together with (d) and (f) to
give Ae; for i =1,2,3.

Give the matrix A.
Without any computation, give a candidate for A~!.
Check (i).

Give the 3 x 3 matrix B that reflects vectors across the plane P with
equation z = 2x — y and triples their magnitude.

Give B~1.
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Group Project:
Eigenvalue Problems I

Names:

Directions: Solve the following problems. Check with your recitation/lab
instructor about the format required for the written report on this group project
and the date the report is due.

1. Solve the eigenvalue problem for the given matrix as follows:

e Find the characteristic equation of the matrix and use it to determine all
the eigenvalues of the matrix.

e For each eigenvalue find all the corresponding eigenvectors.

e For each eigenvalue list a full set of linearly independent eigenvectors and
describe in geometric terms the span of the linearly independent eigenvec-
tors corresponding to each eigenvalue.

o[ 2] wan[ 2]

2 1 1 5 5 -1
) | -2 -1 -2 and (d) | -1 -4 5
—2 —2 -1 -1 2 -1

Sometimes it is easier to find eigenvectors and eigenvalues by a geometric
analysis. Review the geometric meaning of the equation Tv = Av for a nonzero
vector v. Now solve the following problem:

2. The transformation T : R? — R3 that reflects each vector in the plane
x4+ y + 2z = 0 and then reverses the direction of the reflected vector and
doubles its length is a linear transformation. Use geometric reasoning to
find all the eigenvectors and corresponding eigenvalues of 7.
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Group Project:
Eigenvalue Problems I1

Names:

Directions: Solve the following problems. Check with your recitation/lab
instructor about the format required for the written report on this group project
and the date the report is due.

1. The goal of this problem is to find the eigenvalues and eigenvectors for the

following matrix:
1 -8
A= ( LS ) |

(a) Find the eigenvalues of A.
(b) Find an eigenvector vy corresponding to one of the eigenvalues.

(¢) Use vy to find an eigenvector vy corresponding to the remaining
eigenvalue.

2. The goal of this problem is to find the eigenvalues and eigenvectors for the

following matrix:
3 4
B= ( - )

(a) Find the eigenvalues of B.

(b) Find an eigenvector vy corresponding to one of the eigenvalues.

(¢) Find an eigenvector vg corresponding to the remaining eigenvalue.
)

(d) Calculate vy - va. Are vy and va linearly independent, orthogonal,
both, or neither?

3. The goal of this problem is to find the eigenvalues and choose orthogonal
eigenvectors for the following matrix:

3 0 —4
C= 0 5 0
-4 0 -3

(a) Find the eigenvalues of C. (There are two distinct eigenvalues; one
negative and one positive. The positive eigenvalue appears as a dou-
ble root of the characteristic equation.)

(b) Find an eigenvector vy corresponding to the negative eigenvalue.

(¢) Find an eigenvector vy corresponding to the positive eigenvalue. It
should be orthogonal to vy.

(d) Find another eigenvector vg corresponding to the positive eigenvalue.
Choose it to be orthogonal to both vi and vs.
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Group Project:
Special Limits

Names:

Directions:

(a) Check with your recitation/lab instructor about the format required for the
written report on this group project and the date the report is due.

(b) Perform numerical experiments and /or use graphs to determine the behavior
as n — oo of the following expressions. Experiment with small, medium, and
large values for n.

(c) If you believe the expression has a limit, state the limit. If you believe there
is no limit state that.

(d) Provide tables and/or graphs that support your assertions in (c).

This project is designed to acquaint you with some important limits that
come up in calculus, especially in the study of infinite series. You will use these
results frequently during the rest of the term.

1. Fix a real number a. This problem concerns the behavior of a™ as n —
00. Determine the behavior in the following cases. Comment on any
qualitative differences you notice:

(a) (1/2)", 2"

(b) (=1/2)", (=2)"
© (9", (.99)"
(d) (1L.n)™, (101"

2. Based on the results in Problem 1 what do you believe about lim,, ., a™?
Be specific.

3. Fix a positive real number a. This problem concerns the behavior of
a'/" = {/a as n — co. Determine the behavior in the following cases.
Comment on any qualitative differences you notice:

(a) 1V, ()Y, ./
(b) (0.D)Y™, (0.5
(¢) (0.00)™, (100)"/™, (1000)*/™

4. Based on the results in Problem 3 what do you believe about lim,, at/m?
Be specific.
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5. This problem concerns the behavior as n — oo of n!/™. Make a table of n
versus nt/m = Yn for n =1, 5, 10, 20, 30, 40, 50, 75, 100, 1000. Plot the
graph of y = z/% for 0 < = < 1000. Based on the results state what you
believe about lim,,_, . nt/™?

6. Let = be a real number. Determine the behavior as n — oo of |z|" /nl.
Hint. On the same screen, graph |z|" /n! for n = 1,2,3,5,10, 20, 100.
Start with » = 1 and plot the graph. Then append the graphs for the
other values of n, one at a time.

7. Let z be a real number. Determine the behavior as n — oo of (1 + x/n)" .
Hint. On the same screen, graph (1 + z/n)" for n = 1,2, 3,5, 10, 20, 100.
Do the graphs remind you of a familiar function?
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Group Project:
L’Hopital’s Rule and Taylor Polynomials

Names:

This project is designed to help you discover a very useful way to find subtle
limits that come up in infinite series and elsewhere.

Inx 2

lim —
z—1 sinTx

1. Why isn’t this an easy limit to evaluate? Discuss briefly but be specific.

2. Use a graphing calculator to graph y = Inz and y = sin7z on the same
plot. Use a graphing window of 0 <z <3, —1.5 <y < 1.5.

3. Find the first order Taylor polynomial approximation at 1 to y = Inz.
Call this approximation 77 (z). Find the first order Taylor polynomial
approximation at 1 to y = sinwz. Call this approximation Sy (x). Record
your results:

T1 (.’E) =
Sl (:E) =

4. Append the graphs of y = T7 (z) and y = S (x) to the plot in Problem 2.
Zoom in on the point (1,0) and think about what you are seeing,.

5. Why is it reasonable to suspect that

1
lim ‘nx = lim h (m)?
s—lsinmtr  =—1 5 ()

6. Finally, use the result in Problem 5 to find lim,_,; Inx/ sin wz.

7. Let f(z) =Inz and g (x) = sinmx. Now express the result of Problem 5
in the form )

rx—1 g (x) B zl—»l ;

where this time the question marks are expressed directly in terms of the
functions f and g with no reference to T} (z) and S; (z) . Congratulations,
you have discovered the essence of I’'Hopital’s rule.

Toward the end of your recitation class your instructor will put your work
on Problems 1-7 in a broader context. You will learn what an indeterminate
form is and a precise statement of 'Hopital’s Rule for the indeterminate forms
0/0 and oo/oo and perhaps an indication of how to handle the indeterminate
forms 0° and 1°°.
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Group Project:
Taylor Polynomial Approximation

Names:

Directions: Solve the following problems. Check with your recitation/lab
instructor about the format required for the written report on this group project
and the date the report is due.

In this project f(z) = 1/4/1 —z and you investigate the behavior of some
Taylor polynomial approximations to 1/4/1 — z about 0.

1. Find the zeroth, first, second, and third Taylor polynomials, Ty (z) , T1 (z),
Ty (z), and T3 (z), about 0 for f(z) = 1/4/1 — 2. Can you predict what
all terms in Ty (x) will be, except for the term involving x4?

2. (What do you see?) Use a graphing calculator to make graphs for —0.7 <
x <0.7and 0 < y < 2 as follows: On the same coordinate axes first graph
1/4/1 — x, then add the graph of T (z), then add the graph of T (x),
then add the graph of T3 (x), and then add the graph of T3 (z). Look
carefully at what happens. Discuss any trends you see related to how well
the successive Taylor polynomials approximate 1/4/1 — z. Be as specific as
you can. (Sometimes graphs are too close together to distinguish. Zoom
in with an appropriate graphing window to see how they differ in terms
of how well they approximate 1/y/1 — x.)

3. (From eyeball to measurement) For 0 < x < 1/2 show that

11_ = To (x)+Ro () , 11_ = = Ty (z)+Ry (), 11_ = = Ty (z)+Rs (2)

where the error in approximation satisfies

3vV2 9V2
Ro@) < Vas, 1R @) < 2202 |7y (o) < 2208
4. Sketch a graph of 1/4/1 —x and of T3 (z) on the same coordinate axes.
Indicate on the graph the meaning of the remainder (error) R (z) at
x=0,1/4, and 1/2.

5. Each error estimate in Problem 3 is most pessimistic at x = 1/2 and gets
better (smaller) the nearer z is to zero. Does this make sense? (Yes, No,
explain)
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Group Project:
Taylor Series Representations

Names:

Directions: Solve the following problems. Check with your recitation/lab
instructor about the format required for the written report on this group project
and the date the report is due.

. Find the Taylor series about 0 for f (z) =In(4+z).

. Use a graphing calculator to make graphs for -2 <z < 2and 0 <y < 2as

follows: On the same coordinate axes first graph In (4 + ), then add the
graph of Ty (z) , then add the graph of T (x) , then add the graph of 75 () ,
and then add the graph of T3 (x). Look carefully at what happens. Discuss
any trends you see related to how well the successive Taylor polynomials
approximate In (4 + z) . Be as specific as you can. (Sometimes graphs are
too close together to distinguish. Zoom in with an appropriate graphing
window to see how they differ in terms of how well they approximate
In(4+2z).)

. Show that In (4 + x) is the sum of its Taylor series for —2 < z < 2.

Find the first three nonzero terms in the Taylor series expansion of f (x) =
sec (z?) by evaluating enough derivatives of f at 0. Do you think that you
can find all the terms in the Taylor series of f by continuing in this fashion?
Explain briefly.

. Use Taylor series expansions already established in these lessons and changes

of variables to find an infinite series expansion for the function

sin \/z
NG

f(z) =cosvz +

valid when z > 0.
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Group Project:
Series With Positive Terms and the Integral Test

Names:

Directions: Solve the following problems. Check with your recitation/lab
instructor about the format required for the written report on this group project
and the date the report is due.

. Explain briefly why the integral test cannot be applied directly to the

series
1+1+1+1+1+1+1+1+
3 2 32 22 33 23 34 24

to determine whether it converges or diverges.

. Show by any convenient means that the series in Problem 1 does converge

and find its (exact) sum.

. Let Sy be the Nth partial sum of the series >~ ; 1/4/n. Do the following:

(a) Show that S; > 1, Sy > V2, S5 > /3, S, > /4, and in general that
Sn = /1.

(b) Use (a) to determine whether the series > 2 1/y/n converges or
diverges.

(¢) Deduce the convergence or divergence of > >°  1/y/n by any other
method.

4. Let Sy be the Nth partial sum of the series > >~ n2™" and S its sum.

Show that the series converges. Then find an approximation to S that is
accurate to within 0.005.
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Group Project:
Conditional and Absolute Convergence

Names:

Directions: Solve the following problems. Check with your recitation/lab
instructor about the format required for the written report on this group project
and the date the report is due.

This group project will help you to better appreciate the distinction between
conditional convergence and absolute convergence. It also indicates one way
to treat an alternating series that converges but whose convergence cannot be
deduced from the alternating series test.

1. Explain briefly why the alternating harmonic series

is conditionally convergent but not absolutely convergent.

You know the alternating harmonic series converges by Problem 1. Its
sum is In2. You may use this fact in the following problems. Rearrange
the terms in the alternating harmonic series to obtain the series

2. Explain why
11 1 1

1
4 _Z4_...=Z1n2
5 176787 2"
3. Now insert 0 terms into the series in Problem 2 (including before the first
term) in such a way that the sum of the modified series and the alternating
harmonic series is the rearranged series in (*). Conclude that

1+1 1+1+1 1+1+1 1++ 312

—_— = — —_— = — R — — o= =1In

3 2 5 7 4 9 11 6 2

That is rearranging the order of appearance of the terms in the alternating
harmonic series leads to a new series with a different sum! Seeing is

believing!

4. Explain briefly why the alternating series test does not apply to the series

_1 1 1 1 1 1 1 1
2m=m o mty omtE mtmoEte
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5. Show that the series in Problem 4 does converge. Hint. |a,| < b, for

> by = +—+i+i+i+i+i+i+
3232 52 52

6. Find N so that the Nth partial sum Sy of Y a, in Problem 4 approxi-
mates the sum S to within 0.001. Hint. |Sy —S| < by41 + bng2 + -+
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Group Project:
The Ratio and Root Tests

Names:

Directions: Solve the following problems. Check with your recitation/lab
instructor about the format required for the written report on this group project
and the date the report is due.

1. Show that the series > °7 n® converges by (a) the ratio test and (b) the

n=1 37
root test.

. Use the error estimate associated with the ratio test to find the sum S of

the series in Problem 1 correct to within 0.005.

. Use the error estimate associated with the root test to find the sum S of

the series in Problem 1 correct to within 0.005.

Fact: The power series > fL—Z converges absolutely for |z| < 1 and

diverges for all other x. (Assume this.) Let S (z) be the sum of the
series and Sy (x) be its Nth partial sum for || < 1. Find N so that
|S () — Sy (x)] < 0.005 for all x with —1 < x < 1. Hint. Neither error
estimate in Lesson 15 is up to the job. (Why?) But something easy that
you know is.
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A.2 Enrichment Projects:

Enrichment projects indicate some areas in which the mathematical ideas of
MTH 306 are applied and typically are a little more demanding. These projects
are suitable for independent study and/or, at the discretion of your instructor,
extra credit.
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Group Project:
Eigenvalues and Eigenvectors in Action
Population Dynamics

Names:

Directions: Solve the following problems. Check with your recitation/lab in-
structor about the format required for the written report on this group project
and the date the report is due.

This group project illustrates a typical situation where eigenvalues and vec-
tors come up in practice. Suppose students attend only OSU or LBCC some-
times transferring to the other school at the end of a term. The matrix

8 .3
=135 7]
describes the transition of students from term to term. The first column gives
the probabilities that a student currently at OSU will either stay at OSU next
term or transfer to LBCC. The probability is .8 that a student currently at
OSU will remain at OSU next term and the probability is .2 that a student
current at OSU will switch to LBCC next term. The second column give the
corresponding information about a student currently at LBCC. Such a student

transfers to OSU next term with probability .3 and remains at LBCC next term
with probability .7. In what follows superscripts refer to terms. Let

#-[:]
q

be the initial proportion of students attending OSU and LBCC, respectively,
during the first term (of this study). So p,¢ > 0 and p + ¢ = 1. By the rules of
probability, the proportions attending each school during the second term will
be v(?) = Av(). The proportions will be v® = Av(® during the third term,
and so forth. The problems that follow deal with the “long term” behavior of a
cohort of students who started at OSU and LBCC in the proportions p and ¢
respectively.

1. Show that v(N+D = Av(Y) and that vIV+1) = ANv(D) for N =1,2,3, ...
Notice that v(!) has nonnegative components that sum to 1. Show that
v(?) has the same property. Now, what about v(V) for N > 3? Explain
briefly.

2. For vih) = { ? ] find what happens for the next two years. That is, find

v v ),
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3. Do the results in Problem 2 suggest any long-term trend? Discuss briefly.

4. Suppose v(N) — v, a limiting distribution of students between OSU and
LBCC. Show that Av = v and explain why each component of v is non-
negative and why the sum of the components of v is 1.

Problem 4 reveals that the limiting distribution of students is an eigenvec-
tor v of A corresponding to the eigenvalue A = 1. The limiting distribution
v is the eigenvector (corresponding to eigenvalue A = 1) with nonnegative
components that sum to 1.

5. Use the results of Problem 4 to find the limiting population distribution
V.
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Group Project:
Eigenvalues and Eigenvectors in Action
Systems of Differential Equations

Names:

Directions: Solve the following problems. Check with your recitation/lab in-
structor about the format required for the written report on this group project
and the date the report is due.

This group project illustrates a typical situation where eigenvalues and vec-
tors come up in differential equations. The project deals with systems of first
order linear differential equations but the methods extend readily to higher
order linear systems. These methods also are essential for the study of the sta-
bility of both linear and nonlinear systems of equations in the neighborhood of
an equilibrium point. (Such points can be stable or unstable. Think about a
pendulum. In principle the pendulum can be in equilibrium as it hangs a rest
in either the straight up or straight down position relative to its pivot. One po-
sition is stable and the other is not.) In typical physical situations eigenvalues
and eigenvectors reveal the stability properties of the system and its qualitative
behavior near an equilibrium point.

Let 3/ = dy/dt. Recall that all solutions to the exponential growth/decay
equation y' = ky are given by

where c is an arbitrary constant.

1. An analogous system of two differential equations in two unknowns is

v = au+bv
v o= cu+dv

where v and v are unknown functions of time ¢ and a, b, ¢, and d are
constants.

(a) Show that the system can be expressed as w' = Aw where

cfz] 2]

(b) Check that w' = Aw has the trivial solution w = 0.
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(c) Check that linear combinations of solutions of w = Aw are solution
of the system. That is, if @ and § are scalars and w; and wy are
solutions of w' = Aw then w =aw; + Swy also is a solution.

2. By analogy to the growth/decay equation y’ = ky, it is reasonable to guess
that w' = Aw may have solutions of the form

W = €>\tV

Substitute this guess into w’ = Aw and determine conditions on A and v
so that w = e*v is a nontrivial solution of the given system of differential
equations.

3. Use the results of Problem 2 to find two different (linearly independent)
solutions to the system
uw = u-+v
= 4du+v

4. Use the result of Problems 1 and 3 to solve the initial value problem

/

v = u+wv u(0) = -2
v = du+v  v(0)=3
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Group Project:
Special Relativity 1

Names:

Directions: Solve the following problems. Check with your recitation/lab
instructor about the format required for the written report on this group project
and the date the report is due.

Einstein developed the theory of special relativity to help explain experi-
mental results that were no longer consistent with classical physics. Here is a
brief table comparing some quantities from particle mechanics under the two
theories:

Particle Property Relativistic Classical
Mass m = \/ﬁﬁ Mo
Momentum mv = \/%v—;’? mov
Kinetic Energy \/ﬁ — 1) moc?  Ltmgv?

In the table mg is the rest mass of the particle which is also it mass in classical
physics, ¢ is the speed of light in a vacuum, and v is the speed of the particle.
The formula for the relativistic kinetic energy comes from Einstein’s famous
formula E = mc? for the total energy of a particle with relativistic mass m.
When a particle is at rest, its has rest energy Ey = moc?. When the same

particle has speed v, the added energy of motion (kinetic energy) is

1
KE = E — Ey = mc® — mgc® = <7 1) moc?.

N

Since classical mechanics is in extremely good accord with experimental
results when speeds are small compared with the speed of light and the formulas
of special relativity give extremely good agreement with experimental results
for all speeds v, we must expect that the relativistic quantities in the table
and their corresponding classical counterparts are indistinguishable when v/c
is small. In mathematical terms, the difference between any pair of relativistic
and classical formulas in the table should tend to zero as v/c — 0, equivalently,
as v — 0. Furthermore, in practice, the simpler classical formulas can be used if
the experimental uncertainty in the measurements is greater than the difference
between the corresponding relativistic and classical quantities in the table. So
two key questions emerge:

e How can you see that the difference between each relativistic quantity and
its classical counterpart tends to zero as v — 07



262 APPENDIX A. LAB/RECITATION PROJECTS

e How well do the classical quantities approximate the relativistic ones for
v small compared to c?

In this project you will use Taylor polynomials to answers to these ques-
tions. You may use any of the results in a previous group project on Taylor
approximation of 1/4/1 — x even if that group project was not assigned.

1. Let R be any one of the relativistic mass, relativistic momentum, or rel-
ativistic kinetic energy. Let C be the corresponding classical quantity in
the table. For an object whose rest mass my is at most 1 kg, determine for
each of the three cases a range of speeds v over which you can be certain
that

|[R—C| <1076

Express your velocity ranges in terms of m/s and mi/hr.

Remark: In practical terms this means that if experimental errors prevent
measurement of the mass, momentum, or kinetic energy to an accuracy
of better than one part in a million you can safely use classical mechanics
to predict experimental behavior of the corresponding quantity over the
given velocity ranges.

2. Show that m = mqg, mv = mgv, and KE,cjativistic  KEclassicar for v small
compared to ¢ and that the approximate equality becomes more nearly an
equality as v becomes increasingly small compared to ¢ (approaches 0 if
you prefer).



A.2. ENRICHMENT PROJECTS: 263

Group Project:
Series in Action — Heat Conduction in a Rod

Names:

Directions: Solve the following problems. Check with your recitation/lab
instructor about the format required for the written report on this group project
and the date the report is due.

This group project illustrates a typical situation where infinite series come
up in practice. The temperature u (z,t) at time ¢ and position x in a certain
laterally insulated circular rod of unit length, modeled as a cylinder along the
z-axis from 0 < z < 1, is gotten by solving the heat equation with appropriate
boundary and initial conditions. If the ends of the rod are held against ice
blocks starting at time ¢ = 0 and if initially (at time zero) the temperature of
the rod is f(xz) = 100z (1 — z) in degrees centigrade, then

400 =~ 1—(=1)"
u(x,t) = — Z %6_"2”2“10 sinnmw
n=1

fort>0and 0 <z <1.

1. Just to be sure everything seems to be on the up and up, show that the
series converges for all t > 0 and 0 <z < 1.

Since u (x,0) = 100z (1 — z),

400
100z (1 —z) = — E
z (1 —x) 3 2 ————sinnmz

Let Sy (z) be the Nth partial sum of this series.

2. Plot 100z (1 — z) and the partial sums Sy (x) for N = 1, 3, and 5 one-
by-one on the same graph to get a feeling for how well the partial sums of
the series approximate the initial temperature profile.

3. Now, find N so that Sy (z) approximates 100z (1 — z) to within 1075.
(Remember 0 < z < 1.) Hint. Express the error |u (z,0) — Sy (z)| as an
infinite series and make an area comparison to estimate the size of the
error series.

4. Use
5

400 1—(=1)"
~— Z %(f"z’r%/m sinnmx
n
to graph the temperature profiles in the rod at the times t = 1, 2, 3, and
5 seconds. Put all four plots on the same graph.
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5. What do the plots in Problem 4 suggest about lim;_ __ u(z,t)? Is this
physically reasonable? Explain.
6. Derive and use the estimate

800 > 1
|u (Qf,t)| < _36—7T2t/10 Z —
m P (2k+1)

to verify the limit in Problem 5.
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Group Project:

Effective Calculation of Logarithms

Names:

Directions: Solve the following problems. Check with your recitation/lab in-
structor about the format required for the written report on this group project
and the date the report is due.

This group project is designed to help you better understand how power se-
ries can be used in practical calculations, here of logarithms. The problems give
first steps toward the effective calculation of logarithms. The results are quite
reasonable for the effort involved. Numerical methods of this type and their
progeny have led to the code programmed in the calculators and the computers
you use.

1. Replace x by —x in the power series representation of In (1 — z) to find
that

$2 .733 .734
n(l4+z)=x 2+3 4+ or <z <

2. The series for In (1 — z) and for In (1 + x) coverage too slowly to be useful
for practical calculation of logarithms. However, they can be use to find
such a series. Show that

1 S Al
ln( —|—$):2(x+$_+$_+x_+...> for —-1l<z<l1

1—=z 3 5 7
This series is much better for calculating logarithms.

3. Lety=(1+2)/(1—=2) for -1 < z < 1. Show that y — 0 as z — —1F
and that y — oo as © — 17. Conclude that the series in Problem 2 for
Iny with y = (1+2) /(1 —z) gives the logarithm of every positive real
number. Equally important the series converges rather rapidly “near”
x = 0. Techniques beyond those covered here take advantage of that fact.
But for now, let = 1/3 and show that

1 1 1 1 1 1 1
m(=2(=-+=. — +Z. 4+ = . 4...
n(2) <3+3 TR A )
Use five terms of the series to find In (2) & 0.69315. Use your calculator to

check that this approximation is correct to five decimal places (assuming
your calculator knows what it is doing).
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4. This problem indicates how you can use a partial sum of the series for
In((14+=x)/(1—=x)) to approximate a logarithm to any desired accuracy.
To be specific use x = 1/3 as in the previous problem.

(a) Explain why

1 1 1 1 1
m2-2(-+- - =+--=
0 < In <3+3 33+5 )

2 /1 1 1 1
< ot — g )= —— ~147x 107
7(37+39+311+ > 28 - 35

rounded up. Calculate the 3-term sum that approximates In2 and
compare it with your calculator’s value. The difference between the

3-term sum and your calculator’s version of In 2 should be less than
1.47 x 10~*. Check this. Did you calculator get it right?

(b) Determine N (as small as you can) and the corresponding partial
sum Sy of the series for In2 in Problem 3 so that Sy approximates
In2 to within 1076, (Compare your Sy against your calculator’s ap-
proximation of In 2.)
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Group Project:
The Binomial Series

Names:

Directions: Solve the following problems. Check with your recitation/lab
instructor about the format required for the written report on this group project
and the date the report is due.

This group project introduces you to an important series expansion, called
the binomial series, that was discovered by Newton. The binomial series is the
Taylor series for (14 x)®, where « is a real number. Assume « # 0 because the
case a = 0 is of no interest. The binomial series is most useful for fractional
powers such as (1 + x)l/z, (1+ x)_l/z, and (14 x)l/?’

1. Fix a # 0. Show that the Taylor series of (1 + z)® is

—(a\ r _ ala=1) 5 al@a—1)(a=2) 4
1+};<k>x = l4+ax+ 12 z° 4+ 123 z° +
ala—1)(a=2)(a—3) 4
1-2.3.4 v

where the coefficient of z*, called a binomial coefficient, is

(a) ala—1)(@=2)---(a—k+1)

k - 1-2-3----k

2. If @ = n is a positive integer, show that the series reduces to a polynomial
of degree n.

3. If « is not a positive integer, show that the Taylor series in Problem 1 has
radius of convergence r = 1.

From now on assume that « is not a positive integer. It is natural to expect
that the Taylor series of (1 + x)® has sum (1 + x)® for —1 < 2 < 1. This
is indeed the case as you will show in the following problems. The bottom
line is

(a=1) 5 ala=1)(a=2) 4

(L42)" =1+an+ —po=a®+ —oqe—a" 4o

for —1 < x < 1, which is the binomial series expansion.
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4. Let S (x) be the sum of the binomial series for —1 < x < 1. Use term-by-
term differentiation to show that

(1+2)8 (z) = aS (z)

Verify that

conclude that
(1+z)“S(x)=C

for some constant C and finally show that C' = 1 to deduce that (1 + x)* =
S (z), which establishes the binomial series expansion.

5. Let a > 0. In several physics and engineering applications it is informative

to expand
1

va? + z?
in an infinite series. There is one series when |x| < a and another when
|z| > a. Find both series.
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Group Project:
Special Relativity 2

Names:

Directions: Solve the following problems. Check with your recitation/lab
instructor about the format required for the written report on this group project
and the date the report is due.

Finstein developed the theory of special relativity to help explain experi-
mental results that were no longer consistent with classical physics. Refer to
the group project, Special Relativity 1, for more background for this project.

Particle Property Relativistic Classical
Mass m=——20__ mo
V1-v2/c?
Momentum my = ——=20— Mg
1—v2/c2

According to Einstein’s fundamental discovery the total energy of a particle
moving with speed v is

E=mc" =

e How can you see that the relativistic quantities tend to their classical
counterparts as v — 07

e How well do the classical quantities approximate the relativistic ones for
v small compared to ¢?

If you did the earlier relativity lab you answered these questions using Tay-
lor polynomial approximations to 1/4/1 — . Now you will answer them using
the Taylor (power) series for 1/4/1 — z which enables you to find power series
expansions for the relativistic mass, momentum, and energy. You may use the
binomial series

(1+2)"= 1+az+

19 Y193  ° 1-2-3.4

for all |z| < 1. Here the exponent « can be any real number.

1. If 0 < v < ¢, show that

1 _1 1 [v? n
N 2\ ¢

(@=1) » ala-D(@=2) 5 ale-D(@-2)(a=3) 4
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Express the relativistic mass, momentum, and kinetic energy of a particle
as a power series in powers of v?/c?.

Show that m =~ mg, mv ~ mgu, and E ~ mgyc® + %mon for v small
compared to ¢ and that the approximate equality becomes more nearly an
equality as v becomes increasingly small compared to ¢ (approaches 0 if
you prefer). In particular, for speeds v small compared to ¢ the energy of
motion of an object is nearly %m0v2, its classical kinetic energy.

Assume (it is true) that the coefficient of (v2/c®)" for n > 1 of the power
series in Problem 1 is less than 1/2. Write

1
V1—v2/c? B

where S,, is the partial sum of the series in Problem 1 with last term
involving (02 / 02)n and R, is the corresponding remainder. Compare the
remainder series with a geometric series to show that

1 ’1_}2 n+1 1 ’1_}2 n+1
O<tn < o0/ (_) ~3 (_)

if v?/c? < 1.

Sn + Ry,

Scientists often uses the series in Problem 1 to approximate the corre-
sponding relativistic quantities by cutting off the series with the last term
that is above the level of error associated with a particular experiment.
The implicit assumption in doing this is that the total error involved in
this cut off is roughly the size of the first term not used in the full series.
Is this a reasonable assumption. (Yes, No, explain.)

Just to dot all the i’s and cross all the t’s show that the coefficient of

(v?/c?)" in the series expansion of 1/,/1 —v2/c? is

(1/2)(3/2)(5/2)---(n—1/2)
1.2.3..-n

and deduce that this coefficient has absolute value < 1/2 for all n > 1.
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Sample Exams

Some instructors give one midterm other give two midterms. Check with your
instructor about what will happen in your class. The material covered on the
midterm(s) varies depending on when the exam(s) are scheduled. Your instruc-
tor will tell you the coverage for your midterm(s) and the final exam.

Sample Midterms and Finals

A few practice midterms and finals, given by different instructors, follow.
These sample tests illustrate the type of problems that might be asked on a
midterm or final this term and give you some idea of the approximate level of
difficulty of past test questions.

Disclaimer: The appearance of a type of question on past exams is neither
a necessary nor a sufficient condition that you will get such a question on the
exams you take.

Important: The two parts of MTH 306, matrices and series, can be covered
in either order. Series were frequently covered before matrices in earlier versions
of these lessons. The exams that follow were written with that order of coverage.
If your instructor chooses to cover series first and matrices second, the tests that
follow will be as expected. If your instructor follows the current order of the
lessons, then you will need to make the following adjustments in using these
sample exams:

e Use the matrix and linear systems problems on the sample finals to con-
struct your own sample midterms over matrices and linear systems.

e Use the series problems on the sample midterms, if you have a second
midterm over series.

e And, of course, use both the sample midterms and finals when you review
for finals.
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B.1 Sample Midterms
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Math 306 Sample Midterm #1 Winter 2002

Show all your work. Simply writing down an answer earns no credit, even if it
is correct. Calculator work without analytical justification does not earn credit
either.

There are 6 problems and an extra credit question. You will have fifty five
minutes to complete the test.

Use your own paper to work out problems 1 through 5. Make sure to put your
name and ID number in every paper you turn in. Problem 6 requires that you
identify some graphs. Use the space in the back to work out the solution of this
problem.

Partial credit requires clearly expressed ideas and supporting work. Be precise

and concise.

Problem 1: Determine if the following infinite series is convergent or divergent. If

convergent, find its value.

— (—D)" 43" +!

n=0

Problem 2: [6 points] Consider the infinite series

>(59)

Find the values of x for which this series converges, and using the sum of a geometric

series, find the function that this series defines where convergent.

22

Extra Credit: [3 points] Consider the series of complex numbers > > (7

Describe the set of complex numbers where the series is convergent.
Problem 3: [7 points]
Part I: Show that the infinite series

> i
n=1 (TL2 + 1)2

converges. [Hint: Use the integral test]
Part II: Find N so that |S — Sy| < 5 x 1073,
Part III: Use the area correction to find M so that
° T
(S—(Sm +/ —————dz)) < 0.005
M+1 (z2 +1)?

Compare the values of N that you found in Part II with this value of M.
Problem 4: [7 points]

—s)

Part I: Find the first 4 terms of the Taylor series centered at a = 4 for f(x) = /2.
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Part II: Estimate the error in approximating (4.25)3/2

using the first 4 terms of the
Taylor series you obtained in Part I.
Problem 5: [7 points] Determine if the following infinite series is convergent or di-

vergent.

[ee]
Yefl/”.

Problem 6: [7 points] The p
four polynomial approximatic
Part I: Identify the graph
Taylor Polynomial. Give a br
Part IT: The other three plo s
Taylor Polynomials centered
tion with 71 (z), which one t
approximation with Ty(z). G

15

3.5

-1 -0.5 0 0.5 1 15 2 25 3
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Math 306 Sample Midterm #2 Winter 2002

e Show all your work. Simply writing down an answer earns no credit, even if it
is correct. Calculator work without analytical justification does not earn credit
either.

e There are 5 problems and two extra credit questions. You will have fifty five
minutes to complete the test.

e Use your own paper to work out all problems. Make sure to put your name and
ID number in every paper you turn in.

e Partial credit requires clearly expressed ideas and supporting work. Be precise
and concise.

e In this test, S stands for the sum of a convergent series, i.e. S =73""7 an, and
S~ denotes the partial sum Sy = a1 +a2 + ... + an.

e The following Taylor series could be of use.

2 £B3 $4 £B3 Cl75 1,7
2 4 6
T T T

Problem 1: [6 points] Determine whether the infinite series given below is divergent
or convergent. If the series converges, determine whether the convergence is absolute
or conditional. State the particular tests you are using.

(a) anL_H (b) Zne_nz

n=1 n=2

Extra Credit: [2 points] In each of the convergent series of Problem 1, describe the
error estimate that you would find most appropriate to find N so that |S — Sy| <
5 x 1075, You do not need to find N in any of the problems. Just give a brief
justification for your choice of error estimate.

Problem 2: [6 points] Determine the interval of convergence of the infinite series

S o G-y
—(n+1) \4
Problem 3: [6 points] Find the radius of convergence of the infinite series

S (e

n=0

Problem 4: [6 points] Consider the infinite series

= n(=2)"
Z (n')

n=1
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Part I: Use the ratio test to show that the series converges absolutely.

Part II: Find N, such that |S — Sy| < 5 x 1075 Give a brief justification for your
answer. [Remark: This estimation can be done in a very simple way.]

Problem 5: [8 points] The function F(x) defined as

F(z) = /Ow sin(%)dt

can not be represented in terms of simple functions. Instead, a power series represen-
tation can be obtained as follows.

Part I: Using term by term integration, find the first three terms and the general
term of the power series representation of F(x).

Part II: Find the interval of convergence of the power series you obtained in part I.
Extra Credit: [3 points] Determine how many terms in the series of part I are needed
to approximate F(z) with an error smaller than 5 x 107 for all x such that |z| < 1.
Give a brief justification for your answer.

Problem 6: [8 points] Consider the infinite series

2 4 2n

X X X
F(x):1+7+z+...+m+...

Part I: Use term by term differentiation to find the first three terms and the general
term of the power series representation for F'(z) and F"(x).

Part II: Find the radius of convergence of the power series representing F(z) and
F'(z).

Extra Credit: [2 points] The function F' given in problem 6 has a simple expression
in terms of e® and e~ ®. Find this expression.
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Math 306 Sample Midterm #3 Spring 2002

e Show work that supports your answer.
e No credit for unsupported work.

e Simplify and give exact answers whenever possible. Decimal approxi-
mations to answers that can be given exactly will not receive full credit.

e Solve the problems in the order that is easiest for you. Skip problems that
you find harder and come back to them later.

e The exam is open book and you may use your class notes.

e A perfect score for course grading purposes is 100. Thus, you may earn
up to 10 points of extra credit on this exam.

1. (20 points) Find all values of = for which the power series

n

io: (_1)n+1 2_5

converges.

2. (20 points) Consider the series

Z:: n2+4

(a) Show, perhaps using the integral test, that the series converges.

(b) Given that the series is known to converge by the integral test, let S
be the sum of the series and Uy be the estimate of S given in the
Lesson 5. Find N so that |S — Un| < 0.0001.

3. (20 points) Consider the function f (x) = y/x.

(a) Find the third Taylor polynomial about 4, T5 (z), for the function
flz) = .

(b) You intend to use T3 () to approximate the square roots of numbers
between 3 and 5 inclusive. State and then use an appropriate error
estimated covered in the course to estimate, as accurately as you
can, the absolute error (absolute value of the error) that occurs when

T; (z) is used to approximate square roots of numbers between 3 and
5.

4. (20 points) Answer the following questions about the series Z (-1)" e Vn,
n=0



280

5. (20 points) Determine all values of x for which the series Z
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(a) Which test implies that the series converges? Justify briefly.

(b) If S is the sum of the series and Sy is its Nth partial sum, use an
appropriate error estimated covered in the course to determine N, as
small as you can, such that the error |S — Sy| < 0.001.

sin nx + cosnx

3/2
n=1 n

converges absolutely. Justify your answer.

(10 points) Grab you pick and get ready from some hard work. You
are working on a one-mile segment of straight concrete sidewalk that is
in need of much repair. Your job is to remove the damaged sections
of sidewalk. You first pick away the middle one-third of a mile of the
sidewalk. Then you notice that the remaining two segments of sidewalk
need similar repairs so you pick out the middle one-third of each of the
two remaining segments. This leaves four remaining segments of sidewalk
that need similar repairs. So you pick out the middle one-third of each
of the four remaining segments. Imagine you continue on indefinitely in
this manner always picking out the middle one-third of all the remaining
segments at each step of the repairs. Find the total length of sidewalk you
would remove in this way.
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Math 306 Sample Midterm #4 Spring 2002

Directions: YOU MAY USE YOUR CALCULATOR AND CONSULT A
3 BY 5 NOTECARD. There are 14 problems on this exam; the first 9 are
multiple choice. Each problem is worth 8 points. You must show your work in
a complete, coherent and legible fashion on problems (10) through (14). If you
fail to do so, you will not receive credit.

(1)

25
z 3+ 4i w=3 nr
Circle all of the following that are true.

(a) z<w (g |o=lw (m) zZ=2w
(b) z=w (h) Jz] >w| (n) Zz=-2w
() z>w @) |zl <w] (o) zZ=ww
@) z=—w () ld=2p| () 22=-wo
(e) z=2w k) z=w (@) 2Z=4ww
f) z=-2w (1) z=-w (r) 2z=—4ww

Complete problems (2), (3), and (4) with an answer from the following list.

(a) is convergent with sum —6. (i is convergent with sum 6.
b) is convergent with sum —4. ( is convergent with sum 4.
is convergent with sum —2. (k)  is convergent with sum 2.
is convergent with sum —3/2. (1)  converges to a number between 1/24 and 1/12.
is convergent with sum —1. (m) converges to a number between 1/12 and 1/3.
(
(
(

AN

) converges to a number between 1/3 and 2/3.
0)  converges to a number between 2/3 and 1.
) is divergent.

is convergent with sum 0.
is convergent with sum 1.
is convergent with sum 3/2.

NN N N N N S

¢
d
e
f
g
h

Nap e

(2) The infinite series
oo 4n+1 o 3n+1

12n

n=0

(3) The infinite series

(4) The infinite series




282 APPENDIX B. SAMPLE EXAMS

For problems (5), (6), and (7), the function f(z) is given by

f(z) = sin(rx).

(5) f@7+1(0) is given by:

(a) 0 (f) (=1 (k) (=1)*!
(b) " (g) (=1)"=" O (rtian
() a1 () (-1 (m) (-
(@ w0 ) (-)m (o) (1)
(6) 7.r2'n,+1 (J) (71)n7.(.2n+1 (O) (71)n+17.r2n+1

(a) 1—332—&—“’—22 (f) 1—ﬂx+%—”2f
(b) -5 .. (g 1—7T3:B—|—7”c

(c) ].—’R';L'j-ﬂ—; (h m—%ss

@ 1-=£ @) m-mg
© 1-etEon () rersFoog
(7) The Taylor series for f(x) at x =0 is:

() Yotodr () Yoo

0) S Et @ Yo, emr
(© Tl S () Yo,
I S I

(8) Determine the values of = for which the following power series converges.

f: 2"+ (1 —z)™
= 2+
(a) =0 (g) « in the interval [—1,0)
(b) z in the interval (—1,1) (h) 2 in the interval (—1,0)
(¢) «in the interval [-1,1] (i) z in the interval (—2,0)
(d) =z in the interval [0, 1] (j)  z in the interval (1, 00)
(e) z in the interval (0, 1) (k) —z in the interval (1, c0)
(f)  « in the interval [-1,0] (1) |z| in the interval (1,00)
(9) The harmonic series Y- ; + diverges and the series Y~ | - converges.

Circle any of the following series that converge. (Hint: Use the comparison
test.)

(@) YoAr @) X e
(b) Yoo, 2l () YL

(© Toligmes (O oL
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Show your work completely and coherently in problems (10) through (14) to
receive credit.

(10) Use the integral test to determine if the following infinite series converges
or diverges.

5 s

(11) Use the integral test to determine if the following infinite series converges
or diverges.

g f+1)

(12) One of the infinite series in (10) and (11) converges. Use the integral
approximation to estimate the sum of the series with accuracy of at least 0.1.

Series I : i (<2T2L)):L

n=0
Series IT : i(n + 1)2(2)"
n=0 3

(13) Choose either Series I or Series IT and show that it either converges or
diverges using the root test.

(14) Show that the other series converges or diverges using the ratio test.
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B.2 Sample Finals



286 APPENDIX B. SAMPLE EXAMS



B.2. SAMPLE FINALS 287

MTH 306 SAMPLE FINAL EXAM #1 SPRING 2002

e Show work that supports your answer.
e No credit for unsupported work.

e Simplify and give exact answers whenever possible. Decimal approxi-
mations to answers that can be given exactly will not receive full credit.

e Solve the problems in the order that is easiest for you. Skip problems that
you find harder and come back to them later.

e The exam is open book, Study Guide, and you may use your class notes.

e A perfect score for course grading purposes is 100. Thus, you may earn
up to 15 points of extra credit on this exam.

IMPORTANT: You may of course check your work using various features of
your calculator but to receive credit or partial credit for most of the problems
on this exam you must show written work that fully justifies your answer.

1. Consider the 3 x 3 linear system

r+2y—z = 8
2 +y+z
r—y—2z = 5

(a) (5 points) Find A, x, and b if the system is expressed in matrix form
Ax =b.

(b) (15 points) Use systematic elimination of unknowns to find all solu-
tions to the given system or explain why there are no solutions.

2. (15 points) Determine whether the following vectors are linearly depen-
dent or linearly independent. If the vectors are linearly dependent find a
nontrivial linear relation among them.

e HE S F RIS F RS RS

3. Consider the matrix
-1 0 0
A= 4 30
-3 -6 2

(a) (5 points) Find all the eigenvalues of A.

—_
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(b) (10 points) Find the eigenvector(s) corresponding to the largest pos-
itive eigenvalue of A.

4. Consider the matrix
A 2 5
Tl -1 =2
(a) (5 points) Find all the eigenvalues of A.

(b) (5 points) Find the eigenvector(s) corresponding to either one of the
eigenvalues of A.

5. Answer the following questions about the series

o

Z (22 —5)"

n=0
(a) (5 points) Find the sum of the series.
(b) (5 points) Find the interval of x values for which the series converges.

6. Consider the power series
n

o0

> g

= n2n
(a) (5 points) Find the radius of convergence of the power series.

(b) (5 points) Find the interval of convergence of the power series.

7. (15 points) Let f (z) be the sum of the power series in Problem 6. Use
power series methods developed in this course to find a formula for f (x)
that does not involve infinite series.

8. Use power series methods developed in this course to do the following for
the function "
F (z) :/ sin (t2) dt
0

(a) (10 points) Find a power series expansion for F' (z). Express your
answer in summation notation.

(b) (10 points) You need to calculate F' (z) for values of x in the interval
0 < z < 1 to within a error of 1076, Find NN so that the N-th partial
sum Sy (z) of the power series for F' (z) will provide the desired
accuracy for all x in the interval 0 < x < 1.
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MTH 306 SAMPLE FINAL EXAM #:2 WINTER 2002

e Show all your work. Simply writing down an answer earns no credit, even if it
is correct. Calculator work without analytical justification does not earn credit
either.

e There are 9 problems and one extra credit question. You will have one hour and
fifty minutes to complete the test.

e Partial credit requires clearly expressed ideas and supporting work. Be precise
and concise.

o In this test, S stands for the sum of a convergent series, i.e. S =37 an, and
S~ denotes the partial sum Sy = a1 +az2 + ... + an.

e The following Taylor series could be of use.

. 2 3 4 ’ B e
e —l—l—x—l———i—g—i—z—l—.. sm(x)—x—g—i—g—?—k
2 4 6
R A
cos(x):l—g—i—z—a—i—

Problem 1:[10 points]
Part I: Find T3(z) and T5(z), the Taylor polynomials around 0 of degree 3 and 5, for
the function

flz)=v1—=a.

Part II: Estimate the error in approximating f(3) with T5(3).
Problem 2: [10 points] Consider the series

(oo}
_n2
>ne
n=1
Part I: Show that the series converges. [Suggestion: Use the integral test]

Part IT: Find N so that |S — Snx| < 5 x 107°.
Part III: Find M so that

(oo}

xefzzdx)\ <5x107"

\s—(sM+/

M+1

Problem 3: [10 points] Determine if the following series converges or diverges. If
you conclude that the series converges, determine if the series converges absolutely or
conditionally.

Z nn+1)(=3)""

n=1
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Problem 4: [10 points] Define the function

Fz) = / LA
0

Part I: Use the Taylor series of sint and term by term integration to obtain the power
series expansion of F(z). Your calculations should show at least the first 3 terms and
the general term of this series.
Part II: Find the radius of convergence of the power series you determined in Part
L.
Part ITI: As usual, let Sy(x) denote the partial sum of the power series of Part I.
Find N so that

|F(z) — Sn(z)| <5x107°
for all x such that |z| < 1.
Problem 5: [12 points] Let

10 1 -1 2 0o -2
A:{Q 1] B:[—Q 4 0] O:{—1 1 }

Indicate which of the expressions given below are defined and which are not defined.
For those expressions that are not defined, give a brief justification for your answer,
whereas for those expressions that are defined, find the size of the resulting matrix.
You do not need to evaluate the expressions that are defined, indicate only
the size of the resulting matrix.

(i) bA (i) A—B (iii)) A+2C (iv) AB (v) BA (vi) AC—-CA
Problem 6: [12 points]
Part I: Give an example that shows that the product of matrices is in general not
commutative, that is find two matrices A and B such that AB # BA.
Part II: Give an example of a 2 x 2 non zero matrix A such that A% = 0.
Problem 7: [12 points] Let R : R* — R? be the linear transformation that reflects
every vector with respect to the line y = —%x.

(i) Find R(< 1,0 >).

(ii) Find R(< 0,1 >).

(iii) Find the matrix M associated with R.

(iv) Find the eigenvalues and corresponding eigenvectors of M.
Problem 8: [12 points] Let M be the 3 x 3 matrix given by

5 0 0
M=|0 6 -1
0 -1 6

Part I: Find the eigenvalues of M.

Part II: Find eigenvectors of the matrix M that are mutually perpendicular.
Problem 9: [12 points] Let T': R®* — R® be the linear transformation that reflects
every vector with respect to the plane with equation x — z = 0.

Part I: Find the matrix M corresponding to this linear transformation.

Part II: Find the eigenvalues and eigenvectors of M. You can argue geometrically
but need to justify your conclusions.
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Extra Credit: Consider the linear system of equations M X = B where M is the
matrix obtained in Part I and B is an arbitrary vector. Justify why this system of
equations has a unique solution. [Remark: A geometrically justification is acceptable,
but you need to express your thought clearly.]
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MTH 306 SAMPLE FINAL EXAM #3 WINTER 2003

Directions: Calculators and an 8 1/2 inch by 11 inch sheet of notes are
allowed. The first 9 questions are multiple choice, worth 10 points each. You
must circle your answer to receive credit. The remaining 4 questions are
long answer problems, worth 15 points each. You must show your work on
problems 10 - 13 to receive credit.

Problem 1: Let A be a 3 x3 matrix with determinant 0. Which of the following
statements are true?

(I) For some vector b the equation Ax = b has exactly one solution.

(IT) For some vector b the equation Ax = b has infinitely many solutions.
(IIT) For some vector b the equation Az = b has no solutions.
(IV) For all vectors b the equation Az = b has at least one solution.
(a) Only II is true.
(b) Only IIT is true.
(c) Only I and IT are true.
(d) Only IT and IIT are true.
(
(

e) Only I, IT and IV are true.

Only IV is true.

)
f)

Problem 2: How many solutions does the following system of linear equations
have?

101 x 1
2 3 1 y | =1 4
3 3 2 z 2

(a) No solutions.

(b) Infinitely many solutions.
(c) Precisely two solutions.
(d) Precisely one solution.

Problem 3: Consider the matrix
0 0 1
A= 1 0 0
01 0

Which of the following is true? Circle all that apply.
(a) A has three real eigenvalues.
(b) det(A) =
(c) A3 =1.
(d)

A is symmetric.
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(e) A=t = A%
Problem 4: Which statement describes the solution of the equations

r -y 4z =2
z +y —z =4
z +3y -3z =6

(a) (z,y,2) = (3,2,1) is the only solution.

(b) (z,y,2) = (3,3,3) is the only solution.

(c) There is no solution.

(d) (z,y,2) = (¢, 1 —2¢,c) with ¢ any number.
(e) (z,y,2) = (3,c+ 1,¢) with ¢ any number.

(f) (x,y,2) = (3,0,—1) is the only solution.

(g) (z,y,2) = (¢, k,¢) with ¢ and k any numbers.
(h) (z,y,z) = (3,¢ — 2,¢) with ¢ any number.

Problem 5: Find the value k so that the following matrix has no inverse.

-2 5 2
1 -3 -1
-1 2 k

———
?T' >
||

= 1
d) The matrix is always invertible.

(a
(b
(c
(

Problem 6: Which of the following is a power series expansion for [ %=L 4t ?
3 5 7
N

2 4
) —z+5 -+
Problem 7 Find the interval of convergence of the series

(242"
2 orn

n=1
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(a) b<azx<1
(b) -5<z<1
(c) -3<x<3
d) —l<z<5
(
(

Problem 8 The power series expansion for f(x) = (1+x)e ™ is
f(z) —apt+ a1z +asx’ +aszd +agxt+---
The coefﬁcient a4 is

b

ooIH

[ V)
=)

\_/\_/\—/\/\_/v\_/\_/
|>—U_1_|>—\ I
»—wlwblcﬁ

(a
(
(
(
(
(
(
(

[=ali "B e NN e NNe!

Problem 9 The coefficient of (x —1)* in the Taylor series centered at a = 1 for
the function f(z) = In(x) is:
1

Problem 10 Describe the image of the line 4+ y = 2 under the linear trans-
formation of the zy—plane defined by the matrix

u- (1)

Remember to show your work!
Problem 11 A certain 2 x 2 matrix M has an eigenvalue 0 with eigenvector

1
M? Remember to show your work!
Problem 12 Consider the following function:

x 1_ —t2
Fa) = [
0

2

2 > and a second eigenvalue 3 with eigenvector ( ; ) . What is the matrix

(a) Find a power series expansion for F(z). Express your answer in summation
notation. Remember to show your work!
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(b) You need to calculate F'(z) for values of x in the interval 0 < z < 0.1 to
within an error of 107°. Find N so that the N-th partial sum Sy (x) of the
power series for F'(x) will provide the desired accuracy for all = in the interval
0 <z <0.1. Remember to show your work!

Problem 13 How many non-zero terms of the power series expansion of cos(x)
must you use in order to calculate cos(1) with an error less than 0.001? Re-
member to show your work!
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MTH 306 SAMPLE FINAL EXAM #4 SPRING 2003
Instructions:

e Read quickly through all the problems on the exam. Solve the problems
in the order that is easiest for you. Skip problems that you find harder
and come back to them later.

e Problems 1 — 7 are multiple choice questions. No partial credit will be
given on these questions.

e Problems 8 — 12 are long-answer questions. Put your answer in the
space provided! Expect to lose credit if you do not follow this step.
Then justify your answer. This means you must present the math-
ematical reasoning needed to justify your answers, just as if you
didn’t have a calculator. You may use a calculator to check your work.

e Simplify and give exact answers whenever possible. Decimal approxi-
mations to answers that can be given exactly will not receive full credit.

e The exam is closed book but you may use four double-sided 3 inch by 5
inch note cards.

e A perfect score for course grading purposes is 100. Thus, you may earn
up to 10 points of extra credit on this exam.

e RELAX AND GOOD LUCK!

1. (12 points) Let

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

A:{ ]B:{ }C:[ }D: 4 -5 6
3 4 2 0 4 1 -1 s o

Circle the letter(s) corresponding to ALL statements that are
TRUE: [If both correct and incorrect answers are circled you will lose
some credit.]

D has an inverse
BBT is not defined
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2. (9 points) Suppose that the power series (about = 0) of the function

is

fle)=e™

1—2z
2 3 4
ag + a1x + a2x” + azx” +agx + - -

Circle the letter(s) corresponding to ALL statements that are
TRUE: [If both correct and incorrect answers are circled you will lose
some credit.]

(a) ag =€~

Q

(c

)
(b) The power series has radius of convergence r = oo
) a1 =
(

o

Q

) az =
(e) The power series has radius of convergence r = 1

(f) The power series has radius of convergence r = e~*

)
(g) as=1/3
(12 points) Let

where k is a real number. Circle the letter(s) corresponding to ALL
the statements that are TRUE about the matrix A. [If both correct
and incorrect answers are circled you will lose some credit.]

L exists for all values of k.

(a
(b
(c

)
)
)
(d)
)
)
)

1 exists for all but one value of k.

A~
A~ exists for all but two values of k.
A~
All the eigenvalues of A are real.

(e) The columns of A are linearly independent when k = 1/1/2.

(f) The columns of A are linearly dependent when k = —1/+/2.

(g) When k = 0 the system of equations Ax = [1,0, —5]T has infinitely
many solutions.

. (9 points) Assume that the power series > - a,z" has the following

properties:
(1) It converges at x = 1 and converges at z = —2.
(2) It converges conditionally at x = 3.
(3) It diverges at = = 5.

Circle the letter(s) corresponding to ALL statements that are
TRUE: [If both correct and incorrect answers are circled you will lose
some credit.]
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) The power series must diverge at z = —3.
) The power series has radius of convergence r = 4.
(¢) The power series has radius of convergence r = 3.
)

The radius of convergence cannot be determined exactly from the
information given.

(e) The power series is absolutely convergent at © = —2.
(f) The power series diverges for all x < 5.

(g) The power series converges at x = 2.

5. (6 points) Which statement is TRUE about the system of equations

2u—v+w = 1
3u+2v—4w = 4
—6u+3v—-3w = 2

(a) The system has exactly one solution.

(b) The system has exactly two solutions.

)
)
(¢) The system has exactly three solutions.
(d) The system has no solutions.

)

(e) The system has infinitely many solutions.

6. (6 points) It is known that the system of equations

—x+2y+2z = 1
2043y —4z = 4
—3x+6y+3z = b

has infinitely many solutions. Circle the letter(s) corresponding to
ALL statements that are TRUE: [If both correct and incorrect an-
swers are circled you will lose some credit.]

a

(
(b
(

Il
W N =

(c
d

(e) The column vectors of the coefficient matrix for this system are lin-
early independent.

S o o O

)

)

)

) b cannot be determined from the information given.

)

(f) The column vectors of the coefficient matrix for this system are lin-
early dependent.

(g) The linear dependence or linear independence of the columns of the
coefficient matrix cannot be determined from the information given.



300 APPENDIX B. SAMPLE EXAMS

7. (12 points) Circle the letter(s) corresponding to ALL the state-
ments that are TRUE. [If both correct and incorrect answers are circled
you will lose some credit.]

(a) The series Y cos (1/n) diverges by the Basic Divergence Test.

(b) The series > (—1)"cos(1/n) converges by the Alternating Series
Test.

(c) The series Y > | (=)™t e;# is absolutely convergent for all z by
comparison with the series > 1/n?.

(d) The series > 7, (=1)"*" //n is convergent by the Alternating Series
Test but is not absolutely convergent.

(e) The series Y > (_17):“3" is absolutely convergent for all x.

(f) The series > g—j is divergent by Root Test.

(g) The Integral Test can be used to determine whether the series > m
is convergent or divergent.

8. (6 points) A power series is given by
4 6! 8! 10!
142z + 2x2+ 2x3+ 2x4+ 2x5+-~
(21 (3Y (4h (51

(a) Express this series in sigma notation; that is write the series as
s n 3 3 3
Y o ana™ for appropriate coefficients ay,.

Your answer:

Your work:

(b) Find the radius of convergence of the given series.

Your answer: The radius of convergence is

Your work:

9. (10 points) Let L be the line with equation y = z in the zy-plane. Let II
be the plane in zyz-space that is perpendicular to the xy-plane and that
also contains the line L. A linear transformation T : R — R? is defined
by reflecting an input vector across the plane IT and then reversing the
direction of the reflected vector.

(a) Find the matrix A of this linear transformation with respect to the
standard bases vectors in R3.
Your answer: A =

Your work:
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1

(b) Find T -2
3

Your answer:

Your work:

(¢) Find one eigenvector v of T' and its corresponding eigenvalue .

Your answer: v = and A\ =

Your work:
10. (12 points) Let

A:

o ot O
o O
N = O

where b is a positive real number.

(a) Find ALL the eigenvalues of A. (The eigenvalues may, of course, de-
pend on b.)

Your answer: All the eigenvalues of A are

Your work:

(b) If b =1 find ALL eigenvector(s) of A that correspond to the LARGEST
eigenvalue of A.
Your answer: The eigenvectors are

Your work:

11. (8 points) Find the radius of convergence and the interval of convergence

of the power series
(o9}

nlfL’+1)
> ek

Your answer: The radius of convergence is

The interval of convergence is

Your work:

12. (8 points) You need to evaluate the nasty integral

1
1—
/ cos \/de
0

T

to within an accuracy of 1076, Use power series methods covered in this
course to do the following.
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(a) Express the value of the integral as an infinite series.

Your answer: The integral is equal to

Your work:

Let Sy be the Nth partial sum of the series you found in (a). Use any
applicable error estimate developed in this course to determine N so

that Sy approximates the integral to within the required accuracy
of 1076,

Your answer: N =

Your work:



B.2. SAMPLE FINALS 303

MTH 306 SAMPLE FINAL EXAM #5 WINTER 2004

Instructions: YOU MAY USE YOUR CALCULATOR AND CONSULT A 3
BY 5 NOTECARD. There are 18 problems on this exam; the first 9 are multiple
choice. Each problem is worth 12 points. There is also a 6 point bonus question
following problem 16. You must show your work in a complete, coherent and
legible fashion on problems (10) through (18). If you fail to do so, you will not
receive credit.

(1) Find the Taylor series about « = 0 for the function

1
(a) X,oz” (8) Cpeol—2)"
(b)  Yp—o(32)" (h) >, o(=1)"(3z)"
(€) Ypoqna™? (i) X (=1)" tnan !
@) >4 ”S?’x)n_l §)) 220:1(_1)71—1”&3%)”—1
© Yo () Ty
() Yo, & (1) (-1
(2) Circle all of the following power series that converge for © = —1
(a) Yomi(5)" () ol (=5 (k) Xl ()"
(b) X3 (&) (=5 O Xl 3"
(c) 220:1 x" (h) > (=2)" (m) Z;L.Oil %(x)n
(d) 220:1(255)“ (i) 220:1(*235)“ (n) Z;L.Oil %(2@”
(@ Yol Bx)™ () Xoii(=32)" (o) Y, 5Bz)"
(3) Circle all of the following power series that converge for z = —1 4 2i.
@) TG 0 et (9 X )
(b)) Yo" (&) (=35m0
(c) 22071 2" (h) Zif:l(*z)n (m) fo:l %(Z)n
(d) 220:1(22)” (i) Zile(*%)” (n) fo:l %(2z)n
(@ YoliB2)™ () X,li(=32)" (o) XL, ,B2)"

(4) Determine the interval of convergence for the power series

o~ (2n)! n

n=0

a) This power series only converges for x = 0.
b) This power series only converges for x = 5.

c) This power series converges for all = in (—1,1).

d) This power series converges for all z in (—.25,.25).
e) This power series converges for all x in (-6, —4).

(
(
(
(
(
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f) This power series converges for all z in (4, 6).

g) This power series converges for all  in (—5.25, —4.75).
h) This power series converges for all = in (4.75,5.25).

i) This power series converges for all .

(
(
(
(

Complete problems (5), (6), and (7) with an answer from the following list.

n n,_n

(a) Yoo ir i Xl %

oo g2n . [eS) —1)" 3"
(b) ano 271221 (.]) Zn:O E %%ﬁlgn
(€ Xn-o énz):l &) o m
(d) Xolo @ O Xa m 1
()  Xno (ﬁ?ﬂgl (m) >0 Wl
() Xnzo oy m) Xt T men
) 22n+l oo (=1)"g?nt!
(8) oo 27 (2n+1)n! 0 Xolo 271(2n+12n_5_1
0o g2ntl oo —1)"x="
() Yo mmanEy (P Zao AT

(5) The Taylor series for e~* about = 0 is

—z2/2

(6) The Taylor series for e about z = 0 is

(7) The Taylor series for [ e~t/2dt about z = 0 is

(8) Pick the best answer from the list below: The value of

1
CY T C RS S
/tzoe -3 tesa w73

is

a) equal to 0.

b) between 0 and .00000167.
¢) between 0 and .000289.

d) between —.00000167 and 0.
e) between —.000289 and 0.

(9) Determine which of the following is true for the system of linear equa-
tions:

3r—2y+z2 = 2
2t —y+ 2z =

r+z =
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(a) There are no solutions.

(b) The unique solution is (z,y, z) = (5,0,1).

(¢) The unique solution is (z,y, z) = (4,6, 2).

(d) There are infinitely many solutions that satisty (z,y, z) = (a,2+a,6—a)
where a can be any real number.

(e) There are infinitely many solutions that satisfy (z,y,2) = (6 —¢,8 —¢,¢)
where ¢ can be any real number.

Show your work completely and coherently in problems (10) through (18) to
receive credit.

(10) Find the matrix D that projects vectors in 2 dimensions onto the line
y = 3.

(11) Give the largest eigenvalue for the matrix D and an associated eigen-
vector.

(12) Give the smallest eigenvalue for the matrix D and an associated eigen-
vector.

c=1| -1 5 -1

(13) Find the eigenvalues of C.
(14) Find an eigenvector vy corresponding to the largest eigenvalue of C.

(15) Find an eigenvector va corresponding to the next largest eigenvalue of

C.
(16) Find an eigenvector vs corresponding to the smallest eigenvalue of C.
BONUS: Describe the span of the vectors vy, vo and vs.
(17)-(18) The 2 by 2 matrix A has one eigenvalue equal to 2 + 4. A corre-
. . L 141
sponding eigenvector is given by 1—i )

(17) Give the other eigenvalue and a corresponding eigenvector.

(18) Give the matrix A.
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Appendix C

Selected Answers

Lesson 1: Complex Numbers

1.
3.
5.
7.
9.

11.
17.
21.
23.
25.
27.

29.

31.
33.

35.
37.
39.

—4 4+ 3¢
—1142%

2 (cos § +isin %)
_250
1, —3+2iV3, -3 - 1iV3
Circle in the complex plane with center at 1 and radius 3
The exterior of the circle in the complex plane with center at 0
and radius 4
The circle and the exterior of the circle in the complex plane with center
at —i and radius 1
Circle in the complex plane with center at 2 and radius 3
N N 12 4 .
f@)=0,f2—-i) =% -3
N 5—2i) _
hG) =0, h(5%) =12
All z#£0

Lesson 2: Vectors, Lines, Planes

1.

The sum of the squares of diagonals of a parallelogram are equal to the

sum of the squares of its four sides

3.
9.

(c) ais perpendicular to the plane spanned by b and c.
x=—-2+4Tt y=4t, z = 3 — 4t. (Other parametric equations may give

the same line.)

11.

4(x+2)+ 8ly + 83 (z — 3) = 0, equivalently, 4o + 81y + 88z = 256

Lesson 3: Linear Equations

307
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1. =1 y=2

3. z=-3 y=0

5. x=-1/3 y=7/3 z2=-1/3

9. There are infinitely many solutions u, v, w where u = —w, v = w+1, and
w can be given any value. Another way to express the solutionsis: ©u = —t v =
t+1 w =t for any value of ¢. These equations are parametric equations for a
line in space through the point (0, 1,0) that is parallel to the vector (—1,1,1).
The planes whose equations are given intersect in that line.

11. 5
13. 0
15. 0

17.  The system has a unique solution because its determinant is not zero.
19. The system has a unique solution because its determinant is not zero.
2. A=-1,3

23. A=8, -1, -1

25. (b) z=y=2=0

Lesson 4: Matrices and Linear Systems

—11 -23 4 13
Lo asem= [ 0B s 4]
(e) Ax:[g]
5 —1 11
3. (¢) AB=| 4 1 1
10 1 15
9. z=1Ly=1Lw=4,2=3
[ 4 —2 17 [ 6 ] [z ]
].]. A: —5 74 s b: O y X = Yy
| -1 O_ _5_ Ea
[ 4 —2 17 [ 6 ] -
5 7 4 0 v
13. A= 3_1ovb=5”‘:i’
1 -2 1 3 L <
L 11 S
54| 111
A G
L 2 2 2
L o171
17, At | -1 11
Py
L 6 6

Lesson 5: Linear Dependence and Independence
1. linearly independent

3. linearly independent

5. linearly dependent



-1
3
—2
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3 2 0
-1 +2] -1 |[=]0
0 1 0

Lesson 6: Matrices and Linear Transformations
(a)
(c)
(f)

1.

Reflection across the y-axis
Reflection across the xz-plane
Counterclockwise rotation by 90 ° about the origin

2. (b) [ 0 1}

3/5 4/5
A=1 s 3/5}

A

01 0
A=|1 0 0
0 0O

[ —sinf cos@

cosf sinf ]

o a P13

7. There is no such vector; that is, T (v) = [1,4,2]" has no solution.

21 12 —16 x 21z + 12y — 162

9. A= | 12 11 24| and T |y ||=5| 120+1ly+24z
—-16 24 -3 z —16x + 24y — 3z
_[1/3 1/3

11. (a) P—{2/3 2/3]

Lesson 7: Eigenvalue Problems

e Al D

{

{

RERN
A

BB

1 4 2
11. -2 |, 2 0, [ 1 ] — 9 (The first pair of orthogo-
0 -5 2

=

nal eigenvectors may be replaced by er pair of orthogonal vectors in the

plane spanned by the given pair.)

Q

ny ot
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5 -2 —4 4 2 4
21 =% 2 8 2|, m=3|2 1 2
-4 -2 5 4 2 4

. —-1_1./33
ey 33” 2

1 .

2

11
CR{E A B e
[ 1115
{[* 07} -4-1vm
5 T = _1_75a y= _%
7. (a D) HHHmH _12 ]}H5
c) Yes, the eigenvectors are linearly independent in R2.
= = 5 30 29 —18
=1 2 2
oo e (3 ] [ B [
2
13. —4
9
{ 11 4
1near1y independent

Lesson 9: Taylor Polynomial Approximation
B AR Lt iR ()
142 (o —4m) +2 (0 —4m)" + (ﬂf—iﬂ) 2 (o~ g’
Ts (z) = 2z — 32° + 1t and sm(O ) =04 9427
s (t) = 50 — 3Ot+8t2
9. t< (82)"° ~ 44091
11. 0(t)~1—-3t— (51n1)t2+ (cos1)t3
13, |Rs (x)] < 229° ~ 0.014 rounded up
15. (a) Tyi(x)=z=Ty(z), T3(z)=x—23/3!=Ty(x),
Ts () =2 —2%/3! + 2° /5! = Tg (2)
T; (z) =z — 23 /31 + 25 /5! — 27 /7! = T (z)
(b) For n odd, Taylor polynomials for sinx satisfy T, () = Tp41 (2)

Now =

Lesson 10: Infinite Series
1. convergent, sum 12

3. divergent

5. convergent, sum 3/2

TN st = % for |z < 1
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oo n 1
1. >, 11122 = armyay for x| <1
B Y omyr =1+ x? for all x
15, Y02 2nan ! for |z < 1/2
17, Y02 o 4ma?™ 2 for x| < 1/2
21. > ,2"sin™ ¢ for [sint| < 1/2 which means —7/6+kr <t < 7/6+kn

for any k£ =0,+1,£2, ...

23. (a) Since cos(1/n) — cos0 = 1, the series diverges by the BDT
(b) Since sin (1/n) — sin0 = 0, the BDT gives no information

27. 1

29. 1/4

3. H(l+r)/(1-1)
Lesson 11: Taylor Series Representations
Lo (c) Yplez"t'/nl
(e) 143y (—1) L Cn B —
L+ 32 = mga® + gigra’ — gigpat + e’ — 4
5 @) 3+ -5 3@ - F - -
(d) 24§ (2 —4) + 500, (-)" " 5 (2 - 4)"
9. Ts(z)=1-2%+1a*
11. Ty(z) =1+ 32 + Zat
13. sinz? =3 (-1) m
15, 3o o (—1)" S 300 (<) oy = 2ol ana™ where ag = 1 and

{ 1/(n—1)! for n odd
ap = 7(n (

— 71)"/2) /n! for n>2 even

17 5 =2, ()" = ot

Lesson 12: Series With Nonnegative Terms
. B>A>C

. converges
. diverges

p>1
S L+~ 16444
L Y2 ne™™ 4 Le? ~0.40457
3. (b) N =el% €20 199 respectively.
That is, N =~ 22,026, 4.85 x 108, 2.69 x 10*3 respectively.

> 1
15. (b) N =14 does the job and T14 = S14 +/ ——— dx ~2.1051
15 « (Inx)

1
3
5
7
9
1
1

(c). N >el% —1~27x10%

Lesson 13: Comparison Tests
1. converges
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3.
d.
7.

17.
19.
21.
23.

APPENDIX C. SELECTED ANSWERS

diverges

converges

diverges
converges for all 0 < 2 <1 and diverges for z > 1
converges for all z > 0 and diverges for x =0
converges for all z > 0

the exponent is not constant; the series diverges

Lesson 14: Alternating Series, Absolute Convergence

3.
9.
7.
9.

11.
13.
15.
17.
19.

21.

23.

25.

27.

|S— Sl()| < 11/122
|S — Sl()| < 11/2048
absolutely convergent
diverges
conditionally convergent
conditionally convergent
(a) converges for |z| <1 (b) converges absolutely for |z| <1
(a) converges for all x (b) converges absolutely for all x
(b) N=10
(c) Sio=Y10, CUT ~0.90112
(d) Sy ends with a negative term so it is less than S
(by N=9
(€) So=30_, (—1)"" /)~ 0.74817
(d) Sg ends with a positive term so it is greater than S
> ’%‘ converges absolutely for |z| < 1 which is the open unit disk
in the complex plane.

> ‘(—1)" Z\;—‘ converges absolutely for |z| < 1 which is the closed unit

ny/n
disk in the complex plane.
underestimate

Lesson 15: Ratio and Root Tests

Novw

series converges
the limit gives no information about converge or divergence
series converges absolutely
series converges absolutely
series converges absolutely

series diverges

series diverges

absolutely convergent

(b) Se=30_, L ~2.7181

b) Sii=YhL, Bt~ 2.2495
Sip=>10 L ~ 27183

n=0 n!

(

(v) )

(b) Sy=S*  (-1)" (L) ~ 0.59709
E )

n=0 14+n
N =13
a, b, ¢) Each series converges if |z| < 1 and diverges otherwise.



31.
33.
35.
37.
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(d) For p any positive integer, the series > nPz™ converges if |z| < 1

and diverges otherwise.
(a) |2/ <1 (b) the open unit disk
(a) z=0 (b) the origin of the complex plane
series converges
(a) N>20 (b) N>11 (¢) N>10

Lesson 16: Power Series

5.
7.
9.

11.
13.
15.

17.
19.
21.
23.
25.
27.

r = 2/3; interval of convergence is —2/3 < z < 2/3

r = 2; interval of convergence is —3/2 <z < 5/2
r = 2; interval of convergence is —7/2 < x < 1/2
r = 1; interval of convergence is 3 <z <5

r = oo (in this case there is no circle of convergence)
r = 2/3 and the circle of convergence is the circle with center at 2/3

and radius 2/3 in the complex plane.

domain is |z| < 0o

(1—2?)/(1—23) for |2| < 1.

(a) 4+x—$2+ (b) r=o00

(a) :1c—§ ]25x5+ (b) r=o00

(a) =+ g2+ Fa® + (b) r=m/2
(a) z+a° +5:L’5+ (b) r=1

Lesson 17: Analytic Properties of Power Series

1
3.
d.
7
9

11.
13.
15.

17.
19.

29.

35.
37.

39.
41.

r=4
o0
Yo 0x2 and r =1
o =" —
Yo Remi and r = oo
n+1

Inb — ZnomandT:[{B

S (-1 e and =1

2 5 6 7
T T x T xT T _
1+$—2!—?+ﬁ+ﬁ—ﬁ—ﬁ++——”'andr o0

0o n 27L+4
2n=0 (=1)" g +Cand r =

S (=)t % and r = oo

3

) arctan — ZZO:() (=" x2‘;“++12 s

(b) f01/2 arctana? de =~ Y22 _ (—1)" e
T

co rectly rounded.

(4n+3)(2n+1)

@ Y02 = EE D ) <)
(d) % n:OT’( 1) 2n+1 =1- l + % T T
¥=33 g (271172' = 3¢~/

@)y=2ﬁ@ﬁw%

~ 4.1304 x 1072

(C)

2] <1

(b) Hint. Subtract the power series for e~ for the power series for
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43. (a) y=1+x+2> (b) the series reduces to a polynomial
45. N >4
Lesson 18: Power Series and Complex Calculus

1. 8

3. 0

5. f'(2)=

7. f(2)= —1/z
13. W (2)=—4/2°

15. U'(2)=-3(4+32—2* )2(3—22)sin((4+3z—22)3>

17. e 3cos4 +ie 3sin4

19. 4

25. Rotate the vector that represents z by the angle 6y, counterclockwise
(if Bg > 0) and clockwise (if 0y < 0) and then multiply the length of the rotated
vector by rg.

27. The unit circle in the complex plane swept out once in the counter-
clockwise sense

Lesson 19: Catch up and Review
3. (a) By the alternating series test.
b) 4,000,000

a) T3( )—1—5332

(
5. (
(b) Rs(x)=—(cosc) % for some ¢ between 0 and x
(
(

9. >, 2 g1 for lz| < 1/2

1 A7), (-t O ()= - ()i

13. (a) see your text

b) >, (—1)**t 1 (2 —1)" converges absolutely in |z — 1| < 1.
¢) Yes. Hints. lnz =3 ()" 1) for [z - 1] < L.
Deduce that - lnz = 1 . What is d% . “?

In excess of 5. 1 x 1030 terms!

The area corrected approximation Uyg; = S1o1 +

—_

15.

—_—
=3
~

o

2(111(1102))2 18
accurate to with 104,

Does not exist

538

No=4

23 or greater

17.

Q
Nay

21.

A~ N N
o —



Index

Absolute convergence, 162
Alternating harmonic series, 160
Alternating series, 160
Alternating series test, 160

associated error estimate, 161
Angle in n-space, 26

Basic comparison test, 154
Bessel’s function

of order 0, 204

of order 1, 186, 335
Binomial coefficient, 182

Complex exponential function, 209
Euler identities, 210
periodicity of, 211
properties of, 210, 211

Complex functions, 14
continuity of, 208
differentiability of, 208
e, sin z, cos z, 209
limits of, 208

Complex logarithm, 213

Complex numbers, 4
absolute value, modulus, 8
addition, subtraction, 6
complex conjugate, 7
imaginary part, 7
length, 10
polar form, 11, 211
purely imaginary, 9
real part, 7
standard form, 6

Complex plane, 9
distance, 11
imaginary axis, 9
open unit disk, 12

real axis, 9

unit circle, 12
Complex trig functions, 209, 213
Complex variable, 12
Conditional convergence, 163

Determinants

efficient evaluation, 47

Laplace expansion, 40
Differential equations

power series solutions, 197
Dot product, 52

in 2- and 3-space, 24

in complex n-space, 27

in real n-space, 26

FEigenvalue problem, 87
characteristic equation, 89, 100
complex eigenvalues, 92
eigenspace, 98
eigenvalue, 87
eigenvector, 87
eigenvectors

independence of, 91

FEuler identities, 210

Fresnel integral, 204
Function
from R™ to R", 74

Geometric series, 125
common ratio, 125
variations of, 126

Harmonic series, 143, 150

Improper integrals, 144
Infinite series, 121

315
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absolute convergence, 162
algebraic properties, 129
alternating, 160
alternating series test, 160
basic comparison test, 154
basic divergence test, 124
conditionally convergent, 163
converges, 123
diverges, 123
geometric, 125
harmonic series, 143
integral test, 147
limit comparison test, 155
nth partial sum, 123
nth term, 123
of functions, 127
ratio test, 170
root test, 168
sum, 123
with nonnegative terms, 142
p-series, 147
sum of, 142

Integral test, 147

area corrected approximation, 148
associated error estimates, 148

Limit comparison test, 155
Limits

special, 174
Sterling’s formula, 171

Linear combination, 66

matrix form, 68

Linear dependence, 65

over C, 71
over R, 71
test for, 69

Linear function

from R™ to R™, 76

Linear independence, 65

over C, 71
over R, 71
test for, 69

Linear operator

from R™ to R™, 76
matrix of, 77

Linear transformation, 73

INDEX

from R™ to R™, 76
matrix of, 77

Lines
in 2- and 3-space, 28

Maclaurin polynomial, 116

Maclaurin series, 134

Matrix, Matrices, 51
addition, 52
diagonalizable, 93, 100
identity matrix, 55
inverse of, 57
invertible, 57
main diagonal, 55
matrix multiiplication

algebraic properties, 54

multiplication of, 54
product, Ax, 53
projection matrix, 80
scalar multiplication, 52
simple structure, 93
size of, 52
subtraction, 52
symmetric, 94, 97
transpose of, 60
zero matrix, 55

Operator
from R™ to R™, 74

Planes, 29

Power series
algebraic properties, 183
and differential equations, 197
binomial series, 182
circle of convergence, 181
continuity properties, 190
convergence properties, 180, 181
differentiation of, 191
domain of convergence, 181
in powers of z about = = 0, 129
in powers of z about z = 0, 129
inz—a, 137
in x — ¢, about ¢, 184
in x — ¢, about ¢

convergence properties, 184
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in x, about z =0, 179 for e*, sinx, cosz, 136
integration of, 191 Maclaurin series, 134
interval of convergence, 181 sum of, 135
radius of convergence, 181 Term-by-term differentiation, 191, 195
uniqueness of representations, 192 Term-by-term integration, 191, 195
Projection matrix, 80 Transformation
null space of, 81 from R™ to R", 74
orthogonal, 82
range of, 81 Vectors, 19
Projection operator, 80, 83 column, 27
in 2-space and 3-space, 19
Ratio test, 170 component along a, 25
associated error estimate, 172 dot product, 24
Rational roots theorem, 99 magnitude, length, 21
Rectangular coordinates in 3-space, 20 parallelogram law, 21
Root test, 168 position vector, 20
associated error estimate, 173 projection along a, 25
scalar multiple, 22
Schwarz inequality, 25-27 standard basis, 23
Span, 66 triangle law, 21
Sterling’s formula, 171 unit vector, 23
Symmetric matrix, 94, 97 linear combination of, 66
orthogonal projections, 97 linear dependence of, 66
Systems of linear equations, 35 linear independence of, 66
augmented matrix, 41 orthogonal, 26, 27
basic principles, 36-39, 56 row, 27
coefficient matrix, 37, 56 span of, 66
determinant, 37 Vectors in n-space, 23
elementary row operations, 45 dot product, 26
homogeneous, 38, 39 magnitude, length, 23
nontrivial solution, 39 Schwarz inequality, 26
trivial solution, 38 standard basis, 24

matrix form, 55
systematic solution of, 40

Taylor polynomials, 110
about 0, 112
base point, 110
error in approximation
base point 0, 113
base point a, 115
Lagrange form, 114, 116
Maclaurin polynomials, 116
Taylor series, 134
about a, 137
about x =0, 134



