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Introduction

This course is an introductory course to (higher) mathematics, and it covers
a wide range of material which is needed in physics. In contrast to mathematics
lectures for mathematics students, where proof techniques play a crucial role, this
course focusses on understanding and applying mathematical techniques
that are often needed for the solution of problems in physics.

Mathematics and mathematical techniques cannot be learnt by just attending and
following the lectures! The lecture can only give an introduction to the mathematical
concepts and techniques. It is crucial that you spend some time to familiarize
yourself with the mathematical concepts and techniques and then apply
them yourself to solve the problems on the weekly exercise sheets!

In the weekly workshops, the workshop tutors will provide help with solving the
problems on the exercise sheets, but ideally you should have tried the problems
yourself beforehand and then ask the workshop tutors for help with those problems
you could not solve. The more problems you solve, the better you will learn the
material and the better you will be prepared. Therefore it is recommendable to
solve all provided problems and not just those to which solutions have to be handed
in.

Note that understanding the solution to a problem is not the same as solving a
problem yourself. Finding the solution yourself without help, or even with
some help, provides a far better understanding and learning effect than
understanding someone else solution!

The key to solving most of the problems on the exercise sheets is firstly to know
which mathematical technique or concept you have to apply and secondly
to have understood the needed technique/concept! Once the needed mathe-
matical technique is identified and understood, finding the solution to the problem
is relatively easy. Therefore it is the wrong approach to focus only on the prob-
lems that you have to hand in every week. Instead you should first study the
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worked examples and understand the new mathematical techniques and
concepts that are needed for the problems on the current exercise sheet. Then you
will also find that most problems are rather straight-forward.

1. Introduction to Functions

N

2. Classical Function 2. Trigonometric Function

e

3. Differentiation

\ 4. Analyzing Curves and Functions

5. & 6. Integration

)

7. Series Expansions

v

7. Approximations

8. Complex Numbers

9. Vectors \
10. Matrices

Figure 1: Map of the lecture material
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The course covers mostly topics from analysis and calculus, but the last two
chapters of the lecture give an introduction to the basics of linear algebra. The
connection between the different topics is indicated in the diagram in Figure 1 below.

As a lecturer I am aware that your mathematical knowledge from school may vastly
differ within the class. Therefore, I will try to assume as little as possible, but I have
to assume that some basics are known. If you are not familiar with some notation
or some basic concept, please let me know! Due to the differences in mathematical
background knowledge within the class, some of you may be familiar with several of
the topics and some of you may be familiar with only a few of the topics. I believe
that most of you will find that you have not seen this arrangement of the material
and the connection between the different topics in this form. You may also find that
the presentation is different from how you were taught in school. I hope we will all
enjoy the course.



viii Introduction




Chapter 1

Introduction to Functions

Functions are of paramount importance in physics and engineering in order to de-
scribe physical phenomena such as movement and speed over a period of time, the
change of the temperature over a period of time, as well as gravitation and electricity.

We start the chapter with a motivating example from physics, the so-called ‘free
fall’, which describes the motion of an object that is dropped and falls downward,
due to the gravitation of the earth.

The ball falls from

height h,. When
does the ball reach
the ground?

Figure 1.1: A ball is dropped from the Tower of Pisa.
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Application 1.1 (free fall)

A man stands on top of the Tower of Pisa and drops a ball. Due to the gravitational
acceleration, the ball falls down. Describe the motion of the ball and determine when
it reaches the ground (see Figure 1.1)

Solution: We assume for convenience that the time t is zero at the moment the
ball vs dropped. Thus t measures the time since the ball was dropped. We want to
describe the motion of the ball as a function y = y(t), where y(t) is the position
of the ball above the ground at the time t. The (vertical) distance traveled
at the time t is known from physics to be

1
S(t) = 5 th,

where g is the gravitational acceleration g ~ 9.8 m/s* (at the earth’s surface).
Since the ball is at height y(0) = hqy at the time t = 0 and since the ball travels
downward, we find that

1
At the time t, when the ball hits the ground we have y(ty) = 0, and thus
1 1 2h

Since tg > 0, we see that the ball hits the ground at the time

2h
to = | —2.
g

At its higher side the Tower of Pisa has the height hg = 56.7m. Thus we find that

. 2 % 56.7m \/113.4 \/ms2 L6
Ry = ~ 11.6s
0 9.8 m/s? 9.8 m ’

that s, the ball falls 11.6 seconds before it hits the ground. Of course, we have used

a simplified scenario in this example and neglected other in influences on the ball
like the aerodynamic resistance. O

The function (1.1) that describes the free fall of the ball from the tower of Pisa, is
a so-called quadratic function. The class of quadratic functions will be discussed
in detail in Section 1.4 of this chapter.

Before we start with the actual mathematics, we introduce some common notation
that we will use throughout the course.
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Notation 1.2 (sets of numbers)

(a) N={1,2,3,...} denotes the set of all positive integers.
(b) Ng=4{0,1,2,3,...} denotes the set of all non-negative integers.
(c) Z={...,-3,-2,—1,0,1,2,3,...} denotes the set of all integers.

(d) Q denotes the set of all rational numbers, that is, all numbers that can be
represented as fractions n/m, where n and m are both integers and m # 0.

(e) R denotes the set of all real numbers. The real numbers contain all integers
and rational numbers, but they contain also numbers like /2.

Notation 1.3 (for sets)
Let A and B be sets.
(a) If x is in A, that is, x is an element of A, then we write x € A.

(b) If © is not an element of A, then we write x ¢ A.

(c¢) If all elements of A are also elements of B, that is, A is a subset of B, then
we write A C B (or equivalently, B D A).

(d) The set B without A, denoted by B\ A, is the set of all those numbers
from B that are not in A. In formulas,

B\A={zxeB:x¢A}.

(e) The set ) (sometimes also denoted by {}) is called the empty set. It contains
no elements at all; it 1s empty.

Definition 1.4 (odd and even integers)
An integer n € Z is even if we can write it as n = 2m with some m € Z. An
integer is odd if it s not even.

The even integers are ..., —8,—6,—4,—2,0,2,4,6,8,..., and the odd integers are
oo, —17,—5,-3,—-1,1,3,5,7,.... We can describe the set off all even integers by

set of even integers = {2k : k € Z},
and we can describe the set off all odd integers by

set of odd integers = {2k +1 : k € Z}.

For intervals we use the following standard notation:
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Notation 1.5 (intervals)

Let a,b € R with a < b. Then we have the following types of intervals:

[a,b] = {z€eR:a<z<b} (closed interval),

(a,b) = {reR:a<x<b} (open interval),

(a,b] = {z€eR:a<z<b} (half-open interval),

[a,b) = {z€R:a<z<b} (half-open interval).
We see that the round parentheses (° and )’ mean that the corresponding endpoint
is not included in the interval, whereas the angular parentheses |’ and |’ mean that
the corresponding endpoint is included in the interval. We also have the following
special types of unbounded intervals which have oo (infinity) or —oo (minus
infinity) as an endpoint that is not included in the interval.
) = {reR:a<z<o}={reR:z>a} (half-open interval),
) = {zeR:a<z<oc}={reR:z>a} (open interval),

b = {reR: —co<ae<bl={zeR:2<b} (half-open interval),
(—o0,b) = {reR: —c0o<zx<b}={reR:z<b} (open interval),
(—00,0) = {r€R: —c0o<zr <0} =R (open interval).

We call them unbounded intervals because the numbers in any of these intervals

get either arbitrarily large (if the upper endpoint is oo) or arbitrarily small (if the
lower endpoint is —o0).

For example, with this new notation we have
2,7 ={zeR:2<zx<T}

and
[1,2) C [1,5] and [1,5]\ [1,2) = [2,5].

1.1 Functions and Graphs

In this section we learn what a function is and discuss some examples. We also
learn how to plot functions.
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Definition 1.6 (function)

A function f : A — B is a rule that associates with each element x of some
set A one particular element y = f(x) of some set B. A is called the domain
of the function, and B 1is called the codomain of the function. We call x the
independent variable and y = f(x) the dependent variable.

It is also common to write f : x — f(z) to indicate that € A is mapped onto
f(z) € B.

Usually A and B are subsets of the real numbers R, that is, A C R and B C R.
Often A and B are R or an interval or R without some point.

Example 1.7 (function f(z) = )
An example of a function is

f:R—=R, flz) ==x.
Here R is the domain, and R is also the codomain. O

Example 1.8 (function f(z) =1/(2 — x))
Another example of a function is

foRA{2} =R, flz)=

Here R\ {2} (that is, the real numbers without 2) is the domain, and R is the
codomain. O

To discuss functions it would be helpful to have a graphical representation of the
function, a so-called plot.

Definition 1.9 (graph of a function)
The graph G of a function f : A — B is the set of all pairs (x, f(x)) as z assumes
all values in the domain A of f. In formulas,

G={(z, f(x)) : z € A}.

We can plot/sketch the graph by drawing a suitable collection of pairs (x, f(z))
from the graph in the (x,y)-plane and then connecting (x1, f(x1)) smoothly with
(9, f(x2)) if x1 and x4 are adjacent.
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Example 1.10 (plot of the graph of the function f(z) = z)
To plot the function f: R — R, given by f(z) = x, from Example 1.7, we determine
the graph of f. Since f(x) = z, the graph is given by

G =A{(z,x) : x € R},

and we see that the graph consists of all points on the diagonal of the (x,y)-plane.
We are also interested in what happens with f(z) if x gets larger and larger, that
is, what happens with f(x) for + — oco. Likewise we are interested in what happens
with f(z) if x gets smaller and smaller, that is, what happens with f(z) for z — —o0.
We have

lim f(z) = lim z = o0 and lim f(z) = lim z = —oo.
Thus f(x) = = has the graph shown in Figure 1.2 below. O
4
2
r |-|4| T T |-|2| T T U!) T T T Ié T T T |4|-| LI}
-2
¥

Figure 1.2: Graph of f(z) = z.

Before the next example we will introduce another definition.
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Definition 1.11 (asymptote)
Let f : A — B be a function, and A C R, B C R. A straight line is called an
asymptote to the graph of the function f if one of the following two conditions
15 satisfied:

(i) The straight line is vertical (to the x-axis) and goes through a point (xg,0)

and we have
lim |f(x)| = oo.

r—x

(i) The straight line can be described as an affine linear function, that is, as
g(x) = mx + ¢, and we have either

lim (f(z) —g(z)) =0 or lim (f(z)—g(z)) = 0.

r—00 r——00

Example 1.12 (plot of the graph of the function f(z) =1/(2 — x))
The graph G of the function f(x) =1/(2 — z) from Example 1.8 is given by

g:{<x,2ix> :xeR\{2}},

and it is not so easy to visualize in the (z,y)-plane as the graph in the last example.
First we observe that f(z) > 0 for x < 2 and that f(z) < 0 for x > 2. We observe
that as © < 2 tends to 2, the function get arbitrary large because the denominator

tends to zero as x — 2, or, in other words, f(z) tends to infinity as x < 2 tends to
2. In formulas, we describe this by

) 1
lim = 00.
<2, x—2 2 -1
Likewise we find that ]
lim = —00.

>2,z—2 2 — 1
At the point z = 2 the function f has a so-called singularity, and we see that the
straight line that goes through (2,0) and is vertical (to the z-axis) is an asymptote
to the graph of f. For large |x|, we see that f(x) behaves like 1/(—x), that is,

1 1
= N — fi 1 . 1.2
fr) = g~ for fo] lange (12
From (1.2), we also see that
1 ) 1

lim
z—00 2 — T r——00 2 — T




8 1. Introduction to Functions

Thus the straight line given by g(x) = 0 is an asymptote for the graph of 1/(2—z).
To get a sketch of the graph, we evaluate f at the points

re{-2,-1,0,1,1.5,1.75,2.2525,3,4,5,6, }

and obtain

(—=2,1/4), (—1,1/3), (0,1/2), (1,1), (1.5,2), (1.75,4),

(2.25,—4), (2.5,—=2), (3,—-1), (4,—1/2), (5,—1/3), (6,—1/4).
We have chosen the points closer together in the vicinity of x = 2 because the
function values increase rapidly as we approach x = 2. Now we plot these points in
the (z,y)-plane and draw a smooth curve through these points such that each point
(x, f(z)) is connected via the graph with with those points with the next larger and
next smaller xz-coordinate. We also use our knowledge about the asymptotes of the

graph of 1/(2 — x) and that f(z) > 0 for z < 2 and that f(z) <0 for x > 2. Thus
we obtain the plot in Figure 1.3 below. O

0O
T 1T T T T T T T T T T T T T T T T T T T T T T T ] e b

-4 -2 ) 2 6 8

@IIII#IIIINIIH

Figure 1.3: The graph of f(z) =1/(2 — x).
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1.2 Growth of Functions

In order to characterize functions it is helpful to know whether the function values
f(z) increase or decline as x grows.

Definition 1.13 ((strictly) monotonically increasing/decreasing)
Let ACR, BCR, andlet I C A be a subinterval of A. Let f : A — B be a

function.

(i) We say that f is monotonically increasing on I if for all x1, x5 € I with
1 < 29 we have f(x1) < f(xe). If we have a strict inequality, that is, if for
all x1,x9 € I with x1 < x5 we have f(x1) < f(xa) then we call f strictly
monotonically increasing on 1.

(ii) We say that f is monotonically decreasing on I if for all x1, x5 € I with
r1 < xo we have f(x1) > f(xs). If we have a strict inequality, that is, if for
all z1, 29 € I with x1 < x9 we have f(x1) > f(x9) then we call f strictly
monotonically decreasing on I.

Definition 1.13 is illustrated in Figure 1.4 below.

y A

N

f(x,) 7

_ )

Figure 1.4: The function in the left picture is everywhere strictly monotonically
increasing, and the function in the right picture is everywhere strictly monotonically
decreasing.

Let us consider the functions from the examples in the previous section and also
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some additional functions.

Example 1.14 ((strictly) monotonically increasing/decreasing)

(a) The function f : R — R, defined by f(z) = z, from Example 1.7 is strictly
monotonically increasing on R. Indeed, if x1, x5 € R with x; < x4, then

f(x1) =21 <2 = f(22).

(b) The function f : R — R, defined by f(z) = —z, (see Figure 1.5) is strictly mono-
tonically decreasing on R. Indeed, if 1,25 € R with 21 < x5, then —27 > —x»,
and thus f(z1) > f(z2).

(c) The function f : R\ {2} — R, defined by f(z) = 1/(2 — z), from Example 1.8
is strictly monotonically increasing on (—oo,2) and on (2, 00). To verify this let
us first consider x1, xy € (—00,2) with 1 < z3. Then

1 1
f($1)=2_x1<2_x2=f(:1:2) because 0<2— a9 <2 — 77.

That 0 < 2 — x5 < 2 — 1 can be seen as follows: from x; < 25 < 2 we get
(by subtracting 2) x1 — 2 < x5 — 2 < 0, and from multiplication by —1 we have
2 — 11 >2— 129 >0. Now let us consider x1, x5 € (2,00) with 1 < 5. Then

1 1

f(a:l):2_x1 Sy = f(x2) because 2 — 19 <2 — 121 < 0.
That 2 — 29 < 2—x7 < 0 follows from 2 < 21 < 2y and thus 0 < z; —2 < x5y — 2
(from subtracting 2). Multiplying by (—1) yields 0 > 2 — 2y > 2 — z. O

Figure 1.5: Graph of f(z) = —=.
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We discuss some more examples.

=
o
1

a e,
r T T T U T T 1 T T LI ™ " | T T T T T 1

-1 4 1 3

Figure 1.6: The graph of f(z) = |z| on the left, and the graph of f(z) = —(z — 1)?
on the right.

Example 1.15 ((strictly) monotonically increasing/decreasing)

(a) The absolute value function f : R — R, defined by (see picture on the left-
hand side in Figure 1.6)

—T if =<0,
flz) =|z| = 0 if x=0,
if x>0,

is strictly monotonically decreasing on (—oo,0] and strictly monotonically in-
creasing on [0,00). Indeed consider x1,z5 € (—00,0], with z; < x5. Then
—x1 > —x9 and thus f(z1) > f(z2). If 21,29 € [0, 00) with x1 < x9, then

f(x1) = 21 <22 = f(22).

(b) The function f : R — R, defined by f(z) = —(z — 1), (see picture on the
right-hand side in Figure 1.6) is strict monotonically decreasing on R,

To verify this we consider three cases:

(1) Let 21,29 € R with 1 <1 < x9. Then z; —1 < 0 and x5 — 1 > 0, and thus
f(z1) = —(z1 — 1) > 0 and f(z2) = — (22 — 1)® < 0. Therefore we clearly
have f(z1) > f(22).
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(2) Now we consider z1,z9 € R with 3 < 29 < 1. Then z; — 1 < 0 and
1y — 1 < 0 and therefore f(z;) = —(x; — 1) > 0, f(z2) = —(29 — 1) > 0.
Thus f(x1) = |z; — 1|> and f(x2) = |22 — 1]>. Since 1 < x5 < 1, we find
that xr1 — 1 < x5 — 1 < 0, and thus |z; — 1| > |xs — 1|. Therefore we finally
get

flar) = lor =1 > |ao = 1P = f(a).

(3) Finally we consider z1,22 € R with 1 < 21 < 3. Then 0 < 21 — 1 < 25 — 1,

and thus 0 < (z; — 1)% < (zo — 1)3. Therefore

flar) = =(21 = 1)° > —(22 = 1)° = f(22).

Thus we have verified that f(x) = —(x —1)3 is indeed strictly monotonically
decreasing on R. O

1.3 One-to-one Functions and Inverse Functions

Let us consider y = x + 2. Then we can solve for x and obtain x = y — 2. If y = 22,
where y > 0, we have that r = &, /y, that is, y = 22 does not have a unique solution.

This leads us to the concept of an inverse function: The function f(z) = x + 2
has the inverse function f~!(y) = y — 2. The function g : R — R, g(z) = z? does
not have an inverse function because we cannot uniquely solve y = g(z) = z? for
r € R, since we get the two solutions z = —,/y and = = /y.

More formally, the question is whether we can ‘invert’ a function: A function
f A — B associates with each x € A exactly one y = f(z) € B; but for a given
yin {f(z) : x € A}, how many = € A satisty f(z) = y? If for each

ye{fle) xeAj

there exists only one z € A with f(z) = y, then we can define the inverse
function f~': {f(x) : z € A} — Aby f~'(y) = z, where z is the unique element
of A satisfying f(x) = y. A function f with this property are called one-to-one.

Definition 1.16 (one-to-one)

Let f : A — B be a function from some set A into another set B. We say that
f is one-to-one if f(x1) = f(x2) for any x1,x9 € A implies that x1 = xo. This
means the following: if for yo € B, there exists some xq € A with f(x9) = Yo,
then this x = x is the only element in A satisfying f(x) = yo.
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Remark 1.17 (not one-to-one)

If a function f : A — B is not one-to-one, then there exist x1,x9 € A with
x1 # w9 and f(x1) = f(x2). Thus in order to show that a function f: A — B is
not one-to-one, it is sufficient to find x1,xs € A with x1 # x5 and f(x1) = f(x2).

Example 1.18 (one-to-one)

(a) f:R — R, defined by f(z) = z, is one-to-one because f(x1) = f(x2) means just
T = Ta.

(b) f: R — R, defined by f(z) = 22, is not one-to-one, because 2? = (—x)?, and
thus f(z) = f(—z) but z # —=z.

(c) f:]0,00) — R, defined by f(z) = 22, is one-to-one , because z*> = y? implies
x =1y, since x > 0 and y > 0.

(d) The constant function f : R — R, defined by f(z) = ¢ with some constant ¢ € R,
is not one-to-one. Indeed, for any two 1 # x5, we have f(z1) = c = f(x2). O

Only for a one-to-one function we can define its so-called ‘inverse function’.

Definition 1.19 (inverse function of a one-to-one function)
Let f: A — B be a one-to-one function. Then the function f has an inverse
function f~1: f(A) — A, y— f~Xy), defined by the properties

f_l(f(a:)) =x forallx € A, and f(f_l(y)) =y forallye f(A),
where f(A) is the range of f, that is,

flA)={ye B : y= f(x) for somex € A}.

To find the inverse function of a given one-to-one function f : A — B, we con-
sider y = f(z) and solve for z. Then we will find z = f~!(y), with some algebraic
expression f~!(y) and this expression defines the inverse function f~!: f(A4) — A.

Example 1.20 (inverse functions)

(a) The one-to-one function f : R — R, defined by f(x) = x, has the range
f(R) = R. By setting y = f(z) = x, we find that z = f~!(y) = y, and the
inverse function f~!: R — R is defined by f~'(y) = y. We see that indeed

fﬁl(f(x)) =flz)=2 for all z € R,
—~~
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and
f(f ) =fly)=y forallyeR.

(b) To find the inverse of the one-to-one function f : [0,00) — R, defined by
f(z) = 22, we set
=y = x:yl/zz\/ﬂ.

We have that the range of f is f([0,00)) = [0, 00). Thus the inverse function of
f(z) = x? is given by

[7il0oo) =R, fTHy) = Vi

We see that we have indeed

and

f(ffl(y)>:(\/§)2:y for ally > 0.

1.4 Affine Linear Functions and Quadratic Func-

tions

In this section we learn about two very important classes of functions: affine linear
functions and quadratic functions.

Definition 1.21 (affine linear function)
A function of the form

f:R—=R, f(x) =mzx+ec,

where m # 0 and ¢ are real constants, is called an affine linear function.

Example of an affine linear function: f(z) =3z —5

The graph of an affine linear function f(x) = maz + ¢ is given by

G={(x, mz+c): xeR}.
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Plotting the graph (see Figure 1.7), we see that it is a straight line and therefore
has constant slope. Setting x = 0 yields

f(0O)=m0+c=c

and we see that the function f intersects the y-axis at y = ¢. The constant
slope of the function is given by

f(:cg)—f(:cl)_(mx2+c)—(mx1+c)_m(:cg—xl)_m
To — 1 B Tg — Iy B g — Iy o

If we choose xo — x; = 1 then we find that f(xs) — f(x1) = m as illustrated in
Figure 1.7 below.

YA

f(X,) A
f(x,)-f(x) =m >0

fx,)~f(x)

=m<0

fxo) T

X
<Y

<y

Figure 1.7: On the left the graph of f(z) = mx 4 ¢ with m > 0, and on the right
the graph of f(z) = mx + ¢ with m < 0.

If |z| gets large then we find the

lim f(z) = lim (mz+c) =

r—0o0 r—0o0

00 if m >0,
—00 if m <0,

and

lim f(z)= lim (mz+c)=

r——00 r——00

—00 if m >0,
00 if m<D0.

Finally we want to investigate whether an affine linear function is (strictly) mono-
tonically increasing or decreasing. Let x1,xo € R with 1 < 5. If m > 0, then
mx, < mxy, and thus

flx1) =mazy+c<mxs+ c= f(xg),
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and f is strictly monotonically increasing on R. If m < 0, then multiplication
of 1 < x9 with m < 0 yields mxy > mxo, and thus

f(x1) =max+c>may+c= f(xs).
We see that f is strictly monotonically decreasing on R.

Example 1.22 (inverse function of an affine linear function)
Investigate whether the affine linear function f : R — R, defined by f(z) = mx +c,

with some constants ¢ and m, where m # 0, is one-to-one. If yes, find the range
f(R) of f and find the inverse function f~!: f(R) — R of f.

Solution: The affine linear function f(x) = max + ¢, with m # 0 is one-to-one.
Indeed, f(z1) = mzy +c = muxs + ¢ = f(xy) implies that mz; = mzy and thus
1 = Ta.
The range f(R) of f is R, and this is the domain of f~!. To find the inverse function
/71 : R — R of the one-to-one function f(x) = mx + ¢, we set

y—c 1 c

m m m

Thus the inverse function f~!: R — R is given by

_ 1 c
J 1<y):%‘y_%’

and we observe that it is an affine linear function with slope 1/m that intersects
the y-axis at y = —c/m. O

Summary 1.23 (facts about affine linear functions f(z) = mx + ¢)
An affine linear function f:R — R s of the form

f(z) =max+c,

where m # 0.

e [ts domain, codomain, and range are R.
e [t 1s a straight line with slope m that intersects the y-axis at y = c.

e [t is one-to-one and its inverse function is also an affine linear
function.

The next class of functions that we want to discuss are so-called quadratic func-
tions. The simplest example of a quadratic function is f(z) = 22
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Example 1.24 (quadratic function f(z) = x?)
The function f : R — R, defined by,

f(z) = 2%,

has the graph
G ={(z,2%) : x e R}.
We observe that (—x)? = 22, that is, f will be mirror-symmetric with respect
to the y-axis. The function has non-negative values since f(x) = 2> > 0 for all
x € R. We find that lim,_., ? = oo and that lim,_,_ 22 = co. The function f is
strictly monotonically increasing on [0, c0) because for any x1,z; € [0,00) we
have
0<2x <9 = flzy) =22 <2139 < 75 = f(22).

The function f is strictly monotonically decreasing on (—oo, 0] because for any
x1,x1 € (—00,0] we have

1 <29 <0 = —x1 > —x9 >0 = |x1| > |z2] >0
= fla) =af = a1 > |aof* = 25 = f(x2).
We have for x € {—3,—-2,—-1,-1/2,0,1/2,1,2,3} the points (x, f(z)) given by
(=3,9), (=2,4), (—1,1), (—1/2,1/4), (0,0), (1/2,1/4), (1,1), (2,4), (3,9)

and we can now easily plot f(x) = 2% (see Figure 1.8). The graph in Figure 1.8 is
called a parabola and the point (0,0) is called the vertex of the parabola. O

-3 -2 -1 0 1 2 3

Figure 1.8: Graph of f(z) = 2%

Now we want to discuss quadratic functions in their most general form.
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Definition 1.25 (quadratic functions)
A function f: R — R of the form

f(x)=ax*+bx +c,

with real constants a, b, and ¢, where a # 0, is called a quadratic function.

We will show that the graph of such a function is essentially of the form
shown in Figure 1.8, but the graph may by upside-down, scaled, and
shifted. To analyze f(x) = ax® + bz + ¢, we try to bring it into the form

fl@)=a(z—b)*+7¢ (1.3)
with a # 0.
Why is a representation of the form (1.3) useful?

e To see this, we first consider the case where @ = 1 and ¢ = 0. Then the
function becomes f(z) = (z — b)2, and the graph of this function is obtained
by shifting the graph of f(z) = z? in the horizontal direction by b (to
the left if b < 0 and to the right if b > 0).

e Now consider the case that b = 0 and @ = 1. Then we obtain the function
f(:z;) = 22 + ¢, whose graph can be obtained by shifting the graph of
f(z) = 2? in the vertical direction by ¢ (upwards if ¢ > 0 and downwards
if ¢ < 0).

e Finally we consider the case that b=0and ¢=0. Then we have f(az) 2

ax

N o

and we see that the graph can be obtained by scaling the graph of f(z) =«
by the factor a, that is, all y-coordinates get multiplied by a.

Figure 1.9: The graph of f(x) = (z — 1)? on the left, the graph of f(x) = 2?+1 in
the middle, and the graphs of f(x) = 222 and g(x) = z? on the right.
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From these observations, we see that the function (1.3) is a parabola with vertex in

the point (b, ¢) and it is scaled by a factor a compared to the ‘standard’ parabola
f(z) = 2?. This parabola may intersect the z-axis or not. This can be seen by
setting

flz)=a(x—b)?+c=0 = (x—g)zz%g.

~

Since (z — b)? > 0, this equality holds if and only if —¢/a > 0. If —¢/a > 0, then

~

the function f intersects the z-axis at the point(s)

(2,0) = (Ei ﬁo)

If —¢/a > 0 we have two points of intersection. If —¢/a = 0, then we have ¢ = 0,
and we get one point of intersection; this point is the vertex of the parabola.

Now we come back to our general quadratic function and transform it to the form
(1.3). With the binomial formulas

(y+2P=y*+2yz+2°  (y—2)(y+2) =y>— 2%
we find that

~ b
flx)=ar*+bx+c = a<x2+—x+g)

= a(:z;+2—ba>2+(c—£). (1.4)

Now we can apply our knowledge for the case (1.3). From (1.4), we see that the
parabola f(x) = axz?®+ bx + ¢ has its vertex at the point

_b P
20’ 4a)’
and is scaled by the factor a. If

b2 b2 — 4
(¢ _ >0 o  BP—dac>0,
a 4a?

then we have

b b2 —4dac b b2 —4dac
_ 2 _
f@x)=ax +bx+c<x+2—a+ 4—a2> <x+— —)
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and the function f(x) = ax® + bx + ¢ intersects the r-axis at the point(s)

2a

( b b2 —4ac 0) _ <—bi\/b2—4ac 0)

Summary 1.26 (how to plot a quadratic function)
A quadratic function f: R — R is of the form

f(x)=ax*+bx+c, with a # 0.

Use the binomial formulas to bring it into the standard form

f(z)=a(x—b)?+zC (1.5)

The vertex of the parabola (1.5) is then at (b,¢).
The parabola (1.5) is scaled by a factor a.
If —¢/a > 0, then the parabola (1.5) intersects the x-axis at the point(s)

(z,0) = (Ei \/—7:2:,0)

If —¢/a > 0 we have two points of intersection. If —¢/a = 0, then we have
¢ =0, and we get only one point of intersection, this point is the vertex of
the parabola.

We close this chapter by summarizing what we have learned so far about plotting
and analyzing functions. If we want to analyze and plot a function f: A — B
then we are interested in the following:

for which x then f(z) is positive or negative or zero

if x € A can get arbitrary large, what happens with f(x) as x — oo; and if
x € A can get arbitrary small, what happens with f(z) as x — —o0

if f is undefined at a single point, then what happens with f(x) for x — z,
from below (that is, z < 0) and for z — z( from above (that is, z > 0)

to find the asymptotes of f, if it has any

on which subintervals of A is f (strictly) monotonically increasing or (strictly)
monotonically decreasing



Chapter 2

Classical Functions

In this chapter we discuss the classical functions. In Section 2.1, we discuss briefly
polynomials, the easiest classical functions. In the last chapter we have already
encountered polynomials of degree zero, one, and two, that is, constant functions,
affine linear functions, and quadratic functions, respectively. Trigonometric func-
tions, that is, the sine function, the cosine function, the tangent and cotangent
functions, as well as their inverse functions, are investigated in Section 2.2. Af-
ter that we introduce exponential functions and logarithmic functions (which are
defined as the inverse functions of exponential functions) in Sections 2.3 and 2.4,
respectively. We will discuss exponential and logarithmic functions in some detail.
In Section 2.5 we finally encounter hyperbolic functions and their inverse functions.

2.1 Polynomials

We start by introducing an important class of functions, of which the affine linear
functions and quadratic functions are special cases.

Definition 2.1 (polynomial)
A function f: R — R of the form

n
2 1 k
flx)=ay+arx+az"+...+a, 12" +a,z" = E a T", (2.1)
k=0
where the coefficients ag,aq,...,a,_1,a, are fired real numbers and a, # 0, is

a polynomaal of degree n € Nj.

21




22 2. Classical Functions

Example of polynomial of degree 5: f(r) = 32"+ 72* — 222 + 3.

Example 2.2 (polynomials of degrees 0, 1, and 2)

(a) The polynomials of degree zero are the constant functions
f(x)=c  forall z € R,

where ¢ is a real constant. In the representation (2.1) we have n = 0 and ag = c.

(b) The polynomials of degree one are the affine linear functions
f(x)=mx+c  foral zeR,

with real constants m # 0 and c. In the representation (2.1) we have n = 1 and
ap = ¢ and a; = m.

(¢) The polynomials of degree two are the quadratic functions
f(x)=ar*+bx+c foralzeR,

with real constants a # 0, b, and c. In the representation (2.1) we have n = 2
and a9 = ¢, a3 = b, and as = a.

2.2 'Trigonometric Functions

From everyday life we are used to measuring angles in degree. For example, a very
steep road may have a warning traffic sign announcing that the slope is 20°.

In science on the other hand, angles are often measured in radians.

Definition 2.3 (radians)
For the unit circle with radius one, one radians is defined as the angle corre-
sponding to an arc of length one. One radians is approrimately 57.3 degree.

Using this complicated definition is much simpler than it might appear at first
glance. Since the length of the unit circle is 27, we know that 360° are 27 radians.
Observing that for an angle 6 in degree and its angle ¢ in radians we have

¢ 27 27

v_ _ Ty
5 30 2730

we can work out the following table.
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degree || O | 30 | 45 | 60 | 90 | 180 | 270 | 360 0

radians || 0 | n/6 | n/4 | 7/3 | 7/2| 7 |37/2| 2m | 2w 6/360

Table 2.1: Conversion from degree to radians.

We see from the definition of radians that the arc of the unit circle corresponding
to an angle ¢ measured in radians has just length ¢.

After this preparation we can introduce the trigonometric functions whose ar-
gument is given in radians.

Definition 2.4 (sine function and cosine function on [0, 27])

The functions sine and cosine are geometrically defined as indicated in Figure 2.1
and as explained below. Consider the unit circle, that is, the circle with radius
one, and measure the angle ¢ starting at the origin (0,0) from the x-azis anti-
clockwise. We draw a straight line with slope given by this angle ¢ up to the
intersection of this line with the unit circle. From this intersection we draw a
vertical straight line. The distance on this vertical straight line from its intersec-
tion with the unit circle to the intersection with the x-axis is sin(¢). The distance
along the x-axis from the origin to the intersection of the x-axis with the vertical
straight line is cos(¢).

Vi

sin)

cos(@)

Figure 2.1: Definition of the sine function and the cosine function.
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Since sin(0) = sin(27) and cos(0) = cos(27), we can easily extend the definition of
sin(z) and cos(x) from [0, 27] to all R.

Definition 2.5 (sine function and cosine function on R)

Definition 2.4 defines cos(x) and sin(x) for all z € [0,27]. Since the angle 27 de-
scribes a full rotation, we have cos(0) = cos(2m) and sin(0) = sin(2w). Therefore
we can define the cosine and the sine function for all x € R in the following way:
We can represent © € R uniquely in the form x = 2wk + ¢, with ¢ € [0,27) and
k€ Z. Then

cos(x) = cos(2m k + ¢) = cos(¢), sin(z) = sin(2n k + ¢) =sin(¢), (2.2)

and we have defined the cosine and the sine function on R. From Figure 2.4 and
Pythagoras’ Theorem follows the important formula

(sin(:r))2 + (Cos(az))2 =1 for all z € R.

In order to plot the sine and the cosine function, we use Figure 2.4 to work out some
of its important values.

rinradians | 0 | 7n/6 | /4 | ©/3 | w/2 | 4x/6 | 3mw/4 b /6 T | 31/2| 2w

x in degree || 0O 30 45 60 90 | 120 135 150 180 | 270 | 360

cos(z) 1| V32 V2/2] 1/2 | 0 | —=1/2| —v2/2 | —V3/2| -1 | 0 1

sin(z) 0 | 1/2 [V2/2|V3/2| 1 |V3/2| v2/2 1/2 0| -1 10

Table 2.2: Some important values of the cosine function and the sine function.

From the definition of sine and cosine in Figure 2.4, we can see the following two
useful formulas

cos(—x) = cos(x) and sin(—z) = —sin(x) for all z € R. (2.3)

This can be easily seen by considering for the angle x > 0 the angle —x as a rotation
about the angle x clockwise.
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Now we can plot the cosine and the sine function.

Figure 2.2: Graph of cos(x) on the left and the graph of sin(x) on the right.

Definition 2.6 (periodic function)
A function f: R — R is called periodic with period L > 0 if we have

f(z)=f(x+ L) for all z € R. (2.4)

Note that repeated application of (2.4) implies that

f(x)=f(zx+ kL) for allz € R and all k € Z.

Example 2.7 (periodic functions)

(a) From (2.2), we see that cos(x) and sin(x) are periodic with period 2.

(b) The square wave (see Figure 2.3), defined by

f() = 1 if x €2k 2k+1) with k € Z,

| -1 if z€2k—1,2k) with k € Z,

is periodic with period L = 2. Indeed, for any x € [2k — 1, 2k) the point x + 2 is
in[(2k—1)4+2,2k+2) =[2(k+1)—1,2(k+1)) and thus f(z) = f(x+2) = —1.
Likewise if x € [2k,2k + 1), then we have x + 2 € [2(k +1),2(k + 1) + 1), and

thus f(x) = f(x +2) = 1. This shows the periodicity of the square wave with
period L = 2.

(2.5)

(¢) The functions sin(nz) and cos(nx) have period 27 /n. This follows from the fact
that sin(x) and cos(x) have period 27, and thus

sin(na) = sin(nz + 2r) = sin <n [x + 2—7TD ,

n
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cos(nz) = cos(nz + 27) = cos <n [x + 2%] ) ,

which proves the periodicity with period 27 /n.

Figure 2.3: Graph of the square wave (2.5).

Definition 2.8 (tangent and cotangent function)
The tangent function is defined by

tan(z) = S2(@) m{...,_?’—” mom smoom }:{M : keZ}.

cos(x)’ 27 27272727 2

All real numbers of the form (2k + 1)w/2, where k € 7Z, are excluded from the

domain of the tangent function, because at these points the cosine function in the
denominator is zero.

The cotangent function is defined by

cos(x)

cot(z) = , x¢{. .., =3m, —2m,—m 0,727 3r,...} ={km: keZ}.

sin(z)
All real numbers of the form kx, where k € Z, are excluded from the domain of the

cotangent function, because at these points the sine function in the denominator
1S 2€70.
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Remark 2.9 (geometric interpretation of the tangent function)

From the similarities of the triangles in Figure 2.4, we see that in the larger
triangle the side parallel to the side with length sin(¢) has length tan(¢),
because its length a satisfies

tan(o)

@ sin(®)

Y

Figure 2.4: Geometric relation of tan(¢) to sin(¢) and cos(¢).

Based on the values of sin(z) and cos(x), we can now plot the tangent function.
Because

lim  cos(z) =0, keZ,
z—(2k+1)7/2

and taking into account the signs of sin(x) and cos(z) as we approach (2k + 1)7/2
from below and from above, we find that

lim  tan(x) = oo, lim  tan(x) = —o0, keZ,
< (2k+1)7/2, x> (2k+1)7/2,
z—(2k+1)7/2 z—(2k+1)7/2

Thus the vertical straight lines through ((2k + 1)7/2,0) are asymptotes of tan(z).
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Furthermore we have

sin(m/4) _ 1/4/2 1
cos(m/4)  1//2

Thus we obtain the plot on the left-hand side in Figure 2.5. Analogous observations

tan(0) = sin(0) = %

os(0) =0, and tan(m/4) =

lead to the the plot of the cotangent function on the right-hand side in Figure 2.5.

6 67 I
47 47
2] 21
| .0:.. .
-6 -2 /0 4
-2
4
-6

Figure 2.5: The graph of tan(z) on the left, and the graph of cot(z) on the right.

It is easily seen that the functions tan(z) and cot(x) are periodic with period .

Now we list some important and useful properties of the cosine and sine function.

Lemma 2.10 (addition theorems for cos(x) and sin(z))

sin(x +y) = sin(x) cos(y) + sin(y) cos(z),
sin(t —y) = sin(x) cos(y) — sin(y) cos(z),

and

cos(z +y) = cos(z) cos(y) — sin(z) sin(y),
cos(z —y) = cos(zx) cos(y) + sin(z) sin(y).
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Lemma 2.11 (half angle formulas for cos(x) and sin(x))
sin(z) +sin(y) = 2 sin G (z + y)> cos (% (2 — y)) ,
sin(z) — sin(y) = 2 cos (- (x + y)) sin (% (x— y)) ,
cos(z) + cos(y) = 2 cos (% (v + y)) cos G (2 — y)> ,
cos(x) — cos(y) = 2 sin G (z + y)) sin (% (y — x)) |

In the next definition, we learn some more properties to classify functions.

Definition 2.12 (even and odd functions)
Let B C R, and let A C R be a ‘symmetric set’, that is, if x € A then also
—x € A.

(i) A function f: A — B is called even if f(—x) = f(z) for allx € A.
(ii) A function f: A — B is called odd if f(—x) = —f(x) for all x € A.

We note the ‘symmetric sets’ in R are just mirror symmetric at the x = 0. For
example, the sets R, [—a, a] with a > 0, as well as R\ Z and R\ {k7 : k € Z} are
all symmetric sets.

It is actually quite simple to see whether a function is even or odd, once we have
plotted /sketched it. This is explained in the next remark.

Remark 2.13 (deduce from the plot whether a function is even/odd)

o A function f is even if f(x) = f(—=x) for all x. This means that the
function has at x and —x the same value. In the plot this means the f(z)
is mirror-symmetric on the y-axis!

o A function f is odd if f(—x) = —f(x) for all x. This means that at —x
the function has the value (—1)f(z). This means that we obtain f(x) for
r < 0 by rotating the graph of f(x) for > 0 by 180 degree about
the origin!
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Example 2.14 (even and odd functions)
(a) We see from (2.3), that sin(z) is odd and that cos(x) is even.

(b) Since the product of an odd function and an even function is odd (see Exercise
Sheet 2), (a) implies that tan(z) and cot(x) are odd. O

The functions sin(x), cos(x), tan(x), and cot(z) are called trigonometric func-
tions.

Some particular functions defined with the help of the sine function and the co-
sine function are given their own name: cosec : R\ {(k7m : k € Z} — R and
sec : R\ {(2k+1)7/2 : k € Z} — R are defined by

1 1
: sec(x) =

cosec(x) = co(@)’

sin(z)
Finally, we want to consider the inverse trigonometric functions. None of the
trigonometric functions that we have encountered is one-to-one on R, but all are
one-to-one restricted to suitable subintervals of R.

e cos(z) is one-to-one on any interval [k, (k+ 1)7|, k € Z

(2k—1)7w  (2k+1)7
U (2kt },kez.

e sin(z) is one-to-one on any interval {

e tan(z) is one-to-one on any interval <(2k;1)w, (%;1)”), ke Z.

e cot(z) is one-to-one on any interval (kr, (k + 1)7), k € Z.

Definition 2.15 (inverse trigonometric functions)
(i) The inverse function cos™ : [=1,1] — [0,7] of cos : [0,7] — [-1,1] is

denoted by cos™(x) = arccos(z).

(ii) The inverse function sin™! : [-1,1] — [~7/2,7/2] of sin : [~7/2,7/2] —
[—1,1] is denoted by sin~*(z) = arcsin(z).

(iii) The inverse function tan™' : R — (—m/2,7/2) of tan : (—7/2,7/2) — R is
denoted by tan™1(x) = arctan(z).

(iv) The inverse function cot™ : R — (0,7) of cot : (0,7) — R is denoted by
cot~1(z) = arcot(z).

Now we plot the graphs of the inverse trigonometric functions. Rather than eval-
uating the functions above at a number of points to plot them, we can plot the
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inverse function f~! by reflecting the plot

the origin given by = = y.
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Figure 2.6: The graph of arccos(x) on the left, and the graph

right.
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Figure 2.7: The graph of arctan(x) on the left and the graph of arccot(x) on the

right.

Of course, it is also possible to find an inverse function to sin(z) and cos(z) on any

interval where they are one-to-one, but the intervals chosen in Definition 2.15 are

the ones usually considered.
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2.3 Exponential Functions

In this section we will introduce exponential functions. In an expression of the
form

a”, where a € R, and x € R with z > 0,

as defined below, we call z the exponent (or power) and a the base.

Definition 2.16 (integer powers of a real number)
Let a € R and let n be an integer. Then we define

=1 for all a € R,

and for a positive integer n, a” is defined by

a"=axax..xaqa for all a € R.
n-times
If n is a negative integer n = —m, with m € N, we define
ngm = ! for all a € R\ {0}
a"=a " =—= or all a :
am™ axax...Xa
m-times
In particular, we have
1
al ==
a

Example 2.17 (integer powers of a real number)

(a) 22 =2x2x2=28.

(b) 10* = 10 x 10 x 10 x 10 = 10000.

(c) 271 =1/2 =0.5.

(d) 1072 = 1/(10 x 10) = 1/100 = 0.01.

) 373 =1/(3x 3 x3) =1/27.

(f) (=2)° = (~2) x (=2) x (=2) = =8,
)

(g) (=4)2=1/(=4)>=1/[(—4) x (=4)] = 1/16 = 0.0625. O
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Lemma 2.18 (rules for integer powers)
Let a,b € R, and let n and m be non-zero integers. Then
qvm — (an)m — (am)n7 (26)
and
a"tm =a" a™, a" " =a"a"™. (2.7)
Furthermore, we have
(ab)" =a"b".

Proof: We give the proofs only for n > 0 and m > 0. If n <0 or m < 0, the proofs
are analogously.

(@")" =a"xa"x...xa"=axax..xa=a"xa" x...xa" = (a")",

~~ ~~ ~~

\

m-times nm-times n-times

and

A" =axax...xa=(axax..xa)x(axax..xa)=a"a

~~ ~~ ~~

(n 4+ m)-times n-times m-times
n—m 1 n _—m
a"M=axax..xa=(axax.. . Xa)X =a"a ™",
~ ~~ 4 ~ ~~ - axax...xXa
(n — m)-times n-times ~
m-times

which verifies the formulas (2.6) and (2.7) for m > 0 and n > 0. Finally, we have
for n > 0

(ab)”:(ab)x(ab)x...x(ab):(gxax...xg)x(@xbxv...xg):a”b”,

- - '

Vo

n-times n-times n-times
as claimed. O

This definition is quite intuitive and natural, if we accept that ™™ = 1/a™ forn € N
and a > 0. Now we want to go away from the assumption that the exponent is an
integer, that is, we consider a* with z € R and a € R with a > 0. First we consider
the case that x is a rational number, that is, z € Q.
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Definition 2.19 (nth roots of a non-negative real numbers)
Let a € R be a non-negative real number, and let n be a positive integer. Then
a'/™ is defined to be the non-negative real number b such that

b" = a,

that is, the number a*/™ is the nth root of a. We sometimes find the notation
Va instead of a'/™.

Example 2.20 (nth roots of a > 0)
(a) 1000'/3 = 10, because 10® = 1000.

)
(b) 242 = /2, since (v/2)? = V2 x V2 = 2.
(c) 814 = 3, because 3* = 81.
(d)
)
)

d) 83 =2, since 2° = 8.

= /a, because (1/a)?> = a X \/a = a.

al/
0N = 0, because 07 = 0. O

(e
(f

Lemma 2.21 (rules for nth roots)

Let a,b € R be non-negative real numbers and let n and m be a positive integers.
Then
al/(nm) _ (al/n)l/m _ (all/m)l/n7

and

(CL b)l/n _ al/n bl/n

Lemma 2.21 is a useful tool for working out roots and simplifying their representa-
tion.

Example 2.22 (illustration of Lemma 2.21)
(a) 81/6 = 81/(2x3) — (81/3)1/2 and since 2° = 8, we have

81/6 _ (81/3)1/2 _ 21/2 — \/§
(b) 656118 = 65611/(2*% = (6561'/2)1/4 and since 812 = 6561, we have
65611/8 — (65611/2)1/4 — 811/4 — (811/2)1/2 _ 91/2 _ 37

where we have use that 92 = 81 and 3% = 0.
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(c) 2413 = (3 x 8)1/3 = 31383 = 31/3 x 2 = 2 x 31/3, where we have used that

23 = 8. O

Definition 2.23 (fractional powers of a positive real number)

Let a be a positive real number, and let m be any integer and n be a positive
integer. Then a™'™ is defined by

am/n _ (al/n)m .

Note that we also have
am/n _ (am)l/n7

and thus

Example 2.24 (fractional powers of positive real numbers)
(a) 2°V2 = (2V2)1 = (V2) = 1/V3.
(b) 93/2 = (9'/2)3 = (v/9)3 = 3% = 27, where we have used 3% = 9.

(c) 1000~*/ = (1000*/?)~* = 10~* = 1/10* = 0.0001, where we have used the fact
that 103 = 1000.

_ 1/3, _ —2 ©1/35— _ _
(d) (\/g) 2/3 _ (\/g ) 2 ((81/2)1/3) — (81/2 1/3) 2 (81/6) 2 _ ((81/3)1/2) 2
(21/2)72 = 272/2 = 271 = 1/2, where we have used 2° = 8. O

Lemma 2.18 and Lemma 2.21 imply the following lemma.

Lemma 2.25 (properties of fractional powers of positive real numbers)

Let a,b € R be positive real numbers, and let m and k be any integers, and let n
and { be positive integers. Then

a(mk)/(nﬁ) _ a(m/n)(k/@) _ (am/n)k/E _ (ak/ﬂ)m/n.
We also have

Ko am/n

m/n —
a =
ak/t”’

am/n+k/£ _ am/n alc/@7 am/n—k/@ —a

and
(CL b)m/n _ am/n bm/n
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Example 2.26 (fractional powers of positive real numbers)
In this example we will apply the properties stated in Lemma 2.25. to simplify
expressions:

(a) 21/3 22/3 — 21/3+2/3 —9l _9

(b) 5032 = (2x25)%/2 = 23/2253/2 = 2141/2 (251/2)3 = 2 x 21/2 x 53 = 2 x /2 x 125 =
250 /2, where we have used 52 = 25.

(c) 85/6 = 8U/2H1/3 — 8U/281/3 — (4 x 2)U/22 = 41/221/29 = 2 x 21/2 x 2 = 4./2,
where we have used that 22 = 4 and 23 = 8. O

To extend the definition of a” to all real exponents x, we use that any positive
irrational number x € R\ Q (for example, \/5) can be approximated by a sequence
{z,} or rational numbers, that is, z,, € Q for all n and lim,, .o, z, = x. Then we
can define

a® = lim a*".

All the properties that we have derived for integer and fractional /rational exponents
(see Lemma 2.25) hold now as well, and we can finally define exponential functions.

Theorem 2.27 (properties of real powers of positive real numbers)
Let a and b be positive real numbers, and let x,y € R. Then

o = (@) = ()",

and
a* ™V =a"aY, a* Y =a

Furthermore, we have
a\* a”
(ab)® = a"b", (—) = —.
Since a > 0 we have that,

a® >0 for all x € R.

Definition 2.28 (exponential functions)
Let a € R be a positive real number. Any function of the form

fiR=R, f@)=d"

15 called an exponential function. From Theorem 2.27, a* > 0 for all x € R.
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We note that for a = 1, we have the special case
flz)y=1"=1 for all z € R,
that is, we have obtained a constant function.

The exponential function with the Euler’s number e as base is of particular impor-

tance.

Definition 2.29 (exponential function with Euler number ¢ as base)
FEuler’s number is defined by

1 n
e = lim (1+ —) =2.71828 ...,

n—0o0 n
and the exponential function with with base e,

T

exp: R — R, exp(z) = e”,

is usually referred to as the (natural) exponential function.

We observe that by definition
exp(0) = e = 1.

Determining a suitable set of function values of the (natural) exponential function
exp(z) = e”, we get the following plot.

o /n

-6 -4 -2 0

T

Figure 2.8: Graph of the (natural) exponential function f(x) = e®.
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We list some properties of the (natural) exponential function:

e The exponential function exp(xz) = ¢* assumes only positive values (and
is thus never zero), that is,

exp(z) =¢€* >0 for all x € R.

e exp(x) = e” satisfies

lim exp(z) = lim e* =0 and lim exp(z) = lim e” = oc.

T——00 r——00 T—00 T—r00
Thus the z-axis is an asymptote for exp(z) = e”.

e The exponential function exp(x) = e” is strictly monotonically increasing
on R, that is for any x1, x5 € R with 1 < x5, we have e™! < e*2.

e Because exp(z) = e” is strictly monotonically increasing on R, the exponential
function exp(z) = e” is one-to-one. Indeed,

e
= "2 = — =1 = e =1,

er2

el

and we know that ¢ = 1. Since € < €” for z < 0 and ¢* < e” for 0 < z
(because exp(x) = e” is strictly monotonically increasing on R), we see that
e®1772 = 1 = €% implies that 1 — 29 = 0, and thus z; = 5.

e The range of exp(z) = € is given by exp(R) = (0, c0).

e FEuler’s number e is also the value of the infinite sum

1 1 1 =1
1+ﬁ+§+§+...:1+kzﬂ.
=1

2.4 Logarithmic Functions

The (natural) exponential function exp : R — R, exp(z) = e”, is one-to-one,
and thus it has an inverse function.

Definition 2.30 (natural logarithm)

1':(0,00) = R of the (natural) exponential

The inverse function exp~
function exp : R — (0,00), exp(x) = €%, is called the (natural) logarithm,
denoted by In : (0,00) — R. From the properties of the inverse function, the

natural logarithm is defined by the properties

In (exp(z)) =In(e”) =z for allz € R, exp (In(y)) = W =y for ally > 0.
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By either evaluating In(x) at a suitable set of values of z > 0 or by reflecting the
graph of the function exp(x) = e* on the diagonal x = y, we obtain a plot of the
graph of the natural logarithm.

2 '__,_,.—v-‘"'--—-'-""'-‘-_——p
: .-ﬂ""'”f
4 /4 6 8 10
0 I/I 1 1 1 1 1 1 1 1 11 1 1 1 1 1 1 1 1 11 1 J
-2 4
-4 -
-6 -

Figure 2.9: Graph of the (natural) logarithm In(z).

We list some basic properties of In(x):
e From e’ = 1 we see that In(1) = 0, and we have that

In(x) >0 forallx>1 and In(x) <0 foral0<az<l

e We have

lim In(z) =00 and lim In(z) = —o0.
T—00 z>0,x—0

Thus the y-axis is an asymptote for In(z).
e The (natural) logarithm is strictly monotonically increasing on (0, c0),

that is for any 1,25 € (0,00) we have
0<z <2y = hl(l'l) < ln(l'g).
e As the inverse function of exp(x) = €”, the (natural) logarithm In : (0,00) — R

is one-to-one, and its inverse function is the (natural) exponential function
exp: R — R, exp(z) = €”.
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Furthermore, the (natural) logarithm has the following important properties.

Lemma 2.31 (properties of the (natural) logarithm)
The (natural) logarithm In : (0,00) — R satisfies

In(zxy) = In(z) + In(y) and In <§> = In(x) — In(y), (2.8)

and

In(z¥) =y In(z), and In (IIZl/y) = i In(x). (2.9)

Proof: The identities follow from the definition of the (natural) logarithm and the
properties of the (natural) exponential function (see Lemma 2.27)

eln(xy) =y = eln(a:) eln(y) _ eln(a:)+ln(y)7

and since the exponential function is one-to-one, we may conclude that the identity
In(zy) = In(z) + In(y) holds. The second property in (2.8) follows analogously. We
have

6ln(alcy) — Y — (eln(a:)>y — Y In(z)

)

and since the exponential function is one-to-one, we can conclude that In(z¥) =
y In(x). The second property in (2.9) follows analogously. O

Like the (natural) exponential function any exponential function f : R — R,
f(z) = a®, with a # 1, is one-to-one.

Definition 2.32 (logarithm with base a # 1)

Let a # 1. The logarithm with base a, denoted by log, : (0,00) — R, is defined
as the inverse function of the function f : R — (0,00), f(x) = a®, that is, log,
satisfies

log,(a®) =x forall v €R and %W =y for all y e (0,00).

We note that for the base a = e (of the (natural) exponential function), we have
the natural logarithm, that is, [log,(y) = In(y). | Thus Definition 2.30 of the natural
logarithm is just a special case of Definition 2.32. We have an analogous lemma to

Lemma 2.31, which can be seen as the counterpart to Lemma 2.27.
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Lemma 2.33 (properties of logarithmic functions)
Let a € R with a > 0 and a # 1. The natural logarithm log, : (0,00) — R
satisfies

log,(zy) = log,(x) +log,(y)  and  log, G) = log,(z) —log,(y), (2.10)

and

1
log,(z¥) = y log,(x), and log, (xl/y) = ; log, (). (2.11)

Remark 2.34 (change of base for exponential functions with base a # ¢)
Our knowledge of the properties of exp(x) = €* and In(x) allows us to analyze
exponential functions with bases a # 1 (that differ from e) with a simple ‘change
of the base’. We have

a® = (@) = ") = exp (7 In(a)).

Since In(a) > 0 for all a > 1, and In(a) < 0 for all a < 1, we see that

|In(a)|z ;
a® = 6ln(a)x _ € Zf a > 17
o—lin(@)] e

if a< 1.

For illustration purposes we have plotted fi(x) = 2% and fo(x) = (1/2)* = 277 in
the left picture in Figure 2.10.

Remark 2.35 (change of base for logarithms with base a # ¢)

Our knowledge of the properties of exp(x) = €* and In(x) allows us to analyze
logarithms with bases a # 1 (that differ from e) with a simple ‘change of the
base’. We have

log,(z) = log, (V°%(")) = log,(z) log,(b) = log,(b) log,(x),

and for the special case of b = e we obtain

log,(7) = log,(e) log.(z) = log,(e) In(z).
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Since
> 0 if 0<zx<1 and a<l,

<0 if  x>1 and a <1,
<0 if 0<x<1 and a>1,
> () if  x>1 and a > 1,

log,(z) is

we have (note 1 < e)

|log,(e)[ In(x) if a>1,

o) = om0 o) = { U0 020

For illustration purposes we have plotted gi(x) = logy(x) and ga(x) = logy j(z) in
the right picture in Figure 2.10.
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Figure 2.10: Graphs of fi(z) = 27 (blue) and fo(z) = (1/2)* (red) on the left, and
the graphs of gi(r) = logy(x) (blue) and gz(7) = log; 5() (red) on the right.

Application 2.36 (Kepler’s third law)
Kepler’s Third Law says that T? is proportional to R, where T is the time
it takes a planet to orbit the sun, and R is its mean distance from the sun:

T? x R?,
that is, for some constant K € R, with K > 0,

T° = K R,
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Taking the natural logarithm on both sides gives that

In(T?) = In(K R?) = 2In(T) = In(K) + In(R*) = In(K) + 3In(R).
It follows that
In(K) 3

2 + 5 hl(R),

that is, In(T') is an affine linear function
f(In(R)) =m In(R) + ¢

of In(R), where m = 3/2 and ¢ = In(K)/2. Thus a plot of In(T) a gainst In(R),
which Kepler could draw, showed a set of points on a straight line of slope

In(T) =

3/2. That’s how Kepler’s third law was discovered with the help of astronomical
observation. O

From this example we see that for relations between variables z and y of the form
c1 2P = coy? (where ¢; and ¢y are constants), taking the logarithm on both sides
gives us a straight line, which is easier to draw and analyze than a curve.

2.5 Hyperbolic Functions

The last topic in this chapter are so-called hyperbolic functions.

Definition 2.37 (hyperbolic sine and hyperbolic cosine)
We define the hyperbolic sine sinh : R — R and the hyperbolic cosine
cosh: R — R by

er — 7% e + e ®

sinh(x) = — and cosh(z) =

We observe from the definitions of sinh(z) and cosh(x) that (since lim, .., e™* = 0)
for large x, sinh(z) ~ €*/2 and cosh(z) = e”/2. Likewise (since lim, ., . e* = 0)
for small z, sinh(xz) &~ —e™*/2 and cosh(z) ~ e¢~*/2. The hyperbolic sine and the
hyperbolic cosine have the graphs below.

Lemma 2.38 (equation with sinh(z) and cosh(z))
We have that

(cosh(:z:))2 — (sinh(az))2 =1 for all x € R.
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Figure 2.11: The graph of sinh(z) on the left, and the graph of cosh(x) on the right.

Proof: We simplify the the expression on the right-hand side.

9 . 19 e +e " 2 e — e\ 2
cosh?(z) — sinh“(z) = — ) 75—

(em + efx)Q _ (ex _ e—m)Q
4

6230 + 2 + 6—21‘ . 62:5 -9 + 6—2:5
o .
= 1 =1,

where we have used the fact that e*e ™ = % =0 = 1. O

Example 2.39 (sinh(z) is odd and cosh(z) is even)
Show formally that sinh(z) is an odd function and that cosh(x) is an even function.

Solution:
e —e (7T e _ 7 et —e’”
sinh(—z) = 5 =y =Ty = sinh(x), r € R,
and
cosh(z) = citer_enF e = cosh(—x), r € R,

as claimed. O
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The next lemma lists some useful formulas for the functions sinh(x) and cosh(z)

Lemma 2.40 (addition theorems)
We have for all x € R that

sinh(x +y) = sinh(z) cosh(y) + sinh(y) cosh(x),
cosh(z +y) = cosh(z)cosh(y) + sinh(z) sinh(y).

Next we introduce some more hyperbolic functions.

Definition 2.41 (hyperbolic tangent and hyperbolic cotangent function)
The hyperbolic tangent function tanh : R — R and the hyperbolic cotan-
gent function coth : R\ {0} — R are defined by

sinh(z) e —e™* cosh(x) 1 er +e "

anh(z) cosh(xz) e*+e @’ coth(z)

sinh(x) - tanh(xz) e* —e @

The hyperbolic tangent function tanh(z) and the hyperbolic cotangent function
coth(x) are plotted in Figure 2.12 below.
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Figure 2.12: The graph of tanh(x) on the left and the graph of coth(x) on the right.
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We observe that g(x) = —1 and h(z) = 1 are asymptotes for tanh(x) and coth(x),
because for |z| large we have

xX —X xT
e’ —e e
tanh(z) = ——~ — =1 as r — 00,
et e e
ef—et  —e”
tanh(z) = ~ =—1 asz— —o0
and
coth(z) = ~—=1 as r — 00,
et —e * e?
e’ +e” e
cot(x) = =—-1 asz — —o0.
et —e * —e "

You may also encounter the hyperbolic functions cosech : R\ {0} — R, and
sech : R — R, defined by

1 1
h(x) = :
sinh(z)’ sech(z) cosh(x)

cosech(x) =

Finally we want to discuss the inverse hyperbolic functions. From Figures 2.11
and 2.12, it is relatively clear that the functions sinh(x) and tanh(x) are one-to-one
on R, and cosh(z) is one-to-one for x > 0, and likewise for x < 0, but not on all
of R. The hyperbolic cotangent function coth(z) is one-to-one for R \ {0}.

Definition 2.42 (inverse hyperbolic functions)
(i) The inverse function of sinh : R — R is called sinh™ = arcsinh : R — R.

(i) The inverse function of cosh : [0,00) — [1,00) is called cosh™' = arccosh
[1,00) — [0, 00).

(i4i) The inverse function of tanh : R — (—1,1) is called tanh™' = arctanh :
(—-1,1) = R.

(iv) The inverse function of coth : R\ {0} — R\ [=1,1] is called coth™ =
arccoth : R\ [-1,1] — R\ {0}.

We plot the inverse hyperbolic functions in Figures 2.13 and 2.14. Their proper-
ties and graphs can easily by derived from the properties of the functions sinh(z),
cosh(z), tanh(z), and coth(z). For example, we know that g(z) = —1 and h(z) =1
are asymptotes for tanh(z) and coth(z). Therefore, we know that the vertical line
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through (—1,0) and the vertical line through (1,0) are asymptotes of arctanh(x)
and arccoth(z).

3: e 37
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Figure 2.13: The graph of arcsinh(x) on the left, and the graph of arccosh(x) on the
right.
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Figure 2.14: The graph of arctanh(z) on the left and the graph of arccoth(x) on the
right.
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Example 2.43 (representation of the inverse function of sinh(z))
Find an explicit representation of arcsinh(z).

Solution: We set sinh(x) = y and solve for x.

sinh(z) = ————
and after replacing z = e*, we get

1
z—-=2y = 2Z-1=2yz = 2-2yz—-1=0
z

= (z—y)’-(1+y)=0 = (-y+VIi+y¥)(z—y—V1+¢?) =0
= z=yt+1+y%
Thus we see that
e’ =y+/1+y%
andsinceem>0and\/1+y22\/?:y,wehavey—\/l—kgﬂ<y—y:0and

we can rule out the solution with the minus sign. Thus

e =y+y/1+y> = z=hh(y+v/1+y?>) = arcsinh(y) =In(y+/1+y?),

and we have obtained a representation of arcsin(z) in terms of other classical func-
tions. 0



Chapter 3

Differentiation

In this chapter we learn more properties of functions, namely continuity and differ-
entiability. In Section 3.1, we briefly discuss continuity. If a function is continuous,
then its graph is one ‘continuous’ curve. The functions that you will encounter in
physics will mostly be continuous, but you may occasionally encounter functions
with jumps or possibly with a singularity. Most of the functions that we discuss
in this class will be continuous and even much smoother than just continuous. In
Section 3.2, we introduce the derivative of a smooth enough function, and we dis-
cuss its geometric interpretation. In Section 3.3 we will learn the derivatives
of most of the classical functions from Chapter 2. In Section 3.4, 3.5, and 3.6, we
learn rules/techniques for computing derivatives, most notably, the product rule,
the quotient rule, and the chain rule.

Functions and derivatives play a fundamental role in physical sciences. We will
encounter two applications from physics in this chapter to illustrate this.

The first application is the motion of a car along a straight line as a function of
the time. The first derivative describes the velocity of the car, and the second
derivative describes the acceleration of the car.

The second application is the radioactive decay of radioactive materials such as
uranium. This can be described by a very simple (ordinary) differential equa-
tion that we will solve by ‘inspection’/guessing.

Intuitively differential equations are equations that express relations between an
unknown function and some of its derivatives, and they arise in almost all areas of
physics and technical processes. The aim is to solve the equation, that is, to find
the unknown function that describes the physical/technical process.

49
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For example, electro-magnetic phenomena are descried by the Maxwell equa-
tions (a system of partial differential equations) which describe the interrelation-
ship between electric field, magnetic field, electric charge, and electric current. The
Navier-Stokes equations describe the motion of fluid substances such as
liquids and gases. For example, they are used to model weather, ocean cur-
rents, water flow in a pipe, and the flow around an airfoil (wing). But also
much simpler phenomena such as the oscillation of the strings of a guitar or
the vibration of the membrane of a drum are described by a partial differen-
tial equation, the so-called wave equation. The temperature distribution in a
metal bar is described by a partial differential equation, the so-called heat equa-
tion. Population dynamics can also be modeled with a differential equation.

The great importance of (partial and ordinary) differential equations for the descrip-
tion of technical processes in engineering, physics, and other sciences, motivates why
we will devote a substantial part of this course to the discussion of functions and
how to analyze, differentiate, and integrate them. This knowledge is a prerequisite
for learning later-on how to describe and model technical processes with the
help of functions, differential equations, and other mathematical tools.

3.1 Continuity

We briefly discuss the notion of continuity of a function which means that the
graph of the function is a ‘continuous curve’.

Definition 3.1 (continuous function)
Let A,B C R. A function in f: A — B is continuous at the point ry € A if
we have that

lim  f(z) = f(zo).

TEA, T—x0
The function f is continuous on A, if it is continuous at all zg € A. If a

function f is not continuous at a point xq € A then we also say that f is
discontinuous at xg.

We can easily see from the graph of a function if the function is continuous. If
f: A — B it is continuous on its domain A, then the graph of f is one ‘continuous’
connected curve. On the other hand, if the graph of f breaks of at some point and
continues at another, then the function is not continuous at the point where this
‘jump’ occurs. A function f is continuous at xy € A if the graph is continuous in
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a neighborhood of xg, that is, we can follow the graph starting from (zq, f(z0)) in
both directions (for increasing x and for declining x) for a short distance. This is
illustrated in Figure 3.1.

Yi Yy

- / f(x)

X
o
X

Figure 3.1: The function on the left is continuous everywhere. The function on the
right is discontinuous at x = x(, because the function has a jump.

We will not go into rigorously proving whether a function is continuous or not, but
you should be able to determine from the graph whether the function is continuous
at all points, and if not at which point the function is discontinuous.

All the classical functions that we encountered in the previous chapter are continuous
and are, in fact, much smoother than just continuous.

The function that you encounter in physics will usually be either continuous, or they
may have a number of jumps, or even a singularity (that is, a point zy at which

limg .z, | f ()] = 00).

Example 3.2 (continuous and discontinuous functions)

(a) The functions sin(x), cos(x), and e® are continuous on R.

(b) Affine linear functions
f:R—R, f(z) =mz+c,
and quadratic functions

f:R—=R, f(x)=ax*+bx+c,
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and, more general, all polynomials are continuous on R.
(¢) The natural logarithm In : (0,00) — R is continuous on (0, 00).

(d) The function f: R — R, defined by

—1 if x <0,
f(z) = 0 if =0, (3.1)
1 if x>0,

is discontinuous at = = 0, but continuous at all x € R\ {0}. This can be seen
from the graph in Figure 3.2. In Figure 3.2, the empty dots o indicate that the
value at x = 0 is not given by —1 or 1, whereas the filled dot e indicates that
the function value at x = 0 is given by y = 0. O

yA

=
M
>

®
ol

AR\
>

Figure 3.2: Graph of f: R — R defined by (3.1).

3.2 Differentiation

The derivative of a function f at a point xy is an accurate way of measuring the
rate of change at this point. By the rate of change we mean here how much f(z)
grows or declines if x gets smaller than xy and larger than zq, respectively.

A basic way to measure how a function f : A — B changes as x gets larger than
xo is to consider the change in the y-direction Ay = f(xg + Ax) — f(zo) with a
small positive Ax. Since we want the rate of change of f at xzy relative to the
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corresponding distance on the z-axis, an approximation of the rate of change
of f at x is given by

flwo +Az) — f(zo)  flwo+ Az) — f(zo) Ay
(o + Ax) — 29 Az Az (32)

In fact, Ay/Ax is the average rate of change of f over the interval [z, xo+Az]
={zreR : zyg <z <o+ Azx}. See Figure 3.3 for an illustration.

Likewise we can approximate the rate of change of f(z) at z¢ as x declines by

f(wo) — f(wo —Az)  f(x0) — f(wo — Aw) Ay
zo— (xg — Ax) Ax Az (3:3)

The expression (3.3) is the average rate of change of f over the interval
[zg — Az, z9] ={z € R : 2y — Az < x < xp}.

The expressions (3.2) and (3.3) are called a Newton quotients or difference
quotients of the function f.

YA

f(x ,+AX) A
f(x ) :
{ ‘ >
X, X o +AX X

Figure 3.3: Approximation of the rate of change by the Newton quotient.

Off course we can do better than to just get an approximation of the rate of
change of f at xy! The idea is to let Az in (3.2) and (3.3) shrink to zero, that is,
we take the limit for Ax — 0.

rate of change of f at xg = Ahmo fzo + AA:E:I): — (o) _ Alimo f(xo) — i(;b’o — Ax)
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That it does make no difference whether we approach z, from the left or
from the right is only true if our function f is ‘smooth enough’. Most functions
that you encounter in physics are such smooth enough functions. ‘Smooth enough’
means more than continuous.

These heuristic observations lead to the definition of the derivative.

Definition 3.3 (derivative)
Let A, B C R. The derivative df (zo)/dx = f'(zo) of a (smooth enough) function
f:A— B at the point xy € A is defined by

df(l'o) _ f/($0) — lim f(fl?o + h})l _ f(:EO)7

dx h—0

where h can be positive or negative, subject to xo + h € A. The value f'(xo)
measures the rate of change of the function f at the point x = xo. The rate of
change is the slope of the tangent of the graph at the point (xg, f(xq)).

Yi

=<V

Figure 3.4: The derivative value f'(z) is the rate of change of the function f at
xr = x, and the tangent of the graph at (z¢, f(zo)) has the slope f'(zy).

The function f': A — R, defined by mapping x € A onto the derivative f'(z) at
the point x, is called the derivative of f.

Note that this definition just formalizes our considerations above with h = +Ax
and x = xy. The process of determining the derivative of f is called differentiating
the function f.
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It seems plausible that we may repeat the procedure if f is smooth enough to
allow this. And we can do this again and again. This is formalized in the next
definition. The first two derivatives of physical quantities often have a
physical meaning as we will see in Examples 3.11 and 3.12 later in this section.

Definition 3.4 (higher order derivatives)

Let f : A — B be a smooth function. Once we have computed the derivative
f'+A— R of f, we can differentiate the derivative again. The derivative of the
(first oder) derivative f': A — R is denoted by f" = d*f/dz* and is given by

f'(x) = i) _ 4 <df(:1:)) = (@),

dz2  dz dx

and we called it the second (order) derivative of f. We can repeat this
process again and again, and so we can differentiate f m-times, and we denote
the resulting function by

_d_d

dem — dx

f () (S V()

and call it the mth (order) derivative of f. With this notation fV) = f' and
f(2) _ f”'

We give some examples.

Example 3.5 (derivative of a constant function)
The constant function f : R — R, f(x) = ¢, with an arbitrary constant ¢ € R, has
the derivative f'(x) = 0. Indeed, for any = € R

fl@+h)—f(x) c—c 0 ooy o fle+h)—fle)
h = 0 7 S h = hm0=0,
as claimed. O

Example 3.6 (1st and 2nd order derivative of an affine linear function)
Consider the affine linear function f : R — R, defined by

f(x) =max+ec,

whose graph is a straight line with slope m which intersects the y-axis at y = c.
Because we know that the slope of the straight line is m, we expect that f'(z) =m
Indeed, we have that

e+l = f@) @b +d-fmatd _mh_

h h h
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Thus we find that
flz+h)— f(z)

/ BERT _ 1 _
7 = iy P <
as expected. The second order derivative f”(z) is given by f”(z) = 0 because

we know from the previous example that the derivative of the constant function
f'(z) = m is the zero function. O

An important and useful result for analyzing functions is the following lemma, which
establishes a relation between the sign of the derivative and the growth of the
function. Since f’(z) is the slope of the tangent of the graph at (z, f(z)), the
result below is not particularly surprising.

Lemma 3.7 (derivative and growth of a function)
Let A, B C R, and let [a,b] be a subinterval of A. Let f: A — B be a sufficiently
smooth function. Then the following statements hold true:

(i) The function f is strictly monotonically increasing on |a,b] if
f'(x) >0  forall x € (a,b).
(i) The function f is monotonically increasing on [a,b] if
f'(x) >0  forall x € (a,b).
(iii) The function f is strictly monotonically decreasing on [a,b] if

f(x) <0 for all z € (a,b).

(iv) The function f is smonotonically decreasing on [a,b] if

f'(z) <0  forall x € (a,b).

We illustrate Lemma 3.7 for the functions from Examples 3.5 and 3.6.

Example 3.8 (growth of a constant function)

In Example 3.5, we saw that the constant function f: R — R, f(x) = ¢, with an
arbitrary constant ¢ € R, has the derivative f'(z) = 0. Since f'(x) = 0, we know
from Lemma 3.7 that the function f(x) = ¢ is both monotonically increasing on R
and monotonically decreasing on R. O



3. Differentiation 57

Example 3.9 (growth of an affine linear function)

In Example 3.6, we saw that an affine linear function f : R — R, defined by
f(z) = mx + ¢, has the derivative f'(z) = m. From Lemma 3.7, we know that f is
strictly monotonically increasing on R if m > 0, and that f is strictly monotonically
decreasing on R if m < 0. O

Next we want to compute the first and second order derivative of a quadratic func-
tion.

Example 3.10 (1st and 2nd order derivative of a quadratic function)
Consider the quadratic function f : R — R, defined by

f(x)=ax*+bx+ec
Then we have
flx+h)—f(z) = [a(@+h)’+b(z+h)+c]— [az®+ bz + (]
= [aa}2+2ah$+ah2+bx+bh+c}—[a:z;2+b:1:+c}

= 2ahz+ah®>+0bh.

Thus we see that

flx+h)—f(x) 2ahxz+ah®>+bh
h B h

Now we let h — 0, and obtain

f'(z) :}Lig(l) f(x—kh;—f(:z;) :}lliir(l)(an%—ah%—b) =2ax+b.

=2ax+ah+b.

Thus f'(z) = 2ax + b. From Example 3.6, we know that

f"(x):%(an+b):2a. O

To round of this section we will discuss the application of motion in time along
a straight line.

Application 3.11 (velocity and acceleration)

Think of a car moving in a straight line. Then the velocity of the car is defined to
be the rate of change of position. Let s = s(t) denote the position at time t,
and in our coordinate plane the horizontal axis measures the time t and the vertical
axis the position s. Then the average wvelocity of the car moving from position
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s(t1) to s(tz) during the time interval [t1,to) = {t € R : t; <t <t} is the quotient
of the displacement As = s(ty) — s(t1) divided by the time difference At =ty — tq,
that 1s,
As  s(ty) — s(t1)
At ta—t
By shrinking the length of the time interval to zero, we find that the velocity v(t)
at the time t is given by the derivative ds(t)/dt. We summarize:

_ds(t)

s(t) = position at time t, v(t) = e velocity at time t. (3.4)

When the driver starts his car, then he has to accelerate at the beginning to reach

v =

the desired velocity. The average acceleration a over a time interval [ty,1s] is
defined as

velocity change Av  o(ty) — v(ty)

average acceleration = = =
g time taken for change — At ty — tq

To get the acceleration a(t) at the time t, we shrink the time interval in the
quotient above, that is, At — 0, and obtain a(t) = dv(t)/dt. Thus

_ dv(?)
Cdt

We summarize what we have learned: If s : [0,T] — R describes a motion during
the time interval [0,T] ={t € R : 0 <t < T}, then we have

v(t) = welocity at time t, a(t) = acceleration at time t. (3.5)

s(t) = position at time t,
ds(t
v(t) = il(t) = welocity at time t,
du(t d?s(t
a(t) = q:ii ) = dSt(Q ) = acceleration at time t,

where d*s(t)/dt* means that we take two times the derivative.

Application 3.12 (motion with uniform acceleration)

As in the previous example let s : [0, T] — R denote the motion of a car along a
straight line during the time interval [0,T], and let v(t) denote the velocity of the
car during the time interval [0,T]. If we have that

v(t) = v(to)

- = ag for all t,ty € [0,T] and with some constant ay,
— 1o

then we say the the car has the uniform acceleration ag. From (3.6), we find

v(t) =v(to) + ag (t — to) for allt € [0,7], (3.6)
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that is, the velocity is an affine linear function. The distance traveled over
the time interval [to,t] (where we from now assume that t > ty) is given by

v(t) + v(to)

s(t) — s(tg) = average velocity x (t —tg) =

That the formula for the average velocity over the time interval [to,t] is simply the
mean value [v(t)+v(ty)]/2 of v(to) and v(t) is due to the fact that the velocity (3.6)
is an affine linear funciton. Substituting v(t) by (3.6) yields

s(t) — s(to) = = [(v(to) + ao (t — to)) + v(to)] (t —to) = v(to) (t —to) + % ao (t —to)?,

DO | —

and thus we see that
1
S(t) = S(to) + ’U(to) (t — to) + 5 Ao (t - t0)2.

Thus the motion along a straight line with uniform acceleration is a
quadratic function.

In the last section of this chapter we will encounter another application: radioactive
decay of a radioactive material over time.

3.3 Standard Derivatives

You need to know the derivatives listed in Table 3.1 below of your head. They will
not be provided in the final exam!

We will not derive all the derivatives in Table 3.1 below, but we later explicitly
compute the derivatives of tan(z), cosh(z), and sinh(z), based on the knowledge of
the derivatives of cos(x), sin(x), and e”.

It is important to note that the natural exponential function exp(z) = e” is the
only function with the property that f'(z) = f(x) for all z.

The functions whose derivatives are listed in Table 3.1, will often be the building
blocks of more complicated functions. The elementary properties of the derivative,
the product rule, the quotient rule, and the chain rule, will allow us to differentiate
sums, differences, products, quotients, and compositions two or more functions from
those listed in Table 3.1.
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Function f(z) Derivative f'(x)
¢ = constant 0
xP paP!
In(z) %
sin(z) cos(x)
cos(x) — sin(z)
tan(x) _ (sec(:z;))2
(cos(x))
1 2
cot(x — —— = —(cosec(x
I )
sinh(x) cosh(x)
cosh(z) sinh(z)
1 2
tanh(x ———— = (sech(x
(@) (Cosh(:z;)) ( ( ))
1 2
coth(x — ————— = —(cosech(zx
(@) (sinh(az)) ( ( ))

Table 3.1: Important derivatives.

3.4 Elementary Rules for Derivatives

The most simple form of a composite function is the sum (or difference) of two
functions. If we know the derivatives of the two individual functions then we can
easily compute the derivative of the sum/difference. This is stated in the next

lemma.
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Lemma 3.13 (derivative of sum or difference of two functions)
The derivative of the sum (g + f)(x) = f(z) + g(x) of two smooth enough
functions f(x) and g(x) is given by the sum of the derivatives, that is,

(f+9)(2) = (f(2) + () = f'(x) + ¢ (). (3.7)

For the derivative of the difference (g — f)(z) = f(z) — g(x) of two smooth
enough functions f(x) and g(x) we have analogously

(f = 9) () = (f(2) — g())" = ['(z) - ¢'(2). (3-8)

We observe here that the rules (3.7) and (3.8) extend obviously to the sum/difference
of more than two functions. For example,

(f(2) + glx) = h(z))" = f'(2) + ¢ () = W' (2).
Example 3.14 (derivatives of sums and differences)

(a) (sin(z) +2? + :1:)/ = (sin(:z:))/ + (2?) + (x) = cos(z) +2x + 1;

/

(b) (tan(z) + e“”)/ = (tan(z)) + (") = (cos(a:))f2 +e* = (sec(:z:))2 + e”;

() (cos(z)+ 3)/ = (Cos(:z;))/ + (3)) = —sin(z) + 0 = —sin(z). 0

3.5 Product Rule and Quotient Rule

The product of two functions can be easily differentiated if we know the derivatives
of the two individual functions.

Lemma 3.15 (product rule)
The derivative of the product f(x)g(z) of two smooth enough functions f(x)
and g(x) is given by

L (7(a) o(a)) = (F@)9@) = F (@) o) + F(2) o' (2).

We give some examples.
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Example 3.16 (derivative of the product of functions)
(a) (sin(z) COS(.CU))I = (sin(az))/ cos(z) + sin(x) (COS(SU))I = gcos(az))2 — (sin(az))z,
where we have used that (sin(x)) = cos( ) and (cos(z)) = —sin(z).

(b) (ze®) = (z) e* + x(e”) = 1e* + xe” = (1 4+ x)e”, where we have used that
(") =e€” and (z) = 1.

(c) (cf(x)) = (¢) f(x) +cfi(x) = 0f(x) +cf(x) = cf'(x), where ¢ € R is a

constant. O

From the Example 3.16 (c), we see the following:

Corollary 3.17 (product of function and constant)
The derivative of the product ¢ f(x) of a constant ¢ € R and a function f(x) is
given by

(¢ f(x) = cf'(2).

We also have a rule for differentiating the quotient of two functions.

Lemma 3.18 (quotient rule)
The derivative of the quotient f(x)/g(x) of two smooth enough functions

f(x) and g(x), where g(x) # 0, is given by

% (%) _ (%) _ f’(:r)g(g(;)i’z(x)f(x)'

As an example we will compute the derivative of the tangent function tan(z) making
only use of (sin(:r))/ = cos(x) and (Cos(:r))/ = —sin(x).

Example 3.19 (derivative of the tangent function)
To differentiate h(z) = tan(z), we remember its definition as a quotient of the sine

and cosine function ‘
sin(z)

tan(z) = cos(z)’

and then use the quotient rule with f(x) = sin(z), f'(x) = cos(z), and g(x) = cos(z),
¢'(z) = —sin(z). Then

oy - 4 (sin@) _ f(@)g() — g'(x) f(x)
(t ( )) dx <COS(SU)> (g(x))2
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cos(z) cos(z) — ( — sin(z)) sin(z)
- 2
(cos(z))
B (cos(a:))2 + (sin(z))
(Cos(:z;))2
1
= ——— = sec’(v),
(cos(x))
where we have used (Cos(a:))2 + (sin(az))2 = 1 in the second last step. O
Example 3.20 (differentiation with the quotient rule)
The derivative of the function
e:r:
h(z) —
(@)=
can be computed with the quotient rule. We have f(x) = e*, f'(x) = €%, and

g(r) =¢e*+1, ¢'(x) = e, and thus we find

61‘

h/(IL’) _ < e’ ) _ f/(SU) 9(37) — g’(:c) f(:r) B e* (em + 1) — T T

et + 1 (g(:C))Z o (em + 1)2

We discus another example.

Example 3.21 (derivative of 1/¢g(z))
Assume g(z) # 0. Then find the derivative of the function

(em + 1)2 ’

Solution: This can be done with the quotient rule with f(z) = 1. Since f'(z) =0,

we find from the quotient rule that

oy L " 0xg(@)—g@)x1 -
hie) <9 )) (g(:z:))2 . (g

(x

From the last example we obtain the following useful corollary.

Corollary 3.22 (special case of quotient rule)

() - () -2,

The derivative of the quotient 1/g(x), where g(x) # 0, is given by
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3.6 Chain Rule

With the rules learnt so far we can differentiate sums, products, and quotients of
the functions in Table 3.1. But how do we differentiate functions such as sin(z?) or
(sin(z) + 1)*?2 or €@ that cannot be written as sums, products, or quotients of
functions whose derivatives we know?

To do this we need another rule, the so-called chain rule. We observe that all the
mentioned functions are compositions of two functions or, in other words, ‘func-
tions of other functions’. We say that a function h : A — C is a composition
of two functions f: B — C' and g : A — B, if we can write h as

h(z) = f(g(x)),

that is, the variable y of f(y) is replaced by y = g(x). Indeed, we have that

sin(2?) = f(g(z)),  with  f(y) =sin(y), g(x)=2% (3.9)
(sin(z) + 1)3/2 = f(g(z)), with  f(y) =v*% g(z) = sin(z) + 1; (3.10)
e“* = f(g(z)), with fly) =¢€Y, g(x) = cos(z). (3.11)

Note that f(g(z)) is not the same as g(f(xz))! For example, for g(z) = 2* and
f(@) = sin(z)
f(a(2)) = sin(a?) # g(f(2)) = (sin(2))"

The chain rule tells us how to differentiate the composition f (g(:z:)), if we know the
derivatives of f(y) and g(z).

Lemma 3.23 (chain rule)
Let A, B,C C R and let f: B — C and g : A — B be two sufficiently smooth
functions. Then

Example 3.24 (differentiation with chain rule)

We want to use the chain rule to differentiate the composite functions h given by
(3.9), (3.10), and (3.11). The first thing to do is to work out the composition as
h(z) = f(g(x)). For the functions (3.9), (3.10), and (3.11) we have already done
this.
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(a) From (3.9), the function h(z ) sin(2?), has the composition h(z) = f(g(z))
with f(y) = sin(y) and g(x) = x*. We have f'(y) = cos(y) and ¢'(x) = 2, and
the chain rule gives

di sin(z?) = f'(9(x)) ¢'(z) = f'(z*) 22 = cos(z?) 22 = 2z cos(z?).

T

(b) From (3.10), the function h(z) = (sin(x) + 1)3/2, has the composition h(z) =
f(g(z)) with f(y) = y*? and g(z) = sin(z) + 1. We have f'(y) = (3/2) y'/* and
¢'(x) = cos(z), and from the chain rule

%(sin( )+1)3/2

f(g(z)) ¢'(z) = f'(sin(z)+1) cos(z) = % cos(z) (sin(z )+1)1/2

(¢) From (3.10), the function h(z) = e“*@ has the composition h(z) = f(g(x))
with f(y) = e¥ and g(x) = cos(z). We have f'(y) = €Y and ¢'(x) = —sin(z),
and from the chain rule

e = p1(g(2) o ()

— f/(COS(IL’)) ( — Sin(g;)) _ peos(@) ( _ sin(az)) — —sin(z) pcos(@) 0

We will look at some more examples. Unlike before, when we have first substituted
the expressions for g(z) and ¢'(z) into f'(g(z)) ¢'(z), and subsequently substituted
the expression for f’(y) one step later, we will from now on do both substitutions
at once.

Example 3.25 (differentiation with the chain rule)
Differentiate the functions

(a) h(z) =1In(cos(z)), (b) h(x)=e".

(a) The function h(z) = In (cos(z)) is the composition h(z) = f(g(x)) with f(y) =
In(y) and g(x) = cos(z). We have f'(y) = 1/y and ¢'(z) = —sin(x), and the
chain rule yields that

1
cos(x)

sin(z)

(—sin(z)) = —

% In (cos(z)) = f'(g(z)) ¢'(z) = = —tan().

cos(x)

(b) The function h(z) = e~ is the composition h(z) = f(g(x)) with f(y) = ¥ and
g(z) = —2*. We have f'(y) = e¥ and ¢'(x) = —2x, giving that

2

= f'(9(x)) ¢'(z) = e (—2x) = —2zxe " O
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With the help of the chain rule we can find a rule for finding the derivative
of the inverse function f~! of a one-to-one function f if we know the derivative
of f. We remark here that we will usually denote the variable of the inverse
function f~! by y and the variable of the function f by . This is motivated
by the fact that we set y = f(z) and solve for z, that is, find z = f~!(y), if we want
to find the inverse function. It also helps to avoid confusion and mistakes if we give
the variable of the function f and the variable of its inverse function f~! different
names.

Corollary 3.26 (derivative of the inverse function)
Let A, B CR. Let f: A— B be a smooth enough one-to-one function, and let
[t f(A) — A be the inverse function of f. Then we have that

df ~'(y)
dy

1

:(f_)(y):m-

Proof: From the properties of the inverse function, we have that

fUw) = (3.12)

We can apply the chain rule to differentiate h(y) = f ( f *l(y)), and we obtain from
the chain rule

Ky =[f(F )] =) Y ). (3.13)

However, we also have from (3.12) that h(y) = y and thus h'(y) = 1. Substituting
h'(y) = 1 into (3.13) yields

1

L=y = (W= )

where we have divided by f ( f _1(y)) to get the second formula. O

Example 3.27 (derivative of the natural logarithm)
We want to derive that (ln(y))/ = 1/y with the help of Corollary 3.26. By definition,
the natural logarithm In : (0,00) — R is the inverse function of exp(x) = e*, and
thus e™® = y and In(e®) = 2. Therefore we can apply Corollary 3.26 with f(x) = e®
and and f~!(y) = In(y). Since f'(z) = (e*) = e”, we have

N S S S|
(@) = U0 = 5y = Fae) — @ =y ©
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Remark 3.28 ((f~1)™' = f)
We note here that the equations

f(ffl(y)) =y forallye f(A) and f’l(f(:z;)) =x forallxz e A.

for a one-to-one function f : A — B and its inverse function f~1: f(A) — A, also
imply that the inverse function (f~')™' of f~! is given by f. Thus we could
also have worked out that (e*)" = e* based on the knowledge that (ln(y))l =1/y.

Example 3.29 (derivative of arcsin(x))

In the previous chapter we have introduced the function arcsin : [—1,1] — [71/2,7/2]
as the inverse of the function sin : [—7/2,7/2] — [—1, 1]. Now we want to compute
the derivative of the arcsin(y) with the help of Corollary 3.26.

Since (sin(x))" = cos(x), we have

. I ey _ 1 _ 1 . |
(arcsin(y))” = (f71)'(») Fi)) ~ cos (arcsm(y)) (3.14)

To simplify the denominator cos (arcsin(y)) further, we remember that

[sin(:z:ﬂ2 + [cos(xﬂ2 =1 = cos(z) = \/1 - [Sin(x)f’

where we get only the positive root +\/1 — [sim(:z:)]2 of [cos(a:)}2 =1- [sim(:z:)]2
because cos(z) > 0 for all x € [—7/2,7/2]. Substituting z = arcsin(y) into the last
formula yields

cos (arcsin(y)) = \/1 — [sin (arcsin(y))]2 =+/1—192, (3.15)

where we used sin (arcsin(y)) = y since arcsin(y) is the inverse function of sin(z).
Substituting (3.15) into (3.14), we obtain

d . in(y))’ 1 1
—_— - - N | D
7 arcsin(y) (arcsm(y)) COS (arcsin(y)) 1=y

Application 3.30 (radioactive decay)

Radioactivity is caused by the disintegration of the nuclei of atoms of the radioactive
material. The disintegration obeys the law of chance, that is, we do not know
which indwidual atom disintegrates next. However, we know that the number of
disintegrating atoms per second is proportional to the number of atoms.
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Thus, if N(t) denotes the number of atoms at the time t, then dN(t)/dt is the
disintegration rate of the atoms, and we have

dN (t)
— = —AN(t), (3.16)
where A > 0 is the constant of proportionality. We have a minus sign on the right-
hand side, because the number of atoms declines over time. The equation (3.16) is
a differential equation and gives a relation between N (t) and its first derivative
dN(t)/dt. What we clearly would like to know is the unknown function N(t).
If we can find the unknown function N(t) then we have solved the differential

equation.

For the differential equation (3.16), we can ‘guess’ the solution by inspection. We
know that the only function that satisfies f'(x) = f(x) is the natural exponential
function exp(z) = e*. Compared to f'(x) = f(x), (3.16) has an additional constant
factor on the right-hand side. This leads us to consider g(x) = exp(ax) = e** for
which we have, from the chain rule,

dg(x) _ d(e™) ax

o= gy e = ag(x).

Thus we predict that (3.16) has the solution

N(t) = Noe ™, (3.17)

where Ny is a constant. We differentiate to test our guess and find, from the chain
rule,
dN(t) d
Cdtdt
Thus (3.17) is indeed a solution to (3.16), and it is possible to show that all solutions
of (3.16) are of the form (3.17).

[Noe™] = =ANge ™ = -AN(t).

Now we want to interpret and discuss the solution (3.17). We observe that fort =0
we have N(0) = Ny. Thus the constant Ny is the initial number of atoms of the
radioactive material. As you may know radioactive substances have a half-life,
which is defined as the time 11,5 after which half of the atoms have disintegrated.
In formulas,

In(27')  In(2)
-A A

N
N(Tl/g) = Ny 67>\T1/2 = 70 = 67/\T1/2 = 271 = T1/2 =

Thus the half-life is given by T1,, = In(2)/X, and it can be easily computed if the
constant of proportionality A is known.
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Finally we will briefly discuss differentiating exponential functions h(z) = a® and
logarithmic functions h(x) = log, () with a base a > 0, with a # 1 and a # e.

Example 3.31 (derivatives of exponential functions)
Compute the first, second, and third (order) derivative of the exponential func-
tion A : R — R, h(z) = a”, where @ > 0 and a # 1.

Solution: We know from Remark 2.34 in Section 2.3 that
h(z) = a® = (eln(a))m = ehnl@e, (3.18)

For h(z) = a* = f(g(2)) with f(y) = ¢¥, f'(y) = ¢¥, and g(z) = In(a) z, ¢'(z) =
In(a), the chain rule yields

W(z) = f'(g(x)) ¢'(z) = ™" In(a) = In(a) a”, (3.19)

where we have used (3.18) in the last step. We observe from (3.19) that

dx
To find the second derivative of h(x) = a®, we use (3.20) and find

_ dh'(z)

h"(z) I = d%j[ln(a) h(z)] =In(a) W' (z)
— In(a) [In(a) h(z)] = [In(a)]® h(z) = [In(a)]” a*, (3.21)

where we have used (3.20) to get from the first line to the second line. To find the
third derivative we proceed analogously and use (3.21) and (3.20).

UG (@) (@) = (@) ¥

dx x
= [n(a)]” [In(a) h(z)] = [In(a)]

Based our knowledge of the first three derivatives (see (3.20), (3.21), and (3.22)),
we suspect that the mth derivative of h(x) = a” is given by

h® (z)

“h(z) = [In(a)]’ a”. (3.22)

h(m) (ZU) — dd(a ) — [ln(a)]m h(ﬂf) _ |:1n(a):|m ax _ |:1n(a):|m eln(a)x7
xm
which is indeed true. 0

Example 3.32 (derivatives of logarithmic functions)
Compute the derivative of the logarithmic function A : (0,00) — R, h(x) = log,(x),
where a > 0 and a # 1.
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Solution: We can compute the derivative in two different ways. Firstly we have
from Remark 2.35 in Section 2.4 that
1

h(z) = log,(x) = log,(e) In(z) = ; In(a) In(z), (3.23)

where log,(e) = 1/1n(a) follows from 1 = log,(a) = log,(e) In(a) with division by

In(a). Differentiating the last expression in (3.23) yields

) = i 7 = ey

Alternatively we can use that fact that f~'(y) = log,(y) is the inverse function of

) = gotoe) = 4 (o

f(x) = a”. Thus we may apply Corollary 3.26, making use of the fact that

f'(x) = In(a) a®
from the previous example. Corollary 3.26 yields

d

a log,(y) = (f7")(y) = = = ,

where in the last step a'°®®¥) = g holds because f~!(y) = log,(y) is the inverse
function of f(z) = a”. O



Chapter 4

Curves and Functions

In this chapter we will discuss in more detail how to analyze and subsequently
sketch functions. In Chapter 1 we have learned to sketch functions by evaluat-
ing them at some points and using knowledge such as where the function is zero,
has positive or negative values, whether it has asymptotes, and also where it is
(strictly) monotonically increasing or decreasing. In this chapter, we will discuss
more properties of functions, in particular, local and global minima and
maxima, points of inflection, and the curvature of the function. The discus-
sion of these topics will heavily rely on analyzing the first and second (order)
derivative of the function. In some cases we need even higher order derivatives.

We discuss several examples in this chapter to illustrate the new topics. It is essen-
tial that you solve analogous problems from the exercise sheets on your
own, because familiarity with applying the new concepts covered in this chapter
can only be achieved through practice.

4.1 Roots of Functions

The first topic is roots of a function, that is, the points where the function has
the value zero. We have already used roots of functions in Chapter 1 to determine
where the function intersects the z-axis.

Definition 4.1 (roots of a function)
Let A, B C R. The roots of a function f: A — B are the values x € A at which
f(x) =0. We find the roots of f by solving f(x) =0 for x.

71
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Example 4.2 (roots of a function)
(a) The affine linear function f: R — R, f(x) = mx + ¢, with m # 0, intersects the
x-axis at the point(s) satisfying

flz)=maz+c=0 = max = —c = r=—-—.

Thus the affine linear function has the root z = —c/m.

(b) In Section 1.4, we have seen that the quadratic function f(z) = az® + bz + ¢,
with a # 0, has only root(s) if b* —4ac > 0, and if this condition is satisfied
then the root(s) are

B —bE Vb2 —-4ac
N 2a '

(¢) The function f(x) = sin(z) has the roots

X

cony,—3m, =27, —m,0,m, 2w, 37, . ...

In shorter notation, the roots are x = km, with k € Z.

(d) The natural exponential function exp(x) = e® has no roots because we have

exp(z) =¢€* >0 for all x € R.

(e) The natural logarithm In(x) has only one root at z = 1, since In(1) = 0 and
since In(z) < 0 for x € (0,1) and In(z) > 0 for > 1. 0

Remark 4.3 (roots of polynomials of degree n)
A polynomial p : R — R of degree n,

p(x):a0+a1$+a2$2+...+an,1x”*1+anxn7

where a,, # 0, has at most n real roots.

4.2 Turning Points/Extrema: Local Maxima and

Minima

In this section we define local and global maxima and minima, the so-called
turning points or extrema of a function, and we will learn a criterion for finding
them with the help of the first and second derivative of the function.
Discussing local maxima and minima will involve some additional new terminology,
namely, stationary points of a function.

In this chapter we need also the following notation for sets:
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Notation 4.4 (intersection of two sets)
Let A and B be two sets. The set AN B is called the intersection of A and B,

and it 1s defined to be the set of all elements that are in both sets A and B.
In formulas,

ANB={a€ A :aisalsoin B} ={be B : bisalso in A},

and we see that AN B = BN A.

Now we define the terms local minimum and local maximum of a function.

Definition 4.5 (local maximum and minimum)
Let A,B CR, and let f : A — B be a function.

(i) We say that f has a local maximum at a point xq € A if

f(x) < f(xo) forallz € (xg —e,x0+¢€) N A, (4.1)
with some suitable € > 0.
(ii)) We say that f has a local minimum at a point xy € A if
f(z) > f(zo) for all x € (xog —e,29 +¢) N A, (4.2)

with some suitable € > 0.

(iii) We say that f has a turning point or extremum at vo € A, if f has at
xgo either a local maximum or a local minimum.

In words, if a function f : A — B has a local maximum at a point = = x, then
there exists a neighborhood of ¢ such that f(xg) is the largest value among all f(x)
for z in this neighborhood, that is, f(z) < f(z) for all x from the neighborhood.

Definition 4.6 (global maximum and minimum)
Let A,B CR, and let f : A — B be a function.

(i) We say that f has a global maximum at a point o € A if
f(x) < f(zo) for all x € A. (4.3)
(ii) We say that f has a global minimum at a point xq € A if

f(z) > f(xo) forall z € A. (4.4)
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Y global maximum yh
f(x) 7y :

f"(X,)<0

: local maximum
f(XZ) N ................. :

<Y

Figure 4.1: On the left an example of a function with a global maximum and a local
maximum. On the right the behavior of f close to a (global/local) maximum.

A global maximum is also a local maximum, but the reverse is not true.
Likewise, a global minimum is also a local minimum.

Definitions 4.5 and 4.6 are illustrated in Figure 4.1 for the case of the local and
global maximum.

Example 4.7 (local and global minimum)
The function f : R — R, f(z) = z?, has a global (and local) minimum at z = 0,
because

f(0)=0<2?= f(x) for all z € R.

We observe that here
f(0)=0<2*= f(x) forall z€R with z#0,

that is, = 0 is the only point at which the minimal value f(0) = 0 is attained. O

Example 4.8 (local and global maximum)
The function sin : R — [—1, 1] has a global and a local maximum all points

Ak +1)7 m 3w 7w bw 9w }

T
— T onk = _om T om IT
r=gten 2’ 22 g

5 , ke, thatis,:ce{...,

and the value of sin(z) at all these points is 1. For the maximum at x = 7/2, we
have
sin(z) < sin(7/2) for all x € [0,7] with =z # 7/2,

that is, in the interval [0, 7], the point x = 7/2 is the only point at which we have
sin(z) = 1. O
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We saw the following property in the last examples: In a suitable neighborhood
of a point x( at which f has a maximum (minimum), this point is the only point in
that neighborhood at which the value of the maximum (minimum) is attained.
This property is not always true but will hold in almost all examples that we
discuss. An example where this property does not hold are constant functions.

Example 4.9 (degenerate case: all points are maxima and minima)
Consider the constant function f : R — R, f(x) = ¢, with some constant ¢ € R.
Then for every (fixed) zg € R,

f(xg)=c<c=f(x) forall z€R and f(xg) =c>c= f(z) forall z€R.

Thus we see that xy is both a local and global minimum and a local and global
maximum. Since xg € R was arbitrary, all points x € R are both a local and global
maximum and a local and global minimum of the constant function f(z) = c¢. This
is obviously a ‘degenerate’ case! O

With the terminology below we obtain an easy way of determining with the help of
the first and second derivative at which points a function has a local maximum or
a local minimum.

Definition 4.10 (stationary points)
Consider a smooth enough function f : A — B. If for some xq € A we have
f'(xg) =0, then xq is called a stationary point of f.

The next lemma provides the useful information that a turning point/extremum is
also a stationary point. Thus we need only investigate for each stationary point
whether the function f attains at this point a local maximum or minimum.

Lemma 4.11 (turning point /extremum = stationary point)
A turning point/extremum of a function f is also a stationary point of f.

Remark 4.12 (how to determine candidates for local maxima/minima)
From the last lemma we see that it is enough to check for all stationary
points whether they are turning points/extrema. A point which is not a
stationary point cannot be a turning point/extremum.

The statement of Lemma 4.11 is intuitively clear, because the sign of the deriva-
tive f'(x) determines whether the function is monotonically increasing or
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decreasing. For example, if we have a local maximum at x = xy then we have the
following on a suitable interval (zg — &, 29 4+ €): On the left of x¢, the function f is
monotonically increasing, that is, f'(xz) > 0 for zy — e < & < xp. On the right of x,
the function f is monotonically decreasing, that is, f'(x) < 0 for g < x < xg + €.
Thus we can conclude that f’(z¢) = 0. This is illustrated in Figure 4.1.

We go now a step further in this analysis, and we will assume that we have no
‘degenerate case’, that is, we assume the following: If f has a local maximum
(minimum) at z, then for some suitable ¢ > 0,

f(x) < f(zo) ( f(z) > f(xo), respectively) for all z € (zo—¢, xo+e) with z # .

We have seen that the derivative f’ changes its sign at a local maximum or local
minimum. Assume that f has a local maximum at x = x5. Then f’ changes at
x = xo from being positive to being negative. If f’ changes from being positive
to being negative, then f” must be strictly monotonically decreasing in a
neighborhood of z; and therefore f”(z¢) < 0. If f has a local minimum at z,
then f’ changes at x = xy from being negative to being positive. If f’ changes from
being negative to being positive, then f” is strictly monotonically increasing
in a neighborhood of z(, and therefore f”(zy) > 0.

These observations motivate to the following theorem.

Theorem 4.13 (2nd derivative test for turning points/extrema)
Let A,B CR, let f:R — R be a sufficiently smooth function, and let xo € A be
a stationary point of f, that is, f'(xg) = 0. Then the following holds:

(i) If f"(x¢) <0, then the function f has a local maximum at x = xg.
(i1) If f"(xo) > 0, then the function f has a local minimum at x = x;.

(iii) If f"(x9) = 0, then we cannot conclude anything: [ could have a local
maximum, or a local minimum, or neither at x = xg.

We observe that the third statement (iii) is not so satisfactory since we gain no
information. Later-on in Section 4.5, we will discuss how to proceed in case (iii).

Now we will discuss some examples.

Example 4.14 (stationary points and turning points of f(x) = 2?)
The function f : R — R, defined by f(z) = 22, has the derivative f'(z) = 2z.
Stetting the f'(x) = 0 yields

fl(z)=22=0 = z=0.
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We compute the second derivative f”(z) = 2 and evaluate at the stationary point
r = 0. We find f”(0) = 2 > 0. Thus the function f(z) = 2z has at x = 0
a local minimum. The coordinates of the global minimum are (0,0), and since
f(z) =22 > 0= f(0), we see that the local minimum is also as global minimum. O

Ilillllzlllllgl

Figure 4.2: Graph of f(z) = 2%. The function has a global minimum at x = 0.

Example 4.15 (turning points/extrema of the sine function)
Find the turning points/extrema, that is, the local minima and maxima, of the sine

function.

Solution: We have f'(x) = (SiIl(fL’))/ = cos(x), and the stationary points are those
for which f’(z) = cos(z) = 0. Thus the stationary points of sin(x) are

(2k + 1)m , St 3m  w w 3w bm
_ T v/ h L L N
x 2 Y k E Y t a't ]'S7 T E Y 2 Y 2 ) 27 27 2 ? 2 Y
The second derivative of f is given by f"(x) = (cos(x))/ = —sin(z), and we find

that

% (2k + 1)m ~ s (2k+1)m _ [ -1 if k is even,
2 2 1 it k is odd.

Since we can describe even k by k= 2¢ and odd k by k =20+ 1, { € Z, we have

£ (W) =1, 1" (@) =1, leZ.
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Therefore we have local maxima at all points

4 1
x:(“_—)W, (e, that is, xe{...,—

ERERENCEE

T 3m mw 5w
2 )

and the value of sin(x) at these points is 1. We have local minima at all points

40+ 3 5 3m 7
x:%, (e, that is, xe{...,—g,—g,g,g,..},
and the value of sin(x) are these points is —1. O

25

20
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o
| T |

o

f\...
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Figure 4.3: The graph of sin(x) on the left and the graph of cosh(z) on the right.

Example 4.16 (turning points/extrema of cosh(x))
Find the turning points/extrema of f : R — R, f(z) = cosh(z).

Solution: We compute the stationary points, that is, the points at which we have
f'(x) = (cosh(z)) = 0. We find

d r _ ,—x
f(z) = o cosh(z) = sinh(x) = % =0 = =0,

and x = 0 is the only stationary point. We differentiate again and get
d2 d x —x
f(z) = e cosh(z) = . sinh(z) = cosh(x) = %

Evaluating at the stationary point x = 0 yields

0 -0 2
F(0) = cosh(0) = =5 *‘26 =2=1>0

Thus, from Theorem 4.13, we know that f(x) = cosh(z) has a local minimum at
z =0, and the coordinates of the local minimum are (0, cosh(0)) = (0, 1). O
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4.3 Curvature: Convex Upward and Convex Down-

ward

For plotting a function it is helpful to know ‘which way the graph curves’. We will
first explain and define what this means geometrically. Then we will give a formal
definition of curvature with the help of the second derivative.

Definition 4.17 (geometric definition of convex upward/downward I)
Let f : A — B be a smooth enough function, and I be a subinterval of A.

(i) The function f is convex upward on I if at every point xo € I the tangent
of f at x = xq lies below the graph of f. If, in addition, close to (xq, (o))
this tangent touches the graph only at (xo, f(x¢)), then f is strictly conver
upward on I.

(ii) The function f is convex downward on I if at every point xq € I the
tangent of f at x = xg lies above the graph of f. If, in addition, close
to (xo, f(xo)) this tangent touches the graph only at (xq, f(xg)), then f is
strictly convex downward on I.

Definition 4.17 is illustrated in Figure 4.4 below. It is important to remember that
the condition on the tangent needs to be fulfilled for all points zy in the given
interval [.

Yi yih

f(x)
fxo) T

(%)

Figure 4.4: Tllustration of the geometric definition of (strictly) convex upward and
(strictly) convex downward from Definition 4.17.

Considering the function in the left picture of Figure 4.4, we see that if f is strictly



80 4. Curves and Functions

convex upward, then the derivative f’(x) increases as z increases. Thus we expect
that f”(z) > 0. Likewise, in the right picture, the derivative f’(z) decreases as x
increases, and thus we expect that f”(x) < 0. This is indeed the case and will give
us an easy criterion for checking whether a function is (strictly) convex upward or
(strictly) convex downward (see Definition 4.20 below).

Example 4.18 (strictly convex upward/downward function)

The function f : R — R, f(x) = 22, is strictly convex upward on R, and the function
g:R =R, g(z) = —2?2, is a strictly convex downward on R. This can be directly
seen from the geometric definition with the tangent given above. O

P
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Figure 4.5: The function f(xz) = z? (on the left) is strictly convex upward on R,
and the function g(x) = —z? (on the right) is strictly convex downward on R.

Definition 4.19 (geometric definition of convex upward/downward II)
Let f : A — B be a smooth enough function, and I be a subinterval of A.

(i) The function f is convexr upward on I, if for every two points x1 and xo
in I the straight line that connects (x1, f(x1)) and (xq, f(x2)) lies above the
graph of f. If, in addition, this straight line only touches the graph of f at
(21, f(x1)) and (x2, f(x2)), then f is strictly convex upward on I.

(i1) The function [ is convex downward on I, if for every two points x1 and
xo in I the straight line that connects (1, f(x1)) and (x2, f(x2)) lies below
the graph of f. If, in addition, this straight line only touches the graph of f
at (zq, f(z1)) and (xs, f(x2)), then f is strictly convex downward on I.
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Definition 4.19 is illustrated in Figure 4.6 below. It is important to note that the
straight line that connects (x1, f(x1)) with (xs, f(22)) needs to lie above the graph
(and below the graph, respectively) for all points x; and x5 in [I.

Yy i

fx,)\ | )
f(x,) + f(x)

f(x.) f(x.) /" +

Figure 4.6: Illustration of the geometric definition of (strictly) convex upward and
(strictly) convex downward from Definition 4.19.

Now we give a very useful formal characterization of (strictly) convex up-
ward and (strictly) convex downward with the help of the second derivative.

Definition 4.20 ((strictly) convex upward/downward)
Let A, B C R, and let [a,b] C A be a closed subinterval of A. Consider a smooth
enough function f : A — B. Then the following holds true:

i e function f is strictly convex upward on [a,b] i

) The function f i ctl d b) if
f"(x) >0  forall x € (a,b).

(11) The function f is convex upward on |a,b] if
f"(x) >0  forall z € (a,b).

(11i) The function f is strictly convexr downward on [a,b] if
f"(x) <0  forallxz € (a,b).

(iv) The function [ is convex downward on [a,b] if

f"(x) <0 forall x € (a,b).
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With this lemma we can now easily investigate where a function is (strictly) convex
upward or (strictly) convex downward. We demonstrate this for the functions f(x) =
z? and g(r) = —2? from Example 4.18.

Example 4.21 (Example 4.18 continued)

Consider the functions f : R — R, f(z) = 2% and g : R — R, g(x) = —2?, from
Example 4.18. Verify with the help of Lemma 4.20 that f is strictly convex upward
on R, and that g is strictly convex downward on R.

Solution: We compute the second derivative of each function, and we find
f(z) =2z, f(x) =2, and g(x)=—2ux, g"(x) = —2.

Since f”(x) =2 > 0 for all x € R, the function f(z) = z? is strictly convex upward
on R. Since ¢"(x) = —2 < 0 for all z € R, the function g(z) = —z? is strictly convex
downward on R. O

Now we consider constant functions and affine linear functions. Since they are
straight lines (and not curved) we expect, from Definition 4.19, that they are both
convex upward and convex downward on R. (Note that the straight line connecting
two points (z1, f(x1)) and (za, f(z2)) on the graph of a constant or affine linear
function lies on the graph itself.)

Example 4.22 (constant functions and affine linear functions)
Show with the help of Lemma 4.20 that f : R — R, defined f(x) = mx + ¢, with
constants m € R and ¢ € R, is both convex upward and convex downward on R.

Solution: We calculate the second derivative and find f'(z) = m and f”(z) = 0.
Thus
ff(x)=0>0 and  f"(2)=0<0  forallz e R.

Thus, from Lemma 4.20, the function f(x) = maz + ¢ is both convex upward on R
and convex downward on R. O

Finally we will discuss three functions each of which is on some intervals strictly
convex upward and on some intervals strictly convex downward.

Example 4.23 (curvature of the polynomial f(z) = z?)
Investigate the curvature of the polynomial f : R — R, defined by f(z) = 2.

Solution: We compute the second derivative and find

f(z) = 32? and f"(z) =6
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Thus we have
f"(x)=6x <0 forallz <0, and  f"(x)=6x >0 forall z>0.

Thus we see that f(x) = 2? is strictly convex downward on (—o0c, 0], and that
f(z) = 23 is strictly convex upward on [0,00). We have plotted f(z) = 23 in the
left picture of Figure 4.7. O

Example 4.24 (curvature of sinh(x))
Determine the curvature of f : R — R, f(z) = sinh(z).

Solution: We compute the second derivative of sinh(z).

d d? d
f(z) = . sinh(z) = cosh(z), f(z) = e sinh(x) = . cosh(x) = sinh(x).
Since
f"(x) = sinh(x) = % <0 for <0,
f"(z) = sinh(z) = % >0 for x>0,

we see that f(z) = sinh(z) is strictly convex downward on (—oo,0] and strictly
convex upward on [0,00). We have plotted f(x) = sinh(x) in the middle picture in
Figure 4.7. O

Figure 4.7: The graph of the function f(z) = 2 on the left, the graph of the function
f(z) = sinh(z) in the middle, and the graph of the function f(z) = sin(z) on the
right.

Example 4.25 (curvature of sin(z))
Investigate the curvature of the sine function sin : R — R.
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Solution: We want to use Lemma 4.20. Thus we calculate the second derivative of
sin(z). )

% sin(x) = cos(z), % sin(z) = % cos(z) = —sin(z).
From the geometric definition of the sine function we see that —sin(z) < 0 for
z € (0,7) and that —sin(z) > 0 for x € (—n,0). Because of the periodicity of
the sine function with period 27, we may add integer multiples of 27, and thus we

obtain

<0 if ze (2km (2k+1)7), k€ Z,
>0 if ze((2k—1)m2k7), keZ.

2 :
s sin(z) = — sin(z) {

Thus we see that the function sin(z) is strictly convex upward on all closed intervals
[(Qk —1)m, 2k 7r], k € Z, and that sin(x) is strictly convex downward on all closed
intervals [Qk 7, (2k + 1) ﬂ, k € Z. The sine function is plotted in the right picture
in Figure 4.7. O

The discussed examples were elementary in the sense that the curvature could be
guessed from our knowledge of the graph of the function. This is intentional, since
the knowledge of the graph helps with the understanding of the concept of curvature.
In some examples that we get at the end of this chapter and in some problems on
Exercise Sheet 4, you will not know the graph of the function beforehand and thus
it will not be possible to determine the curvature without doing some calculations.

4.4 Changes of Curvature: Points of Inflection

We have already seen in the previous section that, if we want to analyze and plot a
function, it is important to know about the curvature of f. Especially it is useful
to know at which points (if any) f changes its curvature, that is, changes from
being strictly convex upward to being strictly convex downward, or vice versa. In
the previous section we have seen that the curvature can be characterized with the
second derivative as follows:

A function f is strictly convex upward on [a,b] if f/(x) > 0 for all z € (a,b),
and f is strictly convex downward on [a,b] if f”(z) < 0 for all = € (a, b).

Thus a change of curvature is characterized by the fact that the second
derivative changes its sign. In particular, the second derivative will be zero
at the point where the change of curvature occurs.
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After these observations, the next definition is quite natural.

Definition 4.26 (point of inflection)

Let A,B C R, and let f : A — B be a sufficiently smooth function. A point
ro € A where the second derivative [’ changes its sign is called a point
of inflection of f. That is, if x¢ is a point of inflection of f, then we have
with some suitable € > 0

f"(x) <0 forall x € (xg—e,x0) and  f"(x0) =0
and  f"(z) >0 forall x € (xg, 0+ €), (4.5)

or

f'(x) >0 forall € (xg—-e, ) and () = 0
and () <0 forall x € (xg, o+ ). (4.6)

Remark 4.27 (behavior of the graph at a point of inflection)

From Definition 4.20, we see that (4.5) means that at xy the graph of f changes
from being strictly convex downward (for x < zy) to being strictly convex
upward (for x > xy). Likewise (4.6) means that at xo the graph of f changes
from being strictly convex upward (for v < xy) to being strictly con-
vex downward (for x > xy). This means that at xo the curvature of the graph

changes.

The definition of a point of inflection immediately implies a way of finding the points
of inflection of a function.

Remark 4.28 (how to find the points of inflection)

Compute " and find its roots, that is, the values of x for which f"(x) = 0. If
for a root xy of f" the sign of f"(x) changes at x = xy from being negative
to being positive or vise versa, then the point xqy is a point of inflection. Note
that there are functions with points xy such that f"(zy) = 0, but zo is not a
point of inflection. So if f"(xq) = 0, its is important to check whether f”
changes its sign at v = xo or not!

Example 4.29 (analysis and sketch of f(x) = 23)
Analyze the behavior of the function f : R — R, defined by f(z) = 23, and sketch
the function.
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Solution: To be able to sketch the function f(z) = 2*, we determine its minima
and maxima, points of inflection, and its behavior as © — +o0o0. We start with the
behavior of f(z) as © — oo,

Jim f@) = fm @t =co, M f@)= fm o = —co.
Furthermore, f(z) = 2® < 0 for x < 0 and f(z) = 2* > 0 for x > 0. Now we find
the stationary points: if f'(x) = 32% = 0, then x = 0. We compute the second
derivative f”(z) = 6. Since f”(0) = 0, from Theorem 4.13, the point 2 = 0 could
be a local maximum or a local minimum or neither. The point x = 0 could also be
a point of inflection, and to test this we investigate whether f” changes its sign at

x = 0. Since
f'(x) =62 <0 forallz <0 and  f“(z)=6xz>0 forallz >0,

we see that f” changes its sign at x = 0. Thus x = 0 is a point of inflection, and
f(z) = a3 is strictly convex downward on (—oo,0] and strictly convex upward on
[0,00). With this information and the values of f(z) at some suitable points, we

can sketch f(z) = x3 and the graph is shown in Figure 4.8. O
8 /
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Figure 4.8: Graph of f(x) = 23. The function has a point of inflection at z = 0.

Example 4.30 (analysis and sketch of polynomial of degree 3)
Analyze and sketch the function f: R — R, given by

f(r)=2° 4o =02 —4)=2(x - 2)(z +2).
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Solution: From the last representation of f we see that its roots are at x = 0,

v = —2 and x = 2. For very large |z| the function f(z) = 23 — 4z behaves like x3
because
3 3 4 3 .4
fley=2"—dax=2"(1——= | =z’ due to lim — =0.
22 |z|—00 2

In particular, f(z) ~ 23 for large |z| implies that

lim f(z) = lim (2 —4z) = lim 2° = oo,

T—00 r—00 r—00
and
lim f(z) = lim (2°—42)= lim 2° = —occ.
T——00 T——00 T—r—00

From f'(z) = 322 — 4, we find that the stationary points satisfy
4
fl(r)=32"-4=0 = 32t =4 = 51;225,

and thus the stationary points are
T=14]-=—F and r=—\l-=-—.

The second derivative of f(z) = 2® — 4z is given by
f(z) = (32% — 4)/ =6z,

and we have

f”(%>:6%=4\/§>0, f"<_%):_%:—4\/§<0.

Thus the function f(z) = 2° — 42 has a local minimum at x = 2/v/3 and it has a

local maximum at x = —2/+/3. From

f(=2/v3) = <_\/i§)3 -4 <_%) - _3\8/5 ' 55 - _2:;524 - 31\%’

we see that coordinates of the local maximum are ( — 2/4/3,16/(3v/3)) and the
coordinates of the local minimum are (2/v/3, —16/(3v/3)).

To find the points of infection (if any) we set the second derivative zero.

f"(z) =62=0 = x =0,
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and since f”(z) =62 < 0 for all z < 0 and f"(z) = 62 > 0 for all z > 0, we see
that the point x = 0 is a point of inflection. The function f(z) = x> — 4z is strictly
convex downward on (—oo, 0] and strictly convex upward on [0, c0).

With this information and some suitable additional points (z, f(z)), we can now
sketch f(z) = 2® — 4x. The plot is in Figure 4.9. O

|||||||||||IIGIIIIIIIII|||||
-3 2 -1 i_//Z 3

L 1 1 1 11 1 11 1

S~—
[y
o

Figure 4.9: The graph of f(x) = 2® — 4. The function f has a point of inflection
at (0,0) and a local maximum at (—2/v/3,16/(3v/3)) ~ (—1.2,3.1) and a local
minimum at (2/v/3, —16/(3v/3)) ~ (1.2, —3.1)

Example 4.31 (points of inflection of the sine function)
Find the points of inflection of the sine function.

Solution: We compute the second derivative of sin(x), and obtain

L gin(r) () dQ'() L cos(a) in(z)
—sin(z) = — sin(zr) = — = —sin
da:s x) = cos(x), d:):QS x o cos(x sin(x),

and we see that the second derivative has the same zeros as the sine function itself.
The roots of the second derivative of sin(z) are at

x=km, wherek € Z, that is, red...,—3r,—2r,—m 0,7 2m, 3m,...}.
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From Example 4.25, we know that

<0 if z€ (2km (2k+1)7), k € Z,
>0 if ze((2k—1)m,2kn), keZ,

and we see that the sine function changes sign at every point x = kw. Thus all the
points k7, k € Z, are points of inflection. O

4.5 Turning Points/Extrema Revisited

With what we have learned so far, we do not know how to interpret the situation
that f'(xz¢) =0, f"(x¢) =0, and f” does not change sign at x = x,. We know only
that the point x( is not a point of inflection. We will first discuss a simple example
where such a situation occurs.

Example 4.32 (maxima and minima of f(x) = 2* and g(z) = —z)
Consider the functions f : R — R, defined by f(z) = z?, and g : R — R, defined by
g(z) = —x*. Since x* = (2?)? > 0 for all z # 0, we see that

f(0)=0<2a*=f(z) forall zecR\{0},

g(0) =0 > —2* = g(x) for all x € R\ {0}.

Thus the function f(z) = z* has at x = 0 a global minimum, and the function
g(z) = —z* has at z = 0 a global maximum.

However, we cannot determine this with the help of Theorem 4.13. Indeed, we have
fllx)=42°=0 = 2=0 and ¢(z)=—-42°=0 = 2=0,

and in both cases the only stationary point is x = 0. The second derivatives are
given by
f"(x)=122> and  ¢'(z) = —1227,

and we have that f”(0) = 0 and ¢”(0) = 0. Theorem 4.13 only tells us that f could
have a local maximum or a local minimum or neither at x = 0. We also see that
x = 0 is not a point of inflection of either of the two functions because the second
derivatives do not change sign at x = 0.

How do we now determine that f(z) = z* has a local (and global) minimum at
x = 0, and that g(z) = —z* has a local (and global) maximum at z = 07
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We continue to differentiate and find
fO(z) =24z and  ¢®(z) = —24z,

and

fW(x) =24 and  ¢W(z) = —24.

We see that the third derivatives are again zero at x = 0, that is, f&(0) = 0 and
g (0) = 0. However, the forth derivatives are different from zero, and we have

fP0)=24>0 and ¢g¥(0)=-24<0.
Based on this we would formulate the tentative rule that if at a stationary point

zo of f, we have that f”(z¢) = 0 and f®)(x) = 0, but f®(z¢) # 0, then z is a
turning point/extremum. If f*(zy) > 0, then f assumes at zy a local minimum;

and if f®(zy) < 0, then f assumes at z, a local maximum. O
. -2 1 0 1 2

16_ IIIIIIIIII G IIIIIIIIII
12- 4
8 -8
4 -12

r T T T T T T T T IC_ |||||||||| '16

2 1 0 1 2

Figure 4.10: The graph of f(x) = 2 on the left and the graph of g(x) = —z* on
the right.

The tentative rule formulated in the previous example is indeed true and holds in
an even more general form that covers all cases which we could not handle so far.
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Theorem 4.33 (even order derivative test for extrema)
Let A,B C R, and let f : A — B be a smooth enough function. If xo € A is a
stationary point of f (that is, f'(x¢) =0) and if

f'(xo) = [P xo) = ... = [ D(2o) =0 and " (xg) #0,
with an even integer n > 2, then [ has a local maximum at x( if
F (20) <0,
and f has a local minimum at zq if

f(n) ($0) > 0.

We observe that Theorem 4.33 includes Theorem 4.13 as the special case n = 2.
Note that it is essential that n is an even integer! For odd n the statement is
not true!

We will apply Theorem 4.33 in the next example.

Example 4.34 (polynomial of degree 5)
Analyze and sketch the graph of the polynomial f : R — R defined by

flz)=a2(xz-1)"

Solution: We see that the polynomial has the roots x = 0 and x = 1, that is, it
intersects the z-axis at these points. We compute the first derivative of f with the
product rule

fll)=(—-1)'+2d4(x -1 =(x—-1)3@—-1+42)= (-1 Bz -1),

and we see that the stationary points are x = 1/5 and = = 1. We compute the
second derivative

fl@)=[(z-13Gz-1)] =3@@—-1>6Gz—1)+ (z—1)%5
=(x—1?(152—-3+5x—-5)=(r—1)?20z—-8)=4(z—1)*(5z - 2).

We find that
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and thus the polynomial has a local maximum at = = 1/5. The coordinates of
this local maximum are (1/5,4%/5%) ~ (0.2,0.08). At z = 1, we find on the other
hand f”(1) = 0. The point = 1 is not a point of inflection because f”(z) > 0
on (0.4,00). (Indeed (x —1)2 > 0 for all z € R and 5z — 2 > 0 is equivalent to
x > 2/5 =0.4.) Thus we suspect that the point £ = 1 may also be a maximum or
minimum and we keep on differentiating.

fO@) =4 —1)26Gr—-2)] =8 —1)(5z—2) +4(x—1)*5
=4(x—1)(10x —4+5x—-5)=12(x — 1) (5x — 3),

and we see that still f®) (1) = 0. We differentiate again and find that

fO@) =12 -1)(52-3)] =12(52-3)+12(x - 1)5
= 12052 —3+52—5)=12(102 —8) =24 (5z — 4).
Now we have
fWA)=24(5—-4)=24>0,

and we know from Theorem 4.33 that the polynomial f attains a local minimum at
x = 1. The coordinates of this minimum are (1, 0).

We note that we could also have deduced the local minimum at z = 1 from the fact
that

flx)=(z—-1P(Br—-1)<0 for all = € (1/5,1)
flx)=(z—-12GBz—-1)>0 for all = > 1.

Finally we discuss whether the function has any points of inflection. The equation
f"(z) = 0 yields

2
ffx)=4(x-1)>*(Br—-2)=0 = r=1 or x:g:0.4.

Since f has a local minimum at x = 1, the point = 1 is not a point of inflection.
At the point z = 2/5 however, we have a point of inflection because f”(x) changes
its sign. Indeed, (z — 1)®> > 0 for  # 1, but (5x — 2) changes its sign at z = 2/5.
Since 5x —2 < 0 for x < 2/5 and 5x—2 > 0 for x > 2/5, we see that at = 2/5 the
function f(z) changes from being strictly convex downward to being strictly convex
upward. The coordinates of the point of inflection are (2/5, (2x3%)/5%) = (0.4,0.05).

With these preparations, we can easily sketch the graph of f(x) = z (x — 1)* which
is shown in Figure 4.11 below.
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Figure 4.11: Graph of f(z) = z(z — 1)*. The function f has a local maximum
at (1/5,4*/5%) =~ (0.2,0.08), a local minimum at (1,0), and a point of inflection at
(2/5,(2 x 3*)/5%) ~ (0.4,0.05).

4.6 Analyzing and Sketching Functions

In this section we will discuss some more examples of analyzing and sketching func-
tions. While discussing these examples, we will make use of the new knowledge
gained in this chapter as well as of the old knowledge about sketching and analyzing
functions from Chapters 1, 2, and 3.

At the end of this section we will discuss damped oscillations as an application.
Damped oscillations describe, for example, the motion of a pendulum or the motion
of a weight attached to an elastic spring.

Before we discuss some more examples, we summarize what we have learned that
can help in analyzing and sketching functions.
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Summary 4.35 (how to analyze and sketch a function)
Let A,B C R, and let f : A — B be a smooth enough function. For analyzing
f and sketching its graph, the following may be useful:

Check whether the function is even or odd.

Compute the roots of f, that is, the points x at which f(z) = 0.

Determine for which x the function f has positive values and for which
x the function f has negative values.

Determine where the function f is (strictly) monotonically increasing
and where it is (strictly) monotonically decreasing.

If the numbers in A get arbitrary large, then determine the limat
lim, .o f(z), and if the numbers in A get arbitrarily small then determine
the limat lim, .. f(x). If the function is undefined at a single point x,
then determine the limits lim, <., 12—z, f(2) and limgs,) ou f(2), as ap-
propriate. We would also like to know which ‘pattern’ the growth of
f(z) follows (that is, how fast f grows) as x — oo or x — . Find the
asymptotes of f if it has any.

e Find the stationary points of f, that is, compute f' and determine the

points x at which f'(xz) = 0.

e [or each stationary point check whether f has at this point a local maxi-
mum or a local minimum or neither by using Theorems 4.13 and 4.335.

e Determine the curvature of f, that is, where f is (strictly) convex
upward and where f is (strictly) conver downward, and determine
the points of inflection, that is, the points xy at which f"(x¢) = 0 and
at which " changes its sign.

Note that for plotting or even analyzing a function it is mostly not nec-
essary to investigate all items listed above in Summary 4.35! Often it is
sufficient for the task at hand to consider only a suitable selection of the items listed
above.

Example 4.36 Let a > 0 be fixed. Analyze the function f : R — R, defined by
f(x) =Va?+a? = (a:2 +a2)1/2,
and sketch its graph.

Solution: The function is even because

fl=x) =V (—2)24+ a2 =Va2+a2 = f(x) forall zeR,
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and therefore we know that its graph is mirror symmetric with respect to the y-axis.
Since

2?4+a®>>a>>0 = flz)=vVa?+a®>a>0,

we see that the function has only positive values, and thus it has no roots. We
note that its lowest value and global minimum is attained at x = 0 and the value is
f(0) = Va2 = a. Thus the global (and local) minimum has the coordinates (0, a).

When |z| is large, we have
f@) = Va2 +a® = Va2 = /|22 = |z
Thus y(x) = x and g(x) = —x are asymptotes of f. We have

lim f(z) = lim |z| = o0 and lim f(z)= lim |z| = oo.

T—00 r—00 r—r—00 T——00

Differentiating with the chain rule gives that

T
ViZ + a2

Thus the only stationary point is at x = 0, where f assumes its global minimum.

(2* +a2)71/2 21 =

NO| —

f'(x) =

That f has a global minimum at x = 0 can also be seen from f'(z) < 0 for all z < 0
and f’'(x) > 0 for all > 0. We observe that for |z| large, we have that

)= 2 ot
f(ﬂf)— /7:1;2_’_&2 ’37| {

We have previously derived that f(z) ~ |z| for large |x|, and we see this reflected
in the fact that f'(z) ~ 1 for very large x > 0 and that f'(x) ~ —1 for very small
x < 0.

1 if x>0 is very large,
—1 if x <0 is very small.

We compute the second derivative with the chain rule and the quotient rule

() = (22 +a®)V? — 2 (1/2) (2 + a®)"V/2 22 _ (22 + a®) — 2? _ a?
(22 + a2) (22 + a2)3/2 (22 + a2)32

Since f”(x) > 0 for all x € R, f has no point of inflection. We see that f”(0) =
a’/a® = 1/a > 0, which gives another proof that f(z) attains at the stationary point

x = 0 a local minimum. With the information gained so far we can easily sketch
f(z) = Va? + a?, and the plot of the graph is shown in Figure 4.12 below. 0
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Figure 4.12: Graph of f(z) = V22 + a? and its asymptotes y(x) = z and g(z) = —=x.

Example 4.37 Analyze and plot the function f : R\ {1} — R, defined by

.T2

= 1.
f)= o a#
Solution: We have that f(0) = 0, and that f(z) > 0 when > 1, and f(z) < 0

when r < 1. As z approaches the point x¢o = 1, we have

SAm S =co and - dm (o) = o

Thus the vertical line through (1,0) is an asymptote of f(z) = 2?/(x — 1). When
|| is large, we find
7 (2=1)+1 (z—D(z+1)+1 1
/(@) r—1 r—1 x—1 Sl +x—1
Let y(z) = x + 1. Since

: : 1 . 1
xkgloo[f(x)—y(x)] = lim jo4+1+ m—(anl) :ml—{gloogj—l =0,

we see that the straight line y(x) = z + 1 is an asymptote of f(z) = 2%/(z — 1) (see
Definition 1.11 for the definition of an asymptote). This implies

lim f(z) = lim (z+ 1) = o0 and lim f(z)= lim (z+1)=—o0.

r—00 T—r00 r——00 r——00
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Differentiating using the quotient rule gives that

2x(xz—1)—12* 22°—2z—2> 2?2z x(z-2)

F(z) (z— 17 = (z—12  (z—12 (z—1)2

Thus the derivative f'(x) is zero at x = 0 and at z = 2.

From the information obtained so far, we can already conclude that the function
has a local maximum at x = 0 and a local minimum at z = 2. Indeed, since
1lim ) f(z) =00 and lim f(z) = o0
x>1,x— T—00
and since f has finite values on (1,00), the function f must have at least one local
minimum on (1, 00). Every local minimum is a stationary point, and we have only
found the stationary point x = 2 in (1, 00). Thus this stationary point z = 2 is the
point where f has the local minimum. Likewise we know, from
llim 1f(:1:) = —00 and lim f(z) = —o0
x<l,x— r——00
and from the fact that the function f has only finite values on (—oo, 1), that the
function f has at least one local maximum on (—oo,1). Since a point at which f
has a local maximum is a stationary point and since f has only the stationary point
r = 0in (—o0,1), we know that f assumes a local maximum at the point x = 0.

We also know that there are no more turning points/extrema other than = = 0 and
x = 2, because these are the only stationary points.

If you find these considerations too complicated, you can alternatively use the second
derivative, once the stationary points x = 0 and z = 2 have been found. Before we
compute the second derivative, we rewrite f’ as

o wt=2r (2P -22+1)-1 (z—-1-1
L e A} P §

=1—(v—1)"2

Now we can compute the second derivative easily

fla)=(1- (-1 = (DD -1)P=2@-17" @7

We find that f”(0) =2 (—1)* = —2 < 0, and thus f has a local maximum at z = 0.
We find that f”(2) = 2(1)> = 2 > 0, and thus f has a local minimum at z = 2.
Since f”(x) # 0 for all z € R\ {1}, the function f has no points of inflection.

The local maximum has the coordinates (0,0) and the local minimum has the co-
ordinates (2,4), and we can plot f.



98 4. Curves and Functions

From (4.7) we see that f”(z) < 0 for x < 1 and that f”(x) > 0 for z > 1. Thus
f(z) = 2?/(x — 1) is strictly convex downward on (—oo,1) and strictly convex
upward on (1, 00).

With all this information we can easily sketch f(z) = 2%/(z — 1) and the plot of f
is shown in Figure 4.13. O

D
D
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Figure 4.13: Graph of f(x) = z%/(z — 1) in the left picture. In the right picture the
asymptotes of f, which are y(z) = x + 1 and the vertical line through (1,0), have
been included in the plot. The function f has a local maximum at (0,0) and a local
minimum at (2,4).

Example 4.38 (analyze and sketch f(z) = ze ")
Analyze and sketch the function

f:R—=R, flz) =z exp(—2?) =ze ™.
Solution: Since e=* > 0 for all # € R, we find that f(z) = ze™* < 0 for all z < 0,
f(0) =0, and f(z) =ze* >0 for all z > 0.

We have
limze® =0  and lim ze™® =0, (4.8)

which can be shown with de I’ Hospital’s rule which you may know form school. In
our situation we need the following version of de I'Hospital’s rule: If lim, 1 f(z) = o0
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Figure 4.14: Graph of f(z) =xe ™.

(or lim, 40 f(x) = —00) and lim, .4, g(x) = 0o, then

Application in our case yields

. —g2 . T . 1
lim ze ™ = lim — = lim > =0,
r—3400 z—+oo ¥ z—+too 2 e*

as claimed. From (4.8), we also see that y(z) = 0 is an asymptote of f(z) = ze™*
Next we determine the extrema/turning points and the points of inflection. We

calculate f’ with the product rule and the chain rule, and get

d 2
f'(x) = %[xe_m} = e 7

_ 9 <:1;2 - %) e = 2 <x _ %) (:1: + \%) e ™.

Thus f/(z) = 0 is satisfied for z = —1/v/2 and = 1/v/2. Inspection of f'(x)
shows that f/(x) < 0 for all z < —1/4/2, that f'(x) > 0 for all z € (=1/v/2,1/V/2),
and that f/(z) < 0 for all z > 1/y/2. Thus we may conclude that f(z) = ze™*
has a local minimum at © = —1/ V2 and a local maximum at z = 1 / V2. The

2 2

tre ™ (=22) = (1—-22%)e®
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coordinates of the local minimum are (—1/v/2, —e~'/2/4/2) ~ (—0.71,—0.43), and
the coordinates of the local minimum are (1/v/2,e71/2/4/2) ~ (0.71,0.43).

We calculate the second derivative of f and find

f(z) = % [(1 —21%) e‘“ﬂ = —dze ™ +(1-22Y)e " (=21)

= [—4IE—25E+4$3]6_$2 = [4:1:3—6:1:]6_‘”

= 4z [xQ - g] e = 4z (a; - g) (az + \/§> e (4.9)

By evaluating the second derivative at the stationary points z = —1/v/2 and
r = 1/4/2 we could also have determined that they are extrema (instead of in-
specting the sign of the first derivative). We do this now:

" SR Y A IR LA PESYE
ren = G (5B ()

ALV (1B
Viviooe
= —V2((1)P - (V) e = 2v2en 1 > 0,

and we see that f has a local minimum at z = —1//2.

" IR 1 3 o—1/2
ron® = 15 (G B) (G i)

4 (1-v3) (1+V3) 1y

= €

V2oV V2
— V22— (VB e = —2vRe 2 < o,

and we see that f has a local maximum at z = 1/v/2.

Now we discuss the curvature of f(z) = ze™* and the points of inflection. From
(4.9), we see that f”(z) < 0 for all z < —4/3/2, and f"(x) > 0 for all z €

(—\/%, 0), and f”(x) < 0 for all z € (0, M), and f"(z) > 0 for all z > \/ﬁ
Thus

e f is strictly convex downward on (—oo, —1/3/2],

e f is strictly convex upward on [—+/3/2, 0],

e f is strictly convex downward on [0, y/3/2], and
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o f is strictly convex upward on [{/3/2, c0).

In particular, the roots of the second derivative, z = 0, v = —/3/2 and = = 1/3/2,
are points of inflection of f, because f” changes its sign at these points.

With this information we can easily sketch the function f(z) = x e~**, and the plot
is shown in Figure 4.14. O

Finally we close the chapter with the example of damped oscillation.
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Figure 4.15: Graph of the damped oscillation z(t) = 2 e7/3 cos(2t).
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Application 4.39 (damped oscillation)
A simple harmonic motion occurs when the force acting on the object is
directly proportional to the displacement x from a fixed point and is
always directed towards this point. The displacement x of such a simple har-
monic motion is of the form

z(t) = a sin(wt),

where a s the amplitude, that s, the greatest displacement from equilibrium posi-
tion, and the variable t is the time. The constant w is given by

w =27 f, where f is the frequency of oscillation,

that is, the number of cycles per second. FEzxamples of a simple harmonic
motion are the motion of a pendulum or the motion of a mass attached to an elastic
spring, if we neglect all external influences such as friction. The simple harmonic
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motion could also describe an electromagnetic wave. Since a pendulum on the earth
is subjected to viscosity (friction) of the air, the amplitude of the pendulum becomes
progressively smaller. We describe this by saying that the motion of the pendulum
1s damped. Such a damped oscillation can be of the form

-b

2(t) = ae " cos(wt), (4.10)

where the factor e=®* with b > 0 controls the dampening effect. We have plotted

(4.10) with a =2, b=1/3, and w = 2 in Figure 4.15 below.



Chapter 5

Basic Integration

Integration is the reverse operation to differentiation. In this chapter we
will introduce integration and discuss all standard techniques of integration. In
Chapter 6, we will use integration to tackle various applications, such as, determining
the volume and centre of mass of a body of revolution, as well as calculating moments
of inertia and average values of functions.

In Section 5.1, we define the integral geometrically as the area under the graph,
and then we derive a formal definition of the area under graph with the help of the
lower sum, upper sum, and the trapezium sum. In Section 5.2, we introduce
primitives (or antiderivatives) and indefinite integrals (which provide a means
of getting a primitive). We discuss the fundamental theorem of calculus which
links integration with differentiation and which is the ‘backbone of calculus’. In
Section 5.3, we get a list of primitives/antiderivatives (or indefinite integrals)
of a set of standard functions. This list of primitives/antiderivatives follows directly
from our knowledge of derivatives with the help of the fundamental theorem of cal-
culus. In Section 5.4, we learn elementary properties of the integral, namely the
linear properties and the domain splitting property. In Sections 5.5 and 5.6,
we learn the two most important techniques of integration: integration by sub-
stitution and integration by parts, respectively. In Section 5.7, we discuss some
examples where a combination of integration by substitution and integration by
parts is needed to solve the integral, and we also discuss a physical application
of integration in gravitation.

103
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5.1 Geometric Definition and Interpretation of the
Integral

The integral fab f(z) dx of a function f over an interval [a, b] is geometrically defined
as follows:

Definition 5.1 (geometric definition of the integral)
Let A,B C R. The integral of a function f : A — B owver the interval

la,b] C A, denoted by
b
/ f(z)dx

s the area under the graph from x = a to x = b, as indicated in Figure 5.1.
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Figure 5.1: The definition of ff f(x) dx as the area under the graph.

The area under the graph can be positive, if the graph of f for x € [a, b] lies above
the x-axis, that is, if f(x) > 0 for all z € [a,b] as in the left picture in Figure 5.1.
The area under the graph can be negative, if the the graph of f for x € [a, b] lies
below the z-axis, that is, if f(z) < 0 for all x € [a,b] as in the middle picture in
Figure 5.1. In the right picture in Figure 5.1, the graph of f for « € [a, b] lies partly
above and partly below the x-axis. In this case for = € [a, c] the graph lies below the
z-axis and the area under the graph for = € [a, ¢] is negative. And for x € [c, b] the
graph lies above the z-axis and the area under the graph for = € [¢, b] is positive.
In the right picture of Figure 5.1, the area under the graph for = € [a, b] is the sum
of the negative area under the graph for x € [a, ¢] and the positive area under
the graph for = € [c, b].

For the most simple example of the integral of a constant function over an interval
[a, b], it is relatively clear how to measure the area under the graph.
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Example 5.2 (integral of a constant function)
For the constant function f : R — R, f(z) = ¢, with some constant ¢ € R the

/abf(a:)d:z:: /abcd:z:

can be easily calculated: Due to the fact that graph of the constant function f(z) = ¢

integral

is just a straight line parallel to the z-axis and through (0, c), the area under the
graph from x = a to x = b is just the rectangle with the corners (see Figure 5.2)

(a,0), (b,0), (b,c), (a,c).
The area of the rectangle is
length of bottom side x height = (b—a)ec.

Thus
b b
/ f(x)d:(;:/ cdr = (b—a)ec. O

a

area = (b—a)c

Figure 5.2: Area under the graph of the constant function f(x) = ¢ from x = a to
x =b.

Now we want to generalize this idea to the case of arbitrary continuous functions,
where we initially not expect to get the area under the graph exactly, but to get an
approximation of the exact value.
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How would one elementary approximate the area under the graph?

Since we can easily compute the area of rectangles, an natural idea is to fill the
area under the graph with a suitable collection of rectangles and then take
the sum of the areas of the rectangles as an approximation of the area of
under the graph. How this is done and what a suitable collection of rectangles is
will be explained in the rest of this section.

For simplicity we will now assume that the function f : A — B which we want to
integrate is continuous.

We want to approximate the integral

/a () d.

of a continuous function f : A — B over the interval [a,b] C A, that is, we want to
approximate the area under the graph from z = a to x = b. As a starting
point, we split the interval [a,b] into n subintervals of equal length (see
Figure 5.3).

Figure 5.3: Division of the interval [a, b] into n = 4 subintervals of equal length.

Since the length of the interval [a, b] is b — a, each of the subintervals of equal length
has then length (b — a)/n. The n subintervals are the given by

b—a b—a b—a b—a b—a
a,a+ , a+ ,a+ 2 , a—+2 ,a+ 3 ,
n n n n n

[a%—(n—?)b;a,a—l—(n—l)b;a}, [a%—(n—l)b;a,b},

or in shorter notation

b — b —
a,a+k ¢

[a+(k—1) ], for k=1,2,3,....,n—1,n.

n

For simplicity, we will use the abbreviated notation

b_
te=—a+k—2 k=01,23,... . n—1n,
n
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for the endpoints of the subintervals. The n subintervals are in this new notation

[xo,ilh], [551,352], [$2,i173], ceey [$n727$n71]7 [l’nfl,l’n]-

Now we take over each subinterval the rectangle whose height is either the mini-
mal value of the function or the maximal value of the function assumed over this
subinterval, respectively, as indicated in Figure 5.4. The sum of the area of all
these rectangles in the left and right picture in Figure 5.4, respectively, gives an
approximation of the area under the graph.

yi Yi

7 7 7

7 % /
7 / 77 /
. // 7

Figure 5.4: The lower sum of f over the interval [a, b] with respect to a division of
[a, b] into n = 4 subintervals of equal length is the sum of the areas of the rectangles
(see left picture). The upper sum of f over the interval [a,b] with respect to a
division of [a,b] into n = 4 subintervals of equal length is the sum of the areas of
the rectangles (see right picture).

The formal definition below uses the notation of the maximum and minimum of
a continuous function on a closed interval [c, d], defined by

Hel[a}é] f(z) = max{f(z) : x € [c,d]} = largest value of f(x) for = € [c,d],

and

m[ircll] f(z) = min{f(z) : € [c,d]} = smallest value of f(x) for z € [c,d],
xrE|C,
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respectively.

Definition 5.3 (lower sum and upper sum)
Let AB C R, and let f: A — B be a continuous function. Let [a,b] C A, and
let

b—a

rr=a+k , k=0,1,2.3,...,n—1,n,
n

be the endpoints of the intervals of the subdivision of [a,b] into n subintervals of
equal length. The lower sum L,(f,[a,b]) of f with respect to the subdivision of
[a, b] into n subintervals of equal length is defined by

b—a ) b—a ) b—a .
= min X + min X 4+ ...+ — min X .
n <x€[m(l),a:1] f( )) n <m€[$1,$2} f( )> n <x€[$nilaxn} f( ))

The upper sum U,(f,[a,b]) of f with respect to the subdivision of [a,b] into n
subintervals of equal length is defined by

Uaf o) =23 max f(a)

n — TE[XTE—_1,2k

b—a b—a b—a
= ma; X + ma X 4+ ...+ — ma; X .
n <$€[$0§71] f( )) n <$€[$1>}§2} f( )> n <x€[mn_i<,a:n} f( ))

We note here that if the function f is not continuous then the minimum needs to be
replaced by the so-called infimum and the maximum needs to be replaced by the
so-called supremum. The infimum and supremum are essentially generalizations
of the notion of a minimum and a maximum. However, we will not discuss them
here.

From Figure 5.4, it is immediately clear that the lower sum L, (f, [a, b]) and the upper
sum U,(f,[a,b]) are an approximation of the integral f; f(z)dz. It is intuitively
clear that this approximation gets better if the subintervals get smaller,
that is, if n gets larger.

From Figure 5.4, it is also immediately clear the sum of the areas of the rectangle in
the left picture is less then the area under the graph and that the sum of the areas
of the rectangles in the right picture is more than the area under the graph. This
implies that the lower sum is less than the area under the graph and that the upper
sum is more than the area under the graph.
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continuous function. Then for alln € N,

L(f.[a.b]) < / F(@) de < Un(f, [a,8]).

Lemma 5.4 (lower bound and upper bound for the intergral)
Let A, B C R, and let [a,b] C A be a closed interval. Let f : A — B be a

To get a better approximation than either the lower sum L, (f, [a,b]) or the upper
sum U,(f,[a,b]), we can take their mean value, which means that the minimum

and the maximum of the function values on each subinterval, respectively, is replaced

by the mean value of these two. Thus

1
5 [Ln(f, [CL, b]) + Un(fa [a7 b])}
1 |b—a b —a
i [ Y i SIS
_ "1
_ braged [ min  f(z) + max f(x)]
n —1 2 JJE[:L‘;C_MCIJ]Q] JJE[:L‘;C_1,:L‘;€}
Yi
>,
NN
N

/

-
Xy-1 Xk X

Figure 5.5: One trapezium from the trapezium sum.

(5.1)

(5.2)
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One individual term in the sum in (5.2) is given by

b—al [

n 2

and is the area of the trapezium with the corners (see Figure 5.5)

(2k-1,0), (z,0), <:1:k1, min ]f(:r)), <xk,xemax }f(:z;)).

xe[mk,l,xk [mkflvmk

min  f(z)+ max f(:r)],

TE[TE_1,7Tk) €T _1,78]

Thus the sum (5.2) is called the trapezium sum.

Definition 5.5 (trapezium sum)
Let A, B C R, and let [a,b] C A. Let f: A — B be a continuous function. The

mean value of the lower sum L,(f,|a,b]) and the upper sum U,(f, [a,])
15 called the trapezium sum and 1s denoted by

Tn(f,[a,b])zb_azll min  f(z)+ max f(z)|,  (5.3)

n —1 2 :L‘E[:L‘k_l,xk] CL’E[:L‘;C_1,:L‘;€}

where as before

b—a
)
n

T =a+k

k=0,1,2,3,...,n—1,n.

The trapezium sum is an approximation of the area under the graph of f
from x = a to x = b, and thus it is an approximation of the integral

/abf(:r) dx.

If we increase n then the subintervals of [a, b] become smaller and smaller, and the
trapezium rule 7T,,(f, [a, b]) becomes a better and better approximation of the area
under the graph, that is, of the integral fab f(x)dx. Thus we get the integral as the
limit of the sequence {T},(f,[a,b])} for n — co.

Definition 5.6 (formal definition of the integral)
Let A, B C R, and let [a,b] C A. Let f: A — B be a continuous function. The
integral of f over the interval [a,b] is defined as the limit

/ f(@)dz = Tim T,(f, [, B). (5.4)

n—oo

On the left-hand side of (5.4), we call f(x) the integrand and ‘a’ the lower
bound and 0’ the upper bound of the integral.
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Of course working out integrals with Definition 5.6 is rather laborious, and in the
following sections we will learn the integrals of some standard functions and rules
to compute integrals of composite functions of such standard functions.

We observe that the trapezium rule T),(f,[a,b]) can be easily programmed on a
computer and gives for large n a fairly good basic approximation of the integral.

We will discuss two examples, where we use Definition 5.6 to compute the integral.

Example 5.7 (integral of a constant function)
Find the integral of the constant function f : R — R, f(z) = ¢, where ¢ € R is a
constant, over the interval [0, 1].

Solution: The n subintervals of [0, 1] of equal length have now length (1—0)/n = 1/n

[(7@—2))(71—1)]7 [ngl,l},

and are given by

Pal il

or equivalently

n n

[k_l,E], for k=1,2,3,...,n—1,n.
n n

Since f is constant, we have

min f(x) =c and max f(x)=c for £k=1,2,3,....,n—1,n.
i () L ()

n ’'n n ’'n

Thus we have that

1 . 1
3 Le[rin{l,’“]f(x)_{—xemx,k]f(x)] = §[c+c] =c for k=1,23,...,n—1,n,

n n n n

and the trapezium sum is given by

n

Tn(f,[o,l])_lZ%[ min f(@)+ max f(z)] =

n ze[k=1 k] ve[k=1 k]

k=1 n ’n n ’'n

3

nc

S|
o
I
S|
I
o

This implies that the integral is given by

1 1
/ f(»’U)diE:/ cdr = lim T,(f,[0,1]) = lim ¢ = c.
0 0

n—oo n—oo

Of course, this is what we expected since the area under graph is the rectangle with
corners (0,0), (1,0), (1,¢), and (0, ¢), which has the area (1 —0) x ¢ = c. O
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Example 5.8 (integral of an affine linear function)
Find the integral of the affine linear function f: R — R, f(x) = z, over the interval
[0, 1].

Solution: The n subintervals of [0, 1] of equal length have now length (1—0)/n = 1/n
and are given by

2] [ [ [

or equivalently

[k_l,ﬁ}, for k=1,2,3,...,n—1,n.
n o n

Since f(x) = x is strictly monotonically increasing on R (that is, f(x1) < f(z2) if
r1 < x) we have for any interval [c, d], that

1 — 1 — d — :d
AW =g s e

and thus for all £k =1,2,3,...,n—1,n

min _ f(z) = min =
me[ﬁ k] ’ me[ﬁ E] ! n xe[ﬁ 5] xe[ﬂ E]

n ’'n

Thus we have that for all k =1,2,3,...,n— 1,n,

1 . 1
3 lemm f(z)+ max f(:z:)] 25[

ze[E=L k] we[E=1 k]

n ’n

n ’n

Thus the trapezium sum is given by

To(f,[0,1]) = iz;[ min _f(z)+ max f(:r)]

xe[ﬂ 5] me[ﬁ E]

1 =2k—1 1 — 1 - -
LR LSy - o (233
k=1 k=1 k=1 k=1
Since
- n(n+1)
L —
2 )
k=1
we find that

Tn(f,[o,l])—;nz<2 k— 1)—21112[11(71%—1)11]—2”271—2.
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Thus the integral is given by

1 1 11
/o f(ll?)dl’:/o rdr = lim T,(f,[0,1]) = lim 3= 3

n—oo n—oo

Of course, this is what we expected since the area under graph is the area of the
triangle with corners (0,0), (1,0), and (1,1), and this area is (1 x 1)/2=1/2. O

5.2 Primitives, the Fundamental Theorem of Cal-
culus, and Indefinite Integrals

In this section we will establish a connection between integration and differ-
entiation. We will see that taking a so-called indefinite integral and differentiating
are ‘reverse operations’ to each other.

Definition 5.9 (primitive/antiderivative)
Let A,B C R, andlet f : A — B be a continuous function. A continuous function
F:A— B with

dF(x)
dx

= ['(z) = f(x) forallx € A

is called a primitive of f or antiderivative of f.

We consider some examples.

Example 5.10 (primitives/antiderivatives of functions)

(a) The function f: R — R, defined by f(x) = 2z, has the primitive/antiderivative
F(x) = 2. Indeed,

F'(z) = (2?) =22 = f(z)  forallz € R.
We note that, since the derivative of a constant function is zero, the function
F(x) = 2? + 3 is also a primitive/antiderivative for f(z) = 2.
(b) A primitive/antiderivative of the function f : (0,00) — R, f(z) = 1/x, is given
by the function F : (0,00) — R, F(z) = In(x). Indeed,

F'(z) = (ln(az))/ 1 f(x)  forall x € (0,00).

X
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Since for any constant function g(z) = ¢ we have ¢'(z) = 0, the function
F :(0,00) — R, F(z) = In(x) + ¢, where ¢ € R is an arbitrary constant, is
also a primitive/antiderivative of f(z) =1/x. 0

Lemma 5.11 (primitives of the same function differ by a constant)
Let A, B CR. Let f: A— B be a continuous function, and let ' : A — B be a
primitive/antiderivative of f. Then, for every constant ¢ € R, the function

F:A— B, F(z) = F(x) +c, (5.5)

is also a primitive/antiderivative of f. The difference of any two primi-

tives /antiderivatives of f is a constant function.

Proof: Differentiating (5.5) yields
F(a) = (F(z) +¢) = F'(2) + 0= F'(z) = f(x),
and thus F' is indeed a primitive /antiderivative of f.

[t remains to show that the difference of any two primitives/antiderivatives of f is
a constant function. Let F' and F' be two primitives/antiderivative of f. Then

F'(z)=f(z) and  F(z)= f(x)

imply, by subtracting the second equation from the first, that

(F(a) - F(2)) = F(2) - F'(x) = f(z) - f(z) = 0.

Since the only functions whose derivatives are zero are constant functions we can
conclude that there exists some constant ¢ € R such that

F(z)—F(x)=c¢  forall ze A

Thus we see that any two primitives/antiderivative of f differ only by a constant
function, as claimed. O

We observe that Lemma 5.11 implies that given one primitive/antiderivative
of f, we can obtain any other primitive of f by adding a suitable constant.

We can obtain some elementary rules for primitives/antiderivatives of functions from
the properties of the derivative.
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Lemma 5.12 (elementary properties of the primitive/antiderivative)
Let AB CR, and let o« € R. Let f : A — B and g : A — B be continuous
functions and let F': A — B and G : A — B be primitives/antiderivatives of f
and g, respectively. Then the function F(x)+ G(x) is a primitive of f(x)+ g(x),
and the function o F(x) is a primitive of o f(x).

Proof: From the properties of the derivative
(F(2)+G(2)) = F'(z)+G'(z) = f(z)+g(z) and (aF(z)) =aF'(z)=a f(z),

which implies that F'+ G is a primitive/antiderivative of f + g and o F' is a primi-
tive/antiderivative of a f. 0

We note that (in the notation of Lemma 5.12) the combination of both properties
yields

(aF(z) + 8G(2)) = aF'(z) + BG'(x) = a f(z) + Bg(z),

that is, o F'+ 3 G is a primitive/antiderivative of « f + 3 g. We could also have the
sum of more than two functions.

We apply this new knowledge to find some primitives/antiderivatives.

Example 5.13 (primitives of sums and multiples of functions)
Determine a primitive/antiderivative of the function f: R — R, defined by

f(x) =2€" 45 cos(x).

Solution: We know that (e*)’ = e and (sin(az))/ = cos(z). Thus we have that a
primitive/antiderivative of f is given by

F:R—=R, F(z) =2e" + 5 sin(x),
where we have used Lemma 5.12. O

Example 5.14 (primitives of sums and multiples of functions)
Find a primitive/antiderivative of the function f : (—x/2,7/2) — R, defined by

7 cosh(x)
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Solution: We know that (tan(:r))/ = (COS(:U))72 and (sinh(:z;))/ = cosh(z), and
thus a primitive/antiderivative of f is given by
sinh(x)

4 Y

F:(—m/2,7/2) = R, F(z) =7 tan(z) —

where we have used Lemma 5.12. O

Now we can formulate the fundamental theorem of calculus.

Theorem 5.15 (fundamental theorem of calculus)
Let A, B CR. Let f: A— B be a continuous function, and let F': A — B be a
primitive/antiderivative of f. Then for any interval [a,b] C A

b
/ f(z)dx = F(b) — F(a). (5.6)
Often we find also the abbreviated notation F(z)|%, defined by
F(z)]q = F(b) - F(a),

instead of F'(b) — F(a) on the right-hand side of (5.6).

The fundamental theorem of calculus is of paramount importance, be-
cause it links integration and differentiation!

We show in two examples how to make use of the fundamental theorem of calculus.

Example 5.16 (application of the fundamental theorem of calculus)

2
1
/ —dx.
LT
Solution: Since (ln(:z;))/ = 1/z, the function F' : (0,00) — R, F(z) = In(z), is a

primitive/antiderivative of f : (0,00) — R, f(x) = 1/z. Thus from (5.6) in the
fundamental theorem of calculus

Evaluate the integral

/12 % dz = In(z)|] = In(2) — In(1) = In(2). O

Example 5.17 (application of the fundamental theorem of calculus)

/O7T cos(z) dz.

Evaluate the integral
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Solution: Since (sin(az))/ = cos(x), the function F' : R — R, F(z) = sin(z), is
a primitive/antiderivative of f : R — R, f(z) = cos(z). Thus from (5.6) in the
fundamental theorem of calculus

/07T cos(x) dx = sin(z)| = sin(7) —sin(0) =0 — 0= 0.

Should we be surprised that the integral is zero? The answer is no! In the graph the
same area lies for = € [r/2, 7] below the x-axis and above the graph of cos(x) that
lies for z € [0,7/2] above the z-axis an below the graph of cos(z). Thus negative
and positive area cancel each other out, and the integral is zero. O

We point out here that it does not matter which primitive/antiderivative F
of f is used on the right-hand side of (5.6). If we replace F'in (5 6) by another
primitive/antiderivative F of f, then we know by Lemma 5.11 that F(z) = F(z)+¢
with some constant ¢ € R. Thus, from (5.6),

[ 7ty dn = FO) = Fa) = (F(8) + ) — (FO) ~ ) = F(8) - Fla)

Before we continue, we introduce the following convention of notation: for a
continuous function f: A — B and [a,b] C A, we define

Lfﬂ@w:—éﬂwa (5.7)

If we replace in (5.6) the variable over which we integrate by ¢ and subsequently

replace the upper bound b by z and the lower bound a by ¢, then (5.6) reads

/Uwﬁ=Fm—Fm» = z%m+/?@ﬁ=wa

and we see that the primitive/antiderivative F' of f can be represented as

F(z) = F(xo) + / " @) dt. (5.8)

Since adding of any constant to F' yields another primitive/antiderivative of f we
may add —F'(xg) to (5.8) and get the primitive/antiderivative

:/x:f(t)dt
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of f. This leads to the definition of the so-called indefinite integral of a function
which gives us a primitive/antiderivative of f.

Definition 5.18 (indefinite integral)
Let f : (a,b) — R be a continuous function. For every fized xo € (a,b), the
function Fy : (a,b) — R

Fo(r) = / Cp (5.9)

15 called an indefinite integral of f.

We note that in Definition 5.18 we need the notation (5.7), since we can have in
(5.9) that zy > =.

Lemma 5.19 (indefinite integral defines primitive/antiderivative)
Let f : (a,b) — R be a continuous function. For every fized xy € (a,b), the
indefinite integral Fy : (a,b) — R

Fo(z) = / Cfwdt,

is a primitive/antiderivative of f.

Later-on when we will have learnt some techniques for computing integrals, we will
make use of Lemma 5.19 to compute primitives of composite functions.

We give an elementary example of the use of Lemma 5.19.

Example 5.20 (indefinite integral)
All primitives/antiderivatives of the function f: R — R, f(x) = 3¢e”, are given by

F:R—R, F(:z:):/ 3etdt + c,
0

where ¢ € R is an arbitrary constant. Since (3e') = 3¢ef, we have from the (5.6)
that

F(x) :/ 3e'dt =3e'lf +c=3e¢"—3e"+c=3e"+(c—3)=3¢" +7¢,
0

with an arbitrary constant ¢ = ¢ — 3. Of course, the fact (3ef)’ = 3ef, tells us
already that 3 e”, and thus also 3 e* + ¢ is a primitive of f. O
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5.3 Standard Integrals

In the last section we have seen that a primitive/antiderivative F' : A — B of a
continuous function f : A — B allows us to evaluate an integral with the help of
the fundamental theorem of calculus (see Theorem 5.15), which says that, for
any [a,b] C A, we have

/ F@)dz = F(b) — Fla).

We have further learnt (see Lemma 5.19 above) that for any zy € A the indefinite
integral

Folz) = / Cp)dt

defines a primitive/antiderivative of f, and thus, from Lemma 5.11, any primi-
tive/antiderivative of f is of the form

F(:E):FO(:U)—l—c:/xf(t)dt—l—c.

Thus the knowledge of the primitives/antiderivatives of standard functions allows
us to evaluate integrals. In Chapter 3, we have discussed derivatives and learned
some standard functions f and their derivatives f’. The function f is a prim-
itive/antiderivative of its derivative f’, and thus we can use Table 3.1 from
Chapter 3 to establish a table of functions and their primitives/antiderivatives (see
Table 5.1).

Note that you are expected to know the primitives/antiderivatives in Ta-
ble 5.1 from memory! They will not be provided in the final exam.

For example we know that (zP*1) = (p + 1) 2P, and dividing by p + 1, we find that

PN/ s
=P = is a primitive/antiderivative for .
p+1 p+1
From (cos(z)) = —sin(z) and thus (— cos(z)) = sin(z), we see that — cos(z) is a

primitive/antiderivative of sin(x).
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Function f(x)

Primitive/Antiderivative F'(z)

0 c = constant
™ (with n # —1) 57:11 +c
er e’ +c
% In(|z|) + ¢
sin(z) —cos(z) + ¢
cos(x) sin(x) + ¢
1 2
= ( sec(x tan(x) + ¢
(cos(x)) ( ( )> )
! = (Cosec(a:)) —cot(z) + ¢
(sin(x) ?
sinh(x) cosh(z) + ¢
cosh(x) sinh(x) 4 ¢
1
= (sech(x tanh(x) + ¢
(Cosh(:z;) ( ( )) .
1 2
5 = (cosech(z —coth(z) + ¢
(sinh(z) ( @) )

Table 5.1: Important primitives/antiderivatives.

We give two examples in which we compute integrals with the help of Table 5.1 and
the fundamental theorem of calculus (see Theorem 5.15).

Example 5.21 (application of fundamental theorem of calculus)
Since (— cos(x))/ = sin(x), we have

/0 ' sin(z) dz = — cos(z)[§™ = — cos(2m) — ( — cos(0)) = =1 — (—=1) =0,
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where we have used sin(0) = 1 and sin(27) = 1. That the integral is zero is
not surprising, since the positive and negative area under the graph of sin(x) for
x € [0, 27] just cancel each other out. O

Example 5.22 (application of fundamental theorem of calculus)

Since (z*/4)" = x3, we have from the fundamental theorem of calculus (see Theo-
rem 5.15) that

5.4 Elementary Properties of the Integral

The most basic but nevertheless quite important properties of the integral are the
so-called linear properties.

Lemma 5.23 (linear properties of the integral)
Let A,B C R, and let [a,b] C A. Let f: A— B and g: A — B be continuous
functions, and let « € R. Then

/ab (f(z) + g(x)) do = /abf(:c) d:r+/abg(:1:) dx. (5.10)

and

/abaf(x)dx:a/abf(x)dx. (5.11)

Proof: This can be easily verified with the properties of the derivative and the
fundamental theorem of calculus (see Theorem 5.15) as follows. Let F' be a primi-
tive/antiderivative of f and let G be a primitive/antiderivative of g. Then (F+G)" =
F'+G =f+gand (o« F) =aF = «af from the properties of the derivative, and
thus F'+G is a primitive/antiderivative of f+g¢ and « F' is a primitive/antiderivative
of a f. Now the left-hand side and the right-hand side of (5.10) can be evaluated
with the fundamental theorem of calculus (see Theorem 5.15).

/ (f(2)+g(z)) dz = (F(b)+G(b))—(F(a)+G(a)) = (F(b)—F(a))+(G(b)—G(a)),

and

[ #@ds [ gtw)de = (FO) - F@) + (60) - Gla)).
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We see that the left-hand side and the right-hand side of (5.10) do indeed coincide.
Likewise, we have for (5.11)

/ af(z)de =aF(b)—aF(a) =a(F(b)—F(a) =a / f(z)dx
and we see that (5.11) holds true. O

We note that (5.10) and (5.11) are intuitively clear if we think of the geometric
interpretation of the integral fab f(z) dzx as the area under the graph of f for x € [a, b].
We discuss some examples.

Example 5.24 (linear properties of the integral)

€ 3
/ (3x2—4x+—> dx.
1 T

Solution: We use the linear properties of the integral and obtain

e 3 e e 61
/ (3:1:2—4:1:—1——) da::3/ :1:2d:1:—4/ xd:z:+3/ —dx.
1 L 1 1 1 X

Since (2%/3) = 22, (z%/2) = x and (1n(|:1:])) = 1/x, it follows from the fundamental
theorem of calculus (see Theorem 5.15) that
— 42| +3 In(je));

e e el 36
3/ xQd:U—ZL/ xdx+3/ —dx:3—
1 1 1 X 3 1 2 1

= (2 =22+ 3 In( ]x|)|1 (> —2€e*+31In(e)) — (1 —2+ 3 In(1))
= -2 +3+1 = & —2¢e* +4,

Compute the integral

2 1€

where we have used that In(1) = 0 and In(e) = 1. Thus we find that

c 3
/ (3 2 — 4+ —) dr = e3—2 e +4. O
1 x

We note here that we can alternatively use Lemma 5.12 to work out a primi-
tive/antiderivative of the integrand first and subsequently use the fundamental the-
orem of calculus (see Theorem 5.15). A primitive/ antiderivative of the integrand
f(z) =32*—4x+3/xis given by F(z) = 2°> — 2 2%+ 3 In(|z|), where we have used
Lemma 5.12 and the fact that (2%/3) = 22 ( 2/2) = x and (1n(|:1:])) = 1/x. From
the fundamental theorem of calculus (see Theorem 5.15) we obtain now that

/ (3x2 4z %) do = [a® —22% + 3 In(|])] |,
1

and simplifying of the right-hand side yields the same result that we obtained in the
previous example.
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Example 5.25 (linear properties of the integral)
For x > 0, evaluate the indefinite integral

T2t
/ dt.
, t2

Solution: In this case is it not directly possible to determine a primitive /antiderivative

of the integrand with the help of Table 5.1. Therefore we try to simplify the inte-

grand.
22—t tt—-1) t-—1 1
— — — 1 - -,
t2 t? 13 t
and we know a primitive/antiderivative of each of the two individual terms. From

(t) =1 and (In(|t]))" = 1/t we get

dt = 1—— ) dt= ldt— | —dt =t|f—In(|t])|f = z—1—1In(z),
£2 t t ! !
1 1 1 1

where we have used In(1) = 0 in the last step. Since the indefinite integral defines

a primitive/antiderivative of the integrand, we know that a primitive/antiderivative
of f(z) = (2® — x)/x? is given by F(z) = x — 1 — In(x), where z > 0. O

Another very useful elementary property of the integral is the domain splitting
property.

Lemma 5.26 (domain splitting property)
Let f : |a,c] — R be a continuous function, and let a < b < c. Then

[ﬂ@mzévm@%A%mm; (5.12)

The domain splitting property (5.12) will be verified in one problem on Exercise
Sheet 5, and it follows relatively straight-forward from the geometric definition of
the integral as the area under the graph. We illustrate the use of the domain splitting
property with an example.

Example 5.27 (application of domain splitting property)

1
/ || dx
-1

of the absolute value function f(z) = |z| over the interval [—1, 1].

Compute the integral
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Solution: From the definition of the absolute value |z| (by |z| = —z for < 0 and
|z| =  for x > 0) and the domain splitting property (5.12), we have

1 0 1 0 1 0 1
/ ]a:|da::/ ]a:|d:1:+/ |:1:]d:1::/ (—:zr)der/ :z:da::—/ fL'de'+/ xd.
. —1 0 1 0 ~1 0

Since (z%/2)" = z, we find

1 0 1
/ |z| de = —/ :de—l—/ zd.
1 -1 0

0 2

1
x (—1)2 12 11
- —(0- ——0) = Z4= = 1.
2 |, ( 2 )+<2 273

2

2

8

_|__

-1

From sketching the graph of f(z) = |z|, we can see that 1 is indeed the correct area,
since the sum of the two triangles given by the area under the graph is just a square
with sides of length 1. O

Remark 5.28 (integral is non-negative for non-negative function)
Another useful property of the integral is that f(x) > 0 for all x € [a,b] implies

/abf(a:)dx > 0.

This is intuitively clear from the interpretation of the integral as the area under the
graph.

In the next two sections we will learn two important methods for evaluating integrals:
integration by substitution and integration by parts.

5.5 Integration by Substitution

Before we introduce integration by parts we start with two motivating examples.

Example 5.29 (primitive of 4 ¢%%)
To find a primitive of f: R — R, f(x) = 4¢', we observe that from the chain the
chain rule (e**) = 4% and thus the function

F:R—R,  F(z)=e¢"
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is a primitive/antiderivative of f(x) = 4 e**. Thus the integral of f(x) = 4 e** over

an interval [a, b] can be evaluated as follows
b
/ 4e* dr = )b = e — et (5.13)

where we have used the fundamental theorem of calculus (see Theorem 5.15). O

Example 5.30 (primitive of 2z ¢*")

b 2
/ 2x e’ dx.
0

We cannot determine a primitive/antiderivative directly from Table 5.1, but in-

We want to compute the integral

spection of the the integrand with the chain rule in mind leads us to guess that
F(z) = ¢ is a primitive/antiderivative of f(z) = 2z e* , which is indeed true:
from the chain rule

Flz)= (") =e" 20 =22¢" = f(a).

Thus we obtain that ,
/ 2xe” dr=e” | = —1, (5.14)
0

where we have used the fundamental theorem of calculus (see Theorem 5.15). O

For finding a primitive/antiderivative of the integrand in each of the integrals (5.13)
and (5.14), we have used the chain rule (see Lemma 3.23) for differentiating func-
tions of the form H : A — B, H(z) = (F o g)(z) = F(g(z)). The chain rule says
that the derivative of the composite function H is given by

H'(z) = [F(g(x))] = F'(9(x)) ¢'(z) = f9(x)) g'(x)  with f(y) = F'(y).
(5.15)
In Example 5.30, we have in this notation F(y) = ¢¥, g(z) = 2? and ¢'(x) = 2=z,
and F'(y) = f(y) = €Y. From (5.15), we can derive the following general formula by
integrating (5.15) over an interval [a,b] C A and using the fundamental theorem of
calculus (see Theorem 5.15).

Fo@) .= [ [Flo)]'dr= [ 5(o() g @) d, (5.16)

Fg(@)|” = F(s®) - Fo(@) = F)"® = [ £y dy. (5.17)
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In the last step we have used the fundamental theorem of calculus (see Theorem 5.15)
and the fact that F' is a primitive/antiderivative of f. Combining (5.16) and (5.17),

yields
g(b

' Fy)dy - / f(9(@)) ¢/ (z) d. (5.18)
g(a) a

which is the formula for integration by substitution.

Theorem 5.31 (integration by substitution)
Let f : B — C be a continuous function and let g : A — B be a sufficiently
smooth function. Then for any interval [a,b] C A,

g(b)

fly) dy = / f(9(@)) ¢/ (x) d. (5.19)

g(a)
If F: B — C is a primitive of f, then the left-hand side can be expressed as

g(b)

" f@)dy = Fy)|%) = F(g(b)) — F(g(a)).

In Theorem 5.31 above ‘sufficiently smooth’ means that ¢ is continuous and that it
has a derivative ¢’ which is continuous.

How is integration by substitution performed in practice?

As we already saw in the examples discussed as motivation, we will very often start
with an integral that can be interpreted as the right-hand side of (5.19). If this is
the case, we set y = y(z) = g(x), but we also need to substitute ¢'(z) dz and the
boundaries of the integral. To do this we differentiate y = y(x) = g(x) with respect
to x, that is,

dy _dg(x) _ _
=g, 9@ = dy=g(z)ds,
and observe that the new boundaries are y(a) = g(a) and y(b) = g(b). Thus

/abf( (x) d:r—/ 1y (5.20)

If we know a primitive of f then we can now easily evaluate the integral on the
right-hand side of (5.20).

If we want to start with the left-hand side of (5.19), then the procedure is similar.

We have .
| fwa,
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but we cannot find a primitive of f. Thus we try to get the integrand in a more
convenient form with a suitable substitution y = y(z) = g(x), where we now assume
g to be one-to-one so that it has an inverse ¢g~!. Then the substitution

y=y)=g(x) & a=z@y)=g"0),
and, from differentiating,

dy _ dg(z)
dx dx

=4 (z) = dy = ¢'(z) dz,

yield
d 9~ (d) /
[ swar= [ o) g
c g~ 1(c
where the new boundaries x(c) = ¢ '(c¢) an z(d) = g~ '(d) have been determined
with the inverse function z = x(y) = ¢ (y).

We observe here that, of course, we can also use integration by substitution to
find a primitive of a function f by evaluating an indefinite integral of f.

Now we will discuss many examples. In doing so we will encounter different types of
integrals that can be evaluated with integration by substitution. The trick is to find
a suitable substitution and this is largely practice and experience. For this
reason it is essential that you attempt as many problems from the exercise sheets as
possible. If you are already confident about the new methods it is also a good idea
to not just read the examples in the lecture notes but instead to attempt to solve
them yourself before you look at the provided solution.

Example 5.32 (integration by substitution)

3
1
/ dx.
1 2z —1

Solution: Since 1/y is the derivative of the (natural) logarithm In(|y|), we choose

Evaluate the integral

the substitution

dy _
dr

which yields the new boundaries y(1) =2x1—1=1and y(3) =2x3—-1=25.
Performing the substitution in the integral yields

/1 1 e :/1 ildy _ % In([y))|? = In(5) — In(1) _ 111(5). -

1
y=y(r)=2x—1 = 2 = dx:§dy,

2 2
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Example 5.33 (real powers of affine linear functions)
Find all primitives/antiderivatives to the functions

5 1
(a) f(z) = (32+5)7, where z > — 3 (b) h(z) = (1+22)"Y*, where x > — 5
Solution: Since an indefinite integral defines a primitive/antiderivative, we deter-
mine

(a) /Ox(3t+5)7dt (b) /()x(1+2t)1/4 dt,

where it should be noted that the choice of the lower boundary value of the integrals
is arbitrary. To evaluate the integral in (a), we choose the substitution

dy 1

— =3 = dt = - d

dt 3

and obtain new boundaries y(0) =3 x0+5 =5 and y(x) = 32+ 5. Thus we obtain
from integration by substitution and (y8)" = 8 y*

y=uy(t) =3t+5 =

T - 3z+5 . 1 1 3x+5 -
/0(3t+5) dt = /5 Y gdy = 91 i 8y dy
=y =3dy
8 R  (Bz+5® 5
24|, 24 24"

Since all primitives/antiderivatives of f differ only by constants we see that all

primitives of f are of the form

(3x+5)®
24

To evaluate the second integral, we set

F(z) = + ¢, with a constant c € R.

dy
- =
and the new boundaries of the integral are y(0) =1+2x0=1and y(z) =1+ 2.
Thus we obtain from (y3/*)’ = (3/4) y~/* and integration by substitution

1
y=uy(t) =142t = 2 = dt:§dy,

/x(1+2t)‘1/4 dt = = /H%y‘”‘lldy:g/mm;y‘”“dy
05y = (1/2) dy ! 2 Ao A

3 1

Since all primitives/antiderivatives of h differ only by constants we see that all

2 : 2 2
Tl - 5 (1 2)% — 2.

primitives of h are of the form

2
H(z) = 3 (1422)**+¢, with a constant ¢ € R. 0
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Remark 5.34 (check your primitive/antiderivative by differentiating!)
After working out a primitive, it is a good idea to test you primitive by differ-
entiating it. For example, differentiating the answer in Ezample 5.33 (a) with the
chain rule gives

d [(3z+5)® 8Bz +5)" -
. [724 +c] - 3=(3z+5)",

which is the integrand in Example 5.33 (a) as required.

Example 5.35 (integral of (sin(:r))5 cos(x))
Show that

/2 5
/o (sin(z))” cos(z) dz = 5

Solution: We substitute y = y(x) = sin(x). Then

dy

dx
and y(0) = sin(0) = 0, y(w/2) = sin(w/2) = 1. Performing the substitution, we
obtain

/ " (sin(w))® cos(e) e = / " (sin(2)? cos(a) de = [ra="

= cos(z) = dy = cos(z) dx

)\
~~ '

Yo Yy

as claimed. O

Remark 5.36 (integral boundaries can be dropped if we want a primitive)

If we want a primitive/antiderivative, then we may drop the lower and upper bound-
ary of the integral, but we have to keep track of our substitutions and have
to substitute ‘backwards’ after evaluation of the integral!

We demonstrate this for the function f(z) = (3x +5)7 for which we want to find a
primitive in Example 5.33 (a). If we write the integral without the lower and upper
boundary and use as before the substitution

d 1
Yo3 = —dy = dx,

y=vy(r) =3x+5, o= 3

then we find that

1 1 8 3 +58
/(3$+5)7df€=/y7§dy=ﬂ/8y7dy=%+c=%+c,

where it 1s cructal that we have substituted back y = 3x + 5 in the last
step! If we use the laxer notation for indefinite integrals without boundaries then
we will automatically add an (integration) constant c € R.
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From now on we will also use the laxer notation of the indefinite integral without a
lower and upper boundary, as explained in the last remark. We use this notation in
the next examples.

Example 5.37 (primitives/antiderivatives of (sin(az))2 cos(x))
Find all primitives/antiderivatives of the function f : R — R, given by

f(x) = (sin(az))2 cos(z).

Solution: A primitive/antiderivative of the function f(x) = (sin(x))2 cos(z) is given
by the indefinite integral

/ (sin(x))” cos(z) dz.

We use the substitution

y = y(x) = sin(z), % =cos(z) = dy = cos(x)dx,
and get
/ (sin(g;))2 cos(x)dx = /\(sm(x))i Sos(a:) dx = /y2 dy = %—l—c = é (sin(g;))3+c.

~~ '

y? Yy

Thus all primitives/antiderivatives of f(x) = (sin(:z;))2 cos(z) are of the form

F:R—R, F(z) = (sin(x))3+c,

W]

with some constant ¢ € R. O

Example 5.38 (primitives/antiderivatives and integral of 1/v/1 — 2?)
Find all primitives/antiderivatives of the function f: (—1,1) — R, given by

1

f(x):ﬁv

r e (—1,1),
and evaluate the integral

1/2 1
/ !
—1/2 \/1 — 33'2

Solution: We compute the indefinite integral

1
—_—
/\/1—:1:2 v
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with the substitution

d
r=uz(y) =sin(y) & y=y(x)=arcsin(x); d—x =cos(y) = dx = cos(y)dy.
Y
(5.21)
Note that sin : [-7/2,7/2] — [—1, 1] is one-to-one and has range [—1, 1], and thus
the substitution (5.21) is legitimate. We find that
(5.22)

/\/%332 = / \/1 — (1sin(y))2 s

We have 1 — (sin(y))2 = (COS(y))2, and thus \/1 - (sin(y))2 = cos(y), where we
have used that cos(y) > 0 for all y € [—7/2,7/2] when taking the root. Thus we
obtain

! cos(y) dy = / cos(y) dy = /1dy =y = arcsin(z) + c. (5.23)

/ \/1 — (sin(y))2 cos(y)

From (5.22) and (5.23), we see that all primitives/antiderivatives of the function

f(z) =1/+/1 — 22 are given by
F(z) = arcsin(z) + ¢,
with some constant ¢ € R.

Now we can use the fundamental theorem of calculus (see Theorem 5.15) to evaluate
the definite integral

1/2 1
/ ———dr = ablrcsin(a:)]l/2 = arcsin(1/2) — arcsin(—1/2) =

-7
1/2 V1 —x? e 6

Y

wl N

T
6
and find that the value of the definite integral is 7/3. O

Remark 5.39 (integrand 1/v/a? — 22)
In analogy to the last example, the indefinite integral

r € (—a,a), with a constant a € R, a > 0.

1
/mdf“’

can be computed with the substitution x = x(y) = a sin(x).

Example 5.40 (indefinite integral of 1/v/z? — a?)
Evaluate the indefinite integral

where x >a with a € R, a > 0,

1
/ Vaz—a? 4z,
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with the substitution z = a cosh(y), where y > 0.

Solution: We first discuss why this is useful. Letting 2 = a cosh(y), where y > 0,
the denominator becomes

Va2 —a? = \/a2 (cosh(y))2 —a? = \/&2 [(cosh(y))2 — 1]

and using (Cosh(y))2 — (sinh(y))2 = 1, thus (Cosh(y))2 —1= (sinh(y))Q, we find
that (use sinh(y) > 0 for y > 0)

Va?—a? = \/&2 [(Cosh(y))2 —-1] = \/&2 (simh(y))2 = a sinh(y).

We see that the denominator simplifies considerably. For y > 0, the function =z =
z(y) = a cosh(y) is one-to-one with range (0, c0), and so the substitution z = z(y) =
a cosh(y), or equivalently y = arccosh(z/a), makes sense. We find

dz

= sinh(y) = dx = a sinh(y) dy,
Y

and thus for y > 0

a sinh(y) dy = / ldy =y + ¢ = arccosh(x/a) + ¢,

where ¢ € R is an arbitrary constant. O

Remark 5.41 (integral of 1/v/x? + a?)
To evaluate the indefinite integral

where a > 0,

1
S
/ Va2 + a?

use the substitution r = x(y) = a sinh(y) or equivalently y = y(r) = arcsinh(x/a).

Example 5.42 (indefinite integral of 1/(z? + a?))
To evaluate the indefinite integral

1
/ﬁd:{; where z€R and a >0,
2+ a

use the substitution z = a tan(y), or equivalently y = arctan(z/a).

Solution: We first work out the denominator with the substitution x = a tan(y).

) (sin(y))2 + (Cos(y))2
(Cos(y))2

* +a® = a® (tan(y))2 +a® = a® [(tan(y))2 +1]=a

Y
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and using (sin(y))2 + (Cos(y))2 = 1, we find that

9 2
2?4 a? = % N : 1 = (COS(Qy)) '
cos(y)) e+ a a

The substitution x = z(y) = a tan(y), or equivalently y = y(x) = arctan(x/a), is

legitimate because tan : (—7/2,7/2) — R is one-to-one with range R. We have
d
e )

dy  (cos(y)) (cos(y))

Thus the substitution yields
2
1 CoS 1 t
/ 5 2d3::/( (Zy)) a 2dy:/—dy:y—l—c:—arc an(z/a) +c,
r*+a a (cos(y)) a a

where ¢ € R is an arbitrary constant. O

5.6 Integration by Parts

The method of integration by parts follows from the product rule for differ-
entiation (see Lemma 3.15):

%[f(x)g(x)} ~ [f@) g@)] = f'(2) g() + f(z) ¢ (2).

Integrating on both sides over the interval [a, b] yields

rawl = [ @) = [ Fwgas [ e,

and thus after rearranging

/fmm@m:ﬂmwwwwm@—/ﬂ@w@m

Often we find the abbreviated notation

f@)g(x)l; = f(b) g(b) — f(a) g(a).

Theorem 5.43 (integration by parts)
Let f : A— B and g : A — B be smooth enough functions, and let [a,b] C A.
Then we have

/fmm@m:ﬂmmwfwmwi/ﬂmﬂmw. (5.24)
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This result is useful for integrating functions of the form h(z) = f/'(z) - g(x)
for which f(z) - ¢'(z) is easier to integrate than h(z).

Remark 5.44 (integration by parts for indefinite integrals)
Before we discuss examples, we mention that we can also use integration by parts
for indefinite integrals, that is,

/W%mwﬁzmwwm—/?@y@@

or in the laxer notation without boundary values

/fwmwwxzﬂwmw—/j@mmmm

Now we discuss several examples. To perform integration by parts for an integral
of a function h, you need to decide how you decompose h as a product h(z) =
f'(x) g(x) of suitable functions f’ and g. The choice is normally determined by
the fact that we know the primitive/antiderivative f of f’ and that it offers benefits
for the remaining integral to differentiate g. However, we have only performed a
‘useful” integration by parts if the integral on the right-hand side of (5.24) is simpler
to integrate than the original integral. Often we need to integrate repeatedly by
parts before the original integral is evaluated. As with integration by substitution,
finding a suitable way of integrating by parts is largely experience and practice.

Example 5.45 (definite integral and primitive/antiderivative of ze™*)

1
/ re “dx,
0

and find all primitives/antiderivatives of f(z) = xe

Evaluate the integral

—X

Solution: We use integration by parts (5.24) with f(z) = —e™* and g(z) = = and
thus f'(x) = e and ¢'(x) = 1. We find

1 1
/ re Tdr=—x e_m|(1)+/ e fdr = —ze fj—e " = —e T H0—e 1 = 1-2e L.
0 0

With the same integration by parts, we find that evaluation of an indefinite integral
of xe ™ yields

/xe_mdaz: —xe_m+/e_mda:: —ze ' —e +e=—(r+1)e "+,
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and thus any primitive/antiderivative of h(x) = x e " is of the form
H(z)=—(z+1)e " +c,

with a constant ¢ € R. We differentiate to test our result: from the product rule
(—(z+1)e "+ c)/ =(—1)e*—(z+1)(—e ™) =xe ", as expected. O

Remark 5.46 (differentiate to test your primitive/antiderivative!)
If you determined a primitive/antiderivative H of a function h, it is always useful
to differentiate the primitive/antiderivative and check that indeed H' = h.

Example 5.47 (integral of z sinx)

/ x sin(zx) d.
0

Solution: We use integration by parts (5.24) with f(z) = —cos(z), g(z) = x and
thus f'(z) = sin(x), ¢’(x) = 1. Then, using cos(r) = —1 and sin(0) = sin(xr) = 0,

Evaluate the integral

/xsin(a:)dx = —x cos(x)]g—l—/ cos(z) dx
0 0

= —m cos(m) +sin(z)|j = —m cos(m) + sin(mw) —sin(0) = 7.
Thus we have

/ x sin(z) dr = . O
0

Example 5.48 (integral of e” sinx)
Evaluate the integral

I:/ e’ sin(z) dx.
0

Solution: This is an example of an integral that cannot be directly evaluated.
Instead, it can be ‘solved’ via a simple equation, as follows. We apply integration
by parts (5.24) with f(x) = e*, g(z) = sin(x), and thus f/(x) = e* and ¢'(x) =
cos(z). Then

/ e’ sin(x)dr = €° sin(z)[g —/ e’ cos(x) dx
0 0
= ¢" sin(m) — €° sin(0) — / e’ cos(z) dx
0

= - /07r e’ cos(x) dz, (5.25)
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where we have used sin(0) = sin(mr) = 0. Now we apply integration by parts
(5.24) a second time with f(z) = e*, g(x) = cos(x), and thus f'(x) = e* and
¢'(z) = —sin(z). Then, using cos(m) = —1 and cos(0) = 1,

— /07T e” cos(z)dr = —e” cos(z)| — /07r e” sin(z) dx
= —e" cos(m) + € cos(0) — /O7r e” sin(x) dx
= e"+1-— /07r e sin(z) dzx. (5.26)
Combining (5.25) and (5.26), we obtain

/ e’ sin(x)dr =e" + 1 — / e” sin(x) dx. (5.27)
0 0

The original integral I occurs in (5.27) again on the right-hand side with a negative
sign. We add the original integral I on both sides and divide afterwards by 2 to
obtain

21:2/ e’ sin(z)dr =e" +1 = I:/ e’ sin(z) dr = . O
0 0

The trick used to evaluate the integral in the last example is common for a certain
class of (definite or indefinite) integrals. One performs integration by parts
twice and obtains

I=C—-al,

where [ denotes the original integral, « is a positive real number, and C' is a real
value in the case of a definite integral or a function in the case of an indefinite
integral, respectively. Now we can rearrange to determine I and find, by adding o I
on both sides and then dividing by (1 + «),

I=C—-al = I+al=(1+a)l=C = I =

Example 5.49 (primitives/antiderivatives and integral of Inx)
Find all primitives/antiderivatives of h(x) = In(x) and evaluate the integral

/ “In(a) da.

Solution: With f(x) = x and g(z) = In(z), and thus f'(x) =1 and ¢'(x) = 1/x, we
have from the integration by parts formula (5.24)

/m(x)dxzx1n(x)—/x1dx=x1n(x)_/1dx=x1n(x)—x+c,

X
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with an arbitrary constant ¢. Thus every primitive/antiderivative of h(z) = In(z)
is of the form
H(z)=zIn(z)—z+c=z(In(z) — 1) +¢,

with a constant ¢ € R. From the fundamental theorem of calculus (see Theo-
rem 5.15)

/1 In(x)de = H(z)]? = (¢ In(z) — 2 + ) [

=2In(2) —2+c— (1 In(l)—1+¢) =21In(2) — 1. O

Example 5.50 (primitives of (sin(:l:))2 +2x+3)
Find all primitives/antiderivatives of the continuous function h : R — R, given by

h(z) = (sin(:z;))2 +2x+ 3.

Solution: We want to calculate the indefinite integral of h(z) = (Sin(:r))2 +2x+3
given by

/ [(sin(az))2 + 2z + 3] dx.

From the linear properties of the integral (see Lemma 5.23), from (z)" = 1 and

(z?)" = 2z, and from the fundamental theorem of calculus (see Theorem 5.15), we
find that

/[(sin(az))2+2x+3] dr = /(sin(:z;))2d:r+/2xdx+/3dx (5.28)
= /(sin(x))zd:r+x2+3:r+cl, (5.29)

with a constant ¢; € R. From the integration by parts formula (5.24) we have, with
f(z) = —cos(x), g(x) = sin(z), and thus f'(x) = sin(x), ¢'(x) = cos(x),

/ (sin(az))2 dx = — cos(z) sin(x) + / (Cos(:z:))2 dx. (5.30)

Now we use that (sin(:z:))2 + (Cos(:z:))2 = 1 and replace (Cos(:z:))2 =1- (sin(az))2
in the remaining integral in (5.30). Thus

[ (sine))? e = —coste) sinGe) + [ 1= (sine)*)da

= —cos(z) sin(x /1d:1:—/ sin(x
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= —cos(x) sin(z) +x + cg — / (sin(az))2 dx,
with a constant ¢y € R. Adding the original integral on both sides yields

2 /096 (sin(x))2 dt = x — cos(x) sin(x) + ¢

v 1
= / (sin(x))2 dt = 3 [z — cos(z) sin(z)] + 0—22 (5.31)
0
Thus we have from (5.29) and (5.31) that
1
/ [(sin(:z;))2 +2x+3]de = 3 [z — cos(z) sin(z)] + 6—22 + 2% + 3z + ¢
= :1:2—l—z:1:— 1 cosz sinx +c¢
B 27 2 ’

with an arbitrary real constant ¢ = ¢;+c¢2/2. Therefore any primitive/antiderivative
of h(x) = (sin(:z;))2 + 22 + 3 is of the form

7 1
H(x)=x2+§:17— 5 cosT sinz + c,

with some constant ¢ € R. O

Example 5.51 (integral of (Cos(:z;))ﬁ)
Find all primitives/antiderivatives of the function h : (=3, %) — R, given by

h(z) = (sec(z))” =
and evaluate the definite integral
w/4 1
|
—r/4 (cos(x))
Solution: To calculate the indefinite integral of h(x) = (cosxz)~? given by

/de,

we use that 1 = (cos(az))2 + (sin(:z;))2 to rewrite the indefinite integral as follows

1 . (cos(az))2 + (sin(:z;))2 Dy — (1 (sin(:z;))2> Iy
/ (cos(a:))2 / (cos(:z:))2 / " (Cos(:z:))2 '
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Thus from the linear properties of the integral

sin(z)) (sin(:r))2
/ d:z;—/ld:z;+/ de =+ +/—2d:1:, (5.32)
(cos(x) (cos(x)) (cos(x))
with a constant ¢; € R. We apply the integration by parts formula (5.24) with
f(z) = 1/cos(x), g(z) = sin(z), and thus f'(z) = sin(x)/(cos(:z;))z, g'(z) = cos(x)

to the remaining integral, and obtain

/Mdm — sin() —/ L cos(x) dx = sin(z) —/1d:1: = tan(x)—x+co,

(cos(x)) cos(x) cos(x) cos(z)

(5.33)
with a constant ¢, € R. Substituting (5.33) into (5.32) yields

1
/—Qdaz =2+ ¢ + tan(z) — z + ¢o = tan(x) + ¢,
(cos(x))

with an arbitrary constant ¢ = ¢; + ¢. Thus all primitives/antiderivatives of the
function h(z) = 1/(COS($))2 are of the form

H(x) = tan(z) + ¢, x € (—g, g) ,

with some constant ¢ € R. From the fundamental theorem of calculus (see Theorem
5.15), we have

/”/4 L= H@)[", = (tan(z) + o), = tan(x/4) — tan(—r/4),
—r/4 (cos(z)) i

and, since sin(m/4) = cos(r/4) = 1/v/2 and sin(—7/4) = —1/v/2, cos(—7/4) =
1/4/2, we have that tan(w/4) = 1 and tan(—x/4) = —1. Thus

/4 1
————— dv = tan(w/4) —tan(—7/4) =1 - (—1) = 2. O
/_m(cos(x)) (n/4) — tan(—/4) = 1 — (~1)

5.7 Examples That Need More Than One Method
of Integration

Often there is not one unique way to evaluate a definite integral or compute a
primitive/antiderivative as an indefinite integral. A few integrals can be evaluated
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with either integration by substitution or integration by parts, and to evaluate some
integrals you will need both integration by substitution and integration by parts.

We now give two examples where both integration by substitution and inte-
gration by parts are needed.

Example 5.52 (integral of z° sin(x?))

Yo
/ 2° sin(z?) dz.
0

Solution: With the substitution

Evaluate the integral

3 4y _

y=vy(x) =2a°, dx—S:rQ & dy = 32%dx,

we obtain, with the new boundaries y(0) = 0 and y(+v/27) = 2,

\3/271' 1 \3/277 1 2m
5 .2 3 3 . 3 2 .
z’sin(z’)dxr = — x° sin(x Bxda::—/ sin(y) dy.
/0 ) /0 Lo ey 0 © W)y

3

—sin(y)

Now we use the integration by parts formula (5.24) with f(y) = —cos(y), g(y) =y
and thus f’(y) = sin(y) and ¢'(y) = 1 and obtain

(—y cosli+ | " cos(y) dy)

[ — 27 cos(2m) + 0 cos(0)] + % sin(y))|

1 27
5/’y$mw@/:
0

27
0

Wl = W=

2T
= —— 4+

21

[sin(27) —sin(0)] = — 3

1
3 3

where we have used cos(0) = cos(27) = 1 and sin(0) = sin(27) = 0. Thus

Vor 9
/ 2 sin(2?) do = — il O
0 3

Example 5.53 (integral of ¢** cos(e” — 1))
Evaluate the integral

1
/ e* cos(e* — 1) dz.
0

Solution: The substitution

y=ylx)=€e"-1 & " =y+1, — =" & dy=edx,
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with the new boundaries y(0) = €” — 1 =0 and y(1) = e — 1, yields

1 1 e—1
e* cos(e” —1)dx = / e’ cos(e” —1) ¢"dx = / (y+1) cos(y) dy. (5.34)
/0 0 N — 0

:y+1 :COS(y) :dy

Now we use the integration by parts formula (5.24), with f(y) = sin(y), g(y) = y+1
and thus f’(y) = cos(y) and ¢'(y) = 1, and obtain

‘AeQﬁﬂ)wWD@ =<y+namwsl—éesm@ww
= e sin(e — 1) — sin(0) + cos(x)|§*
= e sin(e — 1) 4 cos(e — 1) — cos(0)
= esin(e—1)+cos(e—1) —1, (5.35)

where we have used sin(0) = 0 and cos(0) = 1. From (5.34) and (5.35) we obtain

1
/ e* cos(e” — 1) dx = e sin(e — 1) + cos(e — 1) — 1. O
0

Application 5.54 (gravitational potential of the earth)

The gravitational potential of the earth (which is caused by the gravitational
force) at a point is defined numerically as equal to the work done in moving a unit
mass from infinity to this point. The gravitational force (or force of attrac-
tion) on a unit mass outside the earth is given by

GM

r2

F(r)

)

where r is the distance from the earth’s centre, G is the gravitational constant, and
M is the mass of the earth (assumed to be located at the earth’s centre). The work
for moving the mass is given by

work = force X distance in the direction of the force

Since the gravitational force depends on the distance r and changes continuously,
the work done in moving a unit mass from infinity to the point with
distance r is giwven by the integral

r r M r M b M
/F(x)d:z;:/ ¢ dr = lim G—Qd:z; = lim — G dx

b—o0 b x b—o0 . ,2132
’ .[GM GM] G M
= lim - )

b—o0

2
00 o L

. GM
= lim ——
b—o0 x

. r
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Thus the gravitational potential of the earth at any point with distance r from

the earth’s centre is given by
GM
Vr)=— :

r




Chapter 6

Further Integration

In this chapter we learn several applications of integration that are important
for engineering and physics. The first such application is finding the average of a
function which is discussed in Section 6.1. For example we may want to know the
average speed of a car driving from London to Brighton or the average temperature
during the month January. The next application is the calculation of the area
between the graphs of two functions with the help of the integral which is dis-
cussed in Section 6.2. This allows us to calculate areas bounded by rather general
shapes. In Section 6.3, we discuss a physical application of integration, namely the
work done by moving an object in the presence of a force. This application
is directly derived from the geometric interpretation of the integral as the area under
the curve. In Section 6.4, we learn the calculation of volumes of revolution. A
volume of revolution is any three-dimensional body that is rotationally symmetric
about an axis. Examples of a volumes of revolution are, for example, a cylinder,
a sphere, and a cone. In Section 6.5, we discuss the mass of a rod with con-
stant cross-sectional area, and in Sections 6.6 and 6.7, we learn how to find (the
z-coordinate) of the centre of mass and the moment of inertia of three dimen-
sional bodies with certain symmetries, respectively.

6.1 Average Value of a Function on an Interval

The simplest application of integration is to find the average of a (continuous)
function on an interval |[a, b].

143
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As a motivation, we want to determine the average temperature over one cal-
ender week. To get an approximation of the average temperature over one calender
week, we might take the sum of the temperatures at the start of each hour and take
the average, that is the sum of all 7 x 24 temperatures divided by 7 x 24. More
precisely, if f(t) describes the temperature at the time ¢ measured in hours, then
we would take the average

7x 24 Tx 24

1
7><24Zf < 24— ozf - DXl (6.1)

(Note that we have f(k — 1) because we measure the temperature at the beginning

of each hour [k — 1, k].) Keeping in mind that one week (measured in hours) is the
time interval [0,7 x 24], we can interpret (6.1) as the sum of the areas of the
rectangles with height f(k —1) and width 1, where &k = 1,2,...7 x 24, divided
by the length time interval [0,7 x 24]. The sum of the areas of these rectangles is
an approximation of the area under the curve.

A

-

f(t)

o

t, t t, T t (in hours)
t,= 24Xx7

0t t, t, t, t

Figure 6.1: The approximation (6.2) (with N = 9) of the temperature over one
calender week.

The average of the temperatures taken every minute would be an even better ap-
proximation of the temperature. In general, if we have N time measurements taken

at the times t, = kAt, k = 0,1,2,...,N — 1, with At = (7 x 24)/N, then an
approximation of the average temperature is given by

1 & 1 N 7x24\ Tx24
N;f(tk—l) = —(7X24_0);f<(k’—1) N )X N
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N

= 7><24 O;f (k — 1) At) x At, (6.2)
where we have used t,_1 = (k — 1) At = (k—1)(7 x 24)/N. From the last rep-
resentation in (6.2), we see that, apart from the factor 1/(7 x 24) in front of the
sum, the sum can be interpreted as the sum of the areas of the rectangles over
[(k — 1) At, k At] with bottom width At and height f(t4_1) = f((k — 1)At). This
is illustrated in Figure 6.1, and we see that the sum of the areas of these rectangles
is an approximation for the integral of f(t) over the time interval [0,7 x 24].

Thus if we shrink the width At of the intervals (between the measured temperatures)
to zero, the sum in (6.2) becomes the integral. Thus the average temperature
during the calender week is given by the integral

1 T
- 0

The considerations for finding the average temperature over a calender week moti-
vate the following lemma.

Lemma 6.1 (average value of a function)
Let A, B C R, and let [a,b] C A. Let f: A — B be a continuous function. The
average value of f on the interval [a,b] is given by

average value of f on [a,b] =

area under graph over |a, b 1 b
b—a [ ]:b—a/fxdaj

Remark 6.2 (another visualization of the average)
From rearranging we see that

(average value of f on [a,b]) x (b—a) / f(z (6.3)

that is, the rectangular box with a horizontal side of length (b — a) and
height given by the average function value of  over [a,b] has the same
area as the area under the graph for z € [a,b].

Example 6.3 (average value of an affine linear function)
Find the average value of the affine linear function f(z) = mx + ¢ on an arbitrary
interval [a, b].
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Solution: The average value of f(x) = mx + ¢ on the interval [a, b] is given by

bia/abf(x)dx - bia/ab

b

1
mx+c)d:z; = — (%ﬁ—kcx)

N

a

= (G een) = (G ot vea)]
— bia:%(bz—az)Jrc(b—a)}

_ bia:g(b—a)(bm)m(b—a)}
- %(b+a)+c

Inspection of the average value of f(z) = mx 4 ¢ on [a, b] shows that this value is
also given by the average of f(b) and f(a), that is,

1

§[f(b)+f(a)} = % [(mb+c)+ (ma+c)] = % [m (b+a) + 2] :%(bJra)Jrc.
yi /
x©
R\
W
i R [f(b)+f(@))/2

7

L -

a (b+a)/2 b X

Figure 6.2: Average value ﬁf;f(az) dz = [f(b) + f(a)]/2 of the affine linear
function f(x) = mx + ¢ on the interval [a, b]. The picture shows the area under the
graph for x € [a,b] and the rectangle with the same area, and it illustrates why in
the special case of an affine linear function we have the average value [ f(b)+ f(a)] /2.

That we can obtain the average of an affine linear function f(z) =mx + c on |a, b]
by taking the average [f(b) + f(a)]/2 of the the values f(b) and f(a) at the right
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and left endpoint of the interval is due to the fact that the graph is a straight line
(see Figure 6.2 for illustration). For other functions this not true, that is, the
average values on an interval cannot be obtained by taking the average
of the values at the endpoints of the interval! O

We give three examples.

Example 6.4 (average value of f(x) = 2? on [1, 2])

Calculating the average value of the function f(z) = 22 on [1,2] yields
12 3%
L L PPl T
21 3/, 3 3 3
and we see that the average value of f(z) = 2% on [1,2] is 7/3. O

In Figure 6.3 we have plotted the area under the graph and the rectangle with the
same area for Example 6.4.

[0 e o s e B e B s e e e e s B B e e e e
0 0.5 1 15 2 2.5 3

Figure 6.3: The area ff 22 dx under the graph of f(x) = z? for z € [1,2], and the
rectangle over [1,2] with height given by the average value of f(z) = z* on [1,2].
This rectangle has also the area ff 2% dz (see formula (6.3)).

Example 6.5 (average value of f(x) = sin(z) on [0, 27])
Calculating the average value of the function f(z) = sin(z) on [0, 27| yields

27rl— 5 /O 7rsin(:z:) dx = % (—cos(z)) ?)ﬂ = % [—cos(2m)+cos(0)] = % [—1+1] = 0.
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and we see that the average value of f(z) = sin(z) on [0, 27 is 0. O

In Figure 6.4 we have plotted the area under the graph and the rectangle with the
same area for Example 6.5.

=
o
J

T T T T

LLIB I B i R B W 4 B N E B R R R |
6

Figure 6.4: The area fo% sin(z) dx under the graph of sin(x) for = € [0, 27|, and the
rectangle over [0, 27] with the height given by the average value of f(z) = sin(x) on
[0, 27]. This rectangle has also the area fo% sin(z) dz (see formula (6.3)). Note that
since the average value of f(x) = sin(z) on [0, 27] is zero, the rectangle has height
zero and is therefore simply the straight line g(x) = 0, x € [0, 27].

Example 6.6 (average value of f(z) =¢€” on [—1,1])
Calculating the average value of the function f(x) = e* on [—1,1] yields

1 R N S NPT P | 1
1_—(_1)/1€d.’ﬁ—§€‘1—§<6 — e )—5(6—2),

and we see that the average value of f(x) =e® on [-1,1]is (e — e 1)/2~ 1.18. O

In Figure 6.5 we have plotted the area under the graph and the rectangle with the
same area for Example 6.6.
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T T T T
15

MT T TTTTTT
-2 -

Figure 6.5: The area fjl e” dx under the graph of f(z) = e* for x € [—1, 1], and the
rectangle over [—1, 1] with height given by the average value of f(x) = e* on [—1, 1].
This rectangle has also the area fjl e” dz (see (6.3)).

6.2 Areas Bounded by the Graphs of Two Func-

tions

In this section we discuss how to determine the area between the graphs of two
functions. The method for doing this follows directly for the geometric interpre-
tation of the integral as the area under the graph. Since the method is easiest to
understand for a concrete example, we start with an example to illustrate the idea.

Example 6.7 (area between the graphs of two functions)
Find the area between the graphs of the two functions

1
g(z) =— and  h(z)=5-—4ux.
T

By the area between the two graphs we mean the finite area bounded by the
the two graphs between its points of intersection.

Solution: A sketch of the graphs of the two functions is given in Figure 6.6.
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We work out the points of intersection of the two functions, by determining all
points for which g(z) = h(z), that is,

1
—=5—4z.
T

Multiplying by x and afterwards dividing by 4 gives

5 1 1
l=5z—42> & 0=42"-52+1 & O:xZ—Z:rJrZ:(x—Z)(x—l).

So the graphs of the two functions intersect at = 1/4 and x = 1. We have that

1 1
g(x) == <b—4z=h(x) fora111<:1;<1.
T

| M-h_

0o
rr 1017 1rrroyrrrrrrrrTrTTr T TS T T T T 1T T

1 05 4 0.5 1 .5 2

Figure 6.6: The area between the graphs of g(x) = 1/x and h(zx) =5 — 4 x.

This can be seen as follows: We have

9(1/2):1—}2:2@(1/2):5—4%:5—2:3,

and, since x = 1/4 and x = 1 are the only points of intersection, we know, from
g(1/2) < h(1/2), that g(z) < h(z) holds for all points x € (1/4,1).
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The area A between the graphs is thus the area under the graph of h(z) =5 —4x
for x € [1/4,1] minus the area under the graph of g(z) = 1/x for x € [1/4,1]. Thus

1

A:/1/14h(:1:)d93—/1/14g(a:)d93:/1/14 (h(z) - g(x)] dx:/1/4 [(5—4:5)—%] da

— [5x—2x2_1n(yx|)m/4 =[5-2—-In(1)] - E - 12—6—1n G)}
_ 3 E ~ (In(1) —111(4))] :2—84 _ §—1n(4) _ % ~n(4) ~ 0.49,

where we have used In(a/b) = In(a) — In(b). Thus the area between the graphs from
r=1/4tox=1is A=15/8 —In(4) ~ 0.49. 0

We formulate the method for finding the finite area between the graphs of two
functions that intersect each other at least twice.

Method 6.8 (for finding the area between the graphs of two functions)
Let g and h be two functions that intersect at two, or more, points.

e Solve g(x) = h(x) for x to find the points of intersection r, < x5 <
oo < Xy < Tpyy of the two graphs (where by assumption n > 1).

e For each two adjacent points of intersection xy and xy1, determine whether
g(x) < h(zx) or g(x) > h(x) for all x € (xk, Txa1).

o If g(x) < h(x) for all x € (xy,xr41) calculate the area Aj between the
graphs for x € [xy, xr1] by evaluating the integral

Ay = /mk+1 [h(z) — g(z)] dz.

Tk

If g(x) > h(x) for all x € (xy,xr41) calculate the area A; between the
graphs for x € [xy, xx1] by evaluating the integral

Ay = /mk+1 [g(z) — h(z)] dz.

Tk

e The area A between the graphs is the sum of all the areas Ay, that is,

A= z”: Apg.
k=1
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Example 6.9 (area between the graphs of two functions)
Find the finite area between the graphs of the functions
f(z) = (x — 1) and  g(x)=1.
Solution: We find the the points of intersection by setting f(x) = g(x) and solving
for x.
(-1 =1 = O=@—-1P2-1=@-1-1)(z—-1+1)=(z—2)x,

and we see that the points of intersection are x = 0 and z = 2. Since we have
(x —1)? < 1for z € (0,2), we see that f(z) < g(z) for all z € (0,2). Thus the area
between the graphs is given by

flx)de = /0 [g(z) — f(z)] dz = /0 [1—(z—1)"] dz

4= /Ozg(:z;)da:—/j
e 3] -

Thus the area between the graphs of the two functions f(z) = (x —
between z = 0 and = = 2 is given by A = 4/3.

— ol

T T T T LI T T T T T T T T 1

1 2 3

Figure 6.7: The area between the graphs of f(x) = (x — 1)? and g(x) = 1.

Example 6.10 (area between the graphs of two functions)
Find the finite area between the graphs of the functions

g(x) = sin(x) and h(zx) = %az
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Solution: We have plotted the graphs of g(x) = sin(x) and h(x) = 2z /7 in Fig-

ure 6.8. From the picture we can already guess that x = —7/2, z =0, and x = 7/2
are the points of intersection of the two graphs. Indeed, if g(x) = h(z), then
sin(x) = 2 T (6.4)
== _

and (6.4) is satisfied for = —7/2, x = 0, and x* = 7/2, since sin(—7/2) = —1,
sin(0) = 0, and sin(7/2) = 1.

N

[EN
|

Fal
rrrrr1r1rrrrrrr1 1rwggr rrt 111111 16111717 1T 11

-2 -1 1 2 3

1
=

I I N N [N [N N B N Y .\

1
N

Figure 6.8: The area between the graphs of g(x) = sin(z) and h(z) = 2z /.

Why are there no other points of intersection?

For x > 7/2 we have sin(z) < 1 < 2z/7, and for © < —m/2 we have sin(zx) > —1 >
2z /m. Thus there are no points of intersection outside the interval [—7/2,7/2].
The points x = —x/2, x = 0, and x = 7/2 are the only points of intersection in
the interval [—m/2,7/2] for the following reasons: Since ¢'(z) = (sin(:z;))/ = cos(z)
and ¢"(z) = (cos(x))/ = —sin(x), we see that the function g(x) = sin(z) is strictly
convex downward on [0, 7/2]. Thus the straight line connecting (0,sin(0)) = (0,0)
with (7/2,sin(r/2)) = (7/2,1) lies on the interval (0,7 /2) strictly below the graph
of g(x) = sin(z). Since this straight line is just h(z) = 2z /7 for x € [0, 7/2], we see
that the functions g(x) = sin(z) and h(x) = 2z /7 intersect on [0, 7/2] only in the
endpoints x = 0 and x = 7/2 and that g(z) > h(z) for all x € (0,7/2).
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For x € [—m/2,0] we can show analogously ¢g(z) < h(z) for all x € (—7/2,0), and
thus x = —7/2 and = = 0 are the only points of intersection in [—7/2,0].

We have already seen that g(xz) > h(z) for z € (0,7/2) and that g(x) < h(z) for
x € (—7/2,0). Thus the area between the two graphs is given by

0 /2
A = /_ (h(z) — g(z)] de + /0 [9(z) — h(2)] da

w/2

_ / iﬂ E v — sin(:z;)] dz + /O " [sin(:r) - %x] da

1 710 1 w/2
= [— z? + cos(z) + [— cos(x) — — xQ}
T Jl—n/2 T 0
[0+ cos(0)] L + cos(—m/2)| + | —cos(m/2) L [ — cos(0) — 0]
= — == —T —cos(m/2) — = —| — | — —
T 4 T 4
T w m
— -2 T =29-2 ~ 04
1 1 + 5 0.43,

where we have used cos(0) = 1 and cos(—m/2) = cos(n/2) = 0. Thus the area
between the two graphs is given by A =2 — 7/2 ~ 0.43. O

6.3 Work Done While Moving an Object Acted
on by a Force

In this section we discuss the work done while moving an object in the presence of
a force that acts on this object.

Suppose that a particle is acted on by a force f(x), where x is the position
of the particle. If the distance Az is small and the magnitude of the force on the
particle hardly changes as it moves from z to x + Ax, then the work done moving
the particle from x to x + Ax is approximately

work done = force x distance moved =~ f(z) X [(z + Ax) — 2] = f(z) x Az.

To find the total work done as the particle moves from z = a to x = b (which may
be quite far apart), we split the interval [a,b] up into a large number n of small
pieces of equal length Az = (b — a)/n, and sum up the work done while moving the
particle along each subinterval. With the notation

b—a

xr=a+k =a+kAxzx, that is,

n
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b— b—
To=a, T1=a-+ a) cir Ty =a+ (n—1) a’ T, = b,
n n

an approximation of the work done moving the particle from z = a to
x = b is given by

Wor W, = > flan) (o —am1) = D flzeo) A
k=1 k=1

_ ;f<a+(k—1)b;a> b;a.

We see that the individual terms in the sum are just the areas of the rectangles in

Figure 6.9. Increasing n, or, in other words, shrinking the length Az = (b—a)/n of
the subintervals to zero, yields the exact value of the work. From the introduction
of the integral in the previous chapter, we see thus that the exact value of the
work done moving the particle from z = a to x = b is given by the area under
the graph of f(z) for z € [a, b], that is, by the integral

b

lim W, = | f(z)dx.
Y\
f(x)
/
X=a X, X, X, X, X, XgX,=bh X

Figure 6.9: The area of the rectangle over [z;_1, xx| is approximately the work done
while moving the particle in the presence of the force f(x) from x = z4_1 to z = xy.

We note that the movement of a particle in the presence of a force served just as an
example. Whenever we move an object in the presence of a force f(x) from x = a
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to z = b, then fab f(z) dx gives the work done. We note that the force f has to be
a force acting along the straight line of movement.

Thus we have derived that:

work done moving an object acted on / b
=W = dx.
< by a force f(z) fromx =atox =05 ) . f(x)dz (6.5)

Example 6.11 (work done by repelling force of two charged particles)
Suppose that a positively charged particle is fixed at the point x = 0, while another
positively charged particle moves (under the mutual repulsive force of the two par-
ticles) along the z-axis from 10 cm away to 1 m away. Assume that the force on the
second particle at the position z > 0 in metres is

C
flz) = =, where C = 7.3 x 1072° Nm?.
T

(Note that N = kg m/s? stands for Newton, the standard unit for measuring forces.)
Find out the work done while the second particle moves from 10 cm away to 1 m
away from the first particle.

Solution: From (6.5), the total work done is (use 10 cm = 0.1 m)

1 1
W o= / C o = C[—l} _ c<_1+i)
0.1 % Z]lo1 0.1

= C(-1+10) = 9C = 6.57x 107,

Thus the total work done is W = 6.57 x 1072° N m. O

Example 6.12 (work done by stretching an elastic band)
An elastic band is pulled out steadily through the small distance of 1cm, and the
force exerted to achieve this increases linearly from ON to 10 N (where the physical
unit N = kgm/s? is called Newton). That the force f exerted increases linearly
from ON to 10 N means that f(x) = oz with a suitable constant a € R. Determine
the work that has been exerted to stretch the elastic band 1 cm.

Solution: After expressing 1 cm = 0.01 m in the standard unit meters, we find from
f£(0.01) =10 and f(z) = ax that

10 = f(001)=ax 00l =  a=——=1000.

Thus the constant « is given by
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and the force is
f(z) = 1000 x.
The work done is now
0.01 0.01 L2001 10-4
W = f(x)dx = / 1000 z dz = 1000 — = 1000 = 0.05,
0 0 2 0 2

and we see that the work done is W = 0.05 N m. O

6.4 Volumes of Revolution

In this section we discuss volumes of revolution which are obtained by rotating

the graph of a function f(z) about the z-axis and considering the volume/solid

body encased the by the rotated graph over an interval [a,b]. We will explain this

now in detail and then discuss some examples.

YA —

f(x)

>
A X
- o o P ® -
Xo[—2a X1 X5 Xz X4Fb  x

Figure 6.10: Cross-section (along the rotational axis) of the volume of revolution

of f between x = a and x = b. The ‘rectangles’ indicate the cross-sections of the

discs from approximating the volume of revolution with four discs of equal thickness

Az = (b—a)/4.
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Suppose we have a continuous function f(x) whose graph lies above the z-axis in
the range x € [a, b], that is, f(x) > 0 for z € [a,b]. Then rotating this part of the
graph by 360 degrees, or equivalently 27 radians, about the x-axis will produce
a volume/solid body as illustrated in Figure 6.10, where we see a cross-section
through the volume/solid body along the axis of revolution. Such a volume/solid
body is called the volume of revolution of f between x = a and x = b.

In order to calculate the volume of revolution, we subdivide [a, b] into n subin-
tervals of equal length, that is, into the n subintervals [z)_1, 2], k = 1,2,...,n, of
equal length Ax = (b — a)/n, where

:z;k:a+kb_Ta:a+kAx, k=0,1,2,...,n—1,n.
The volume Vj over the interval [zj_1, x| is for small Az approximately the disk
with radius f(x;_1) and thickness Az (see Figure 6.10). To help imagining this,
we may think of slicing the volume of revolution vertically/perpendicular to the
x-axis into n slices of equal thickness Ax. Each slice is then approximately the disk
with radius f(zx_1) and thickness Az. Each such disk has the volume

Vi, = area of circular face of disk x thickness of disk = 7 [f(zx_1)]* X Az,

Thus an approximation of the total volume V' of revolution is obtained by
summing up the volumes 7 [f(zx_1)]* X Az of all these disks, that is,

V & ZVk = ZTF [f(zp_1)]® X Az = ZTF [f(a:k_l)}z Azx. (6.6)

If we increase the number n of subintervals, then the length of the subintervals
Az = (b — a)/n shrinks, and the approximation of the volume of revolution gets
better. In the limit n — oo, and thus Az — 0, we recover the actual volume
of revolution and obtain mathematically the integral:

<volume of revolution of f) _ v /ab7T [f(:z;)]2 de =7 /ab [j’(a:ﬂ2 dz.| (6.7)

between x = a and x = b

We could also have obtained (6.7) with the following argumentation: After slicing
the volume of revolution into slices of equal thickness Ax, we consider an arbitrary
slice from z to = + Ax. This slice can be approximated by the disk with radius f(z)
and thickness Axz. Thus the volume of the slice is approximately

volume of disk from = to z + Az =~ 7T[f(:1:ﬂ2 X Az = W[f(:z;)]QA:r
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Now we sum up the volumes of all these disks which we will indicate with the
symbolic notation

S r [ f@)] Az, (6.8)

The sum (6.8) of the volumes of all these disks gives us an approximation of the
volume of revolution. For the limit Az — 0, the summation sign » is replaced by
the integral from x = a to x = b, and Ax is replaced by dz, and we obtain

(volume of revolution of f) _ V- /bw [f(a:)}zdx _ 7T/b [f(a:)}zd:):

between x = a and z = b

We discuss some examples.

Example 6.13 (cone as volume of revolution)
Find the volume of a (circular) cone of height & whose base has radius r.

Solution:

N

Figure 6.11: The cone generated by rotation of f(x) = (r/h)x for = € [0, h] about
the z-axis.

To find the volume of a cone of height h, we notice that such a cone can be generated
by rotating the segment of the graph of f(x) = mx between z = 0 and = = h about
the xz-axis where m has to be chosen such that the cone has the desired base (see
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Figure 6.11). Since the base of the cone should have radius r, we need to choose m
such that

r=f(h)=mh = m:%.
Thus the function f(z) is given by
f(z) = %:1:
From (6.7) the volume of the cone is given by
h h 9 2 h
V = 7T/0 [f(x)ydx = 7T/0 (%x) dr = 7Th—2 i v* dax
B mr? 3" B wr? h? B wrih
-~ R2 3|, h® 3 3
Thus the cone has the volume V = (wr?h)/3. O
Example 6.14 (sphere as body of revolution)
Find the volume of the sphere with radius r > 0.
Solution:
YA
r
<
r -
v,
=
=S
¢
- r >X
X =r cos(q)

Figure 6.12: The sphere as a volume of revolution by rotating y(z) = v/r? — 22 for
x € [—r,r] about the z-axis.

Consider Figure 6.12, where we show a cross section of the sphere through its center.
Any point (z,y) on the boundary of this cross section has coordinates

x =1 cos(¢), y = r sin(¢), where ¢ € [0, 27].
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From [sin(gb)]2 - [c:os(qﬁﬂ2 = 1, we find that for any point on the boundary

2y = [ sin(9)]* + [1 cos(@)] =2 ([sin(6)]* + [cos(@)]*) =12,

and thus

y? =1?— 2% (6.9)
If we want to represent the sphere as a volume of revolution, the it is enough to
rotate the upper part of the boundary, for which ¢ € [0, 7], that is, z € [—r,r| and

y > 0, about the z-axis. Thus we obtain from (6.9) the y-coordinates of the upper
hemi-circle in Figure 6.12 as a function y(z) defined by

y(x) =Vr2 — 22, x € [—rr]

By rotating y(x) for x € [—r,r] about the x-axis we obtain the sphere of radius r as
a volume of revolution. From (6.7), the volume of the sphere of radius r is given by

r

Vo= o[ b = x [ ] e = [ ety

ek

3 —
Al ) U RS S )
3 3 3 3

Thus the volume of the sphere of radius of 7 is given by V = (47/3) r3. O

6.5 Mass of a Rod

In this section we learn how to determine the mass of a rod with constant cross
section and a density that varies only along the length of the rod.

Consider a rod with length L and constant cross-sectional area A as shown in
Figure 6.13 below. Let the z-axis run along the length of the rod with the point
x = 0 at the left end of the rod and the point x = L at the right end of the rod.
We assume that the density of the rod may vary along its length, that is, the
density is a function p(x), x € [0, L], that depends only on the position z along the
rod and that is constant for each cross-section.

We want to calculate the mass of the rod.
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|
L
x=0

Figure 6.13: Rod with constant cross-section A whose density p(z) varies only along

X=L

the rod (but is constant for each cross section). To determine the mass of the rod
we consider a thin slice of the rod with cross-section A and thickness Ax.

For a volume V' of constant density, the mass is given by
mass = constant density X volume

The fact that the density is constant on each cross section, gives us the idea to cut
the rod vertically /perpendicular to its length into thin slices of thickness Ax. For
each such a slice the density is almost constant, and the sum of the masses of all
these thin slices gives an approximation of the mass of the rod.

The slice of the rod between = and = + Az has the volume
cross-sectional area x thickness of slice = A x [(z + Az) — 2] = AAx.

The density of the slice is approximately p(z). So the mass of the slice between
x and z + Ax is approximately

mass of slice ~ density x volume ~ p(x) x AAzx = Ap(x)Aux.

The total mass of the rod is approximately the sum of the masses A p(x) Az
of all the slices of thickness Az into which we may have cut the rod, which we may
write symbolically as

mass of rod ~ Z Ap(z) Az.

If we shrink Az further and further, that is, for the limit Ax — 0, the sum becomes
the integral and Ax becomes dx. Thus the mass of the rod is given by the integral
of Ap(x) from x =a and =z = 0.

mass of rod with length L, I L
constant cross-section A, =M = / Ap(r)dz = A / p(x) dz. (6.10)
and density p(z) 0 ’

We discuss three examples.
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Example 6.15 (rod with constant cross-section and constant density)
Find the mass of the rod with length L, constant cross-section A, and constant
density p(x) = ¢, z € [0, L.

Solution: From (6.10), the mass is given by
L L L
M:/ Ap(x)dx :A/ cd:z::Ac/ ldr =Acux|f = AcL.
0 0 0

This is what we expect for the constant density p(x) = ¢, since in this case
M = volume X density = (Ax L) xc=ALec. O

Example 6.16 (rod with constant cross-section and varying density)
Find the mass of the rod with length L, constant cross-section A, and density
p(z) =e*, xel0,L]

Solution: From (6.10), the mass is given by
- - x z|L L_ 0 L
M = Ap(z)de=A [ e"dx = Ae ‘OzA[e —e'] = Ale"—1]. O
0 0

Example 6.17 (rod with constant cross-section and varying density)
Find the mass of the rod with length L, constant cross-section A, and density

C

Solution: From (6.10), the mass of the rod is given by

L L c

To find the mass M, we make the substitution
r=xz(y) = L tan(y) & y = y(x) = arctan(z/L).

Since x € [0, L] and we find that y € [0, 7/4], and, in particular, the new boundaries
of the integral are

y(0) = arctan(0) =0  and  y(L) = arctan(L/L) = arctan(1) = 7 /4.

Furthermore, we have

de _ d [L tan(y)] = _ L = dr = _ L dy,

dy — dy [cos(y)]2
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and the denominator simplifies through the substitution z = L tan(y) to
2 [sin(y)]”
L*+2* = L+ L*[tan(y)]” = L* |1+ ——=
[cos(y)}

o Leos)]” + [sinw)]* 12
[c:o:s(yﬂ2 [cos(y)]w

where we have used [ cos(y)] gt [sin(y)] ? — 1. Thus we find with the substitution
r = L tan(y)

Le /4 e [cos(y)]2 L

L [ cos(y)]
Ac (™1 Ac  n Acm TAc
=T ), Y= =T 1T an
0
Thus the mass of the rod is given by M = (1 Ac)/(4 L). O

6.6 Centre of Mass

In this section we discuss how to determine the x-coordinate of the centre of
mass of a body (along the z-axis) for which the length L, the cross-sectional area
A(z), and the density p(x) are given.

To introduce the concept of the centre of mass we start with the most simple case,
namely, a collection of particles that are located on the z-axis: Let n particles with
masses mi, Mo, ..., M, be placed at positions z,xs,...,x, along the r-axis, then
their centre of mass is defined to be at the position x. given by

n
d_mkme
k=1 my

centre of mass = z, = — = n—>xk (6.11)

n

oM
ij k=1 <ZJ—1 J
j=1

We observe that the denominator just contains the sum of the masses of all particles,
whereas in the numerator the masses are multiplied by their z-coordinates before
the sum is taken. In the right-most representation of the centre of mass in (6.11),
we can interpret my,/ ( Z}Ll mj) as a ‘weighting factor’ for the coordinate x;. Thus
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the x-coordinate x; of a particle with a large mass my carries ‘more weight’ for
determining the centre of mass than the z-coordinate of a particle with a small
mass. This is just as we expect.

Now we want to extend this idea to a continuous body arranged along the z-axis,
with length L, cross-sectional area A(z), x € [0, L], and density p(x), z € [0, L].
See Figure 6.14 for illustration, and note that we do not assume that the body has
constant cross-sectional area, but the cross-sectional area A(z) is allowed to
vary with z. However, we still assume that the density p(z) depends only on the
x-coordinate.

Figure 6.14: A body of length L aligned along the x-axis with cross-sectional area
A(z) and density p(z).

Since the density depends only on x, we can get an approximation of the mass
of the body by slicing the body perpendicular to the z-axis into n thin slices of
thickness Az = L/n and summing up the masses of all these slices. For the
slice between the x-coordinates x and z + Az (see Figure 6.14), the volume of the
slice is approximately

cross-sectional area at z x thickness of slice = A(z) x [(z+Az) —z] = A(z) Az.

Since the density of the slice is approximately p(x), the mass of the slice is
approximately

mass of slice ~ density X volume =~ p(x) x A(x) Ax = A(z) p(x) Ax. (6.12)

Now we sum up the masses (6.12) of all the n slices into which we have cut the solid
body, and we obtain, with Az = L/n

mass of solid body = M = ZA((k —1)Az) p((k — 1) Az) Az
k=1



166 6. Further Integration

_y A((k—l)%) p((k—l)%) =

k=1

Less formal and symbolically we could just write

M =~ ZA(:I:)/)(:I;) Azx. (6.13)

If we shrink the width of the slices, that is, take the limit Az — 0, then we obtain
the exact mass of the solid body, and in (6.13) the sum is replaced by the integral
over [0, L] and Ax is replaced by dx. Thus the mass of the solid body with
length L, cross-sectional area A(z), and density p(x) is given by

mass of solid body with length L
= M= | (6.14)
cross-section A(x), and density p(z

Coming back to (6.12), we see that the contribution of one slice to the numer-
ator in (6.11) is approximately

mass of the slice x z-coordinate = (A(z) p(z) Az) x v = A(z) p(z) x Az. (6.15)

Thus the numerator in (6.11) is approximately the sum of the quantities (6.15)
for all slices, that is,

Q

ZA k—1)Az) p((k— 1) Az) ((k — 1) Az) Az

- Ea(e 08 ofe0) (60

or in the laxer symbolic notation

numerator in (6.11)

numerator in (6.11) Z Az )x Az. (6.16)

Taking as before the limit Az — 0 yields that in (6.16) the sum is replaced by the
integral and Az by dx, and thus we obtain

/o A(x) p(z) x d. (6.17)

From (6.14) and (6.17), we obtain that the xz-coordinate of the centre of mass
of the solid body is given by
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L
x-coordinate of centre of mass / A(z) p(x) x dx
of a body with length L, cross- = g, = - | (6.18)
section A(x), and density p(z) / A(z) p(x) dx

0

Example 6.18 (z-coordinate of the centre of mass of a cylinder)
Determine the z-coordinate of the centre of mass of a cylinder of radius r and
length L (see Figure 6.15), whose density p(z) varies only along the length x € [0, L]
of the cylinder and is given by

p(x) =1+ 22, xz € [0,L].
Solution:

Y

P(X)

Figure 6.15: The cylinder generated by rotation of the constant function f(x) =r
for x € [0, L] about the z-axis.

The cross-sectional area of the cylinder is given by
Az) = nr?

and thus the mass of the cylinder is given by

M = /OLA(:E)p(:U)dx = /OLWT2(1+:1:2)CZ:U = WTZ/OL(l—l—:EZ)dx

o IR (IS )

3
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L? 7r2 L
3 3

= nr’L [1+— = [3+L7]. (6.19)

Furthermore, the numerator of (6.18) becomes

/OLA(SU)/)(:E):Ud:U = /0L7r7’2 (1+x2)xd:c = WrQ/OL (x+:z;3)d:z;

) 22 o L ) 12 1A 02 0
- [TZ]O - ([?*ZH?*ZD
LZ LZ 2L2
= 7mrf [1—1——} = 2+ L7]. (6.20)

2 2 4

Thus from (6.18) and (6.19) and (6.20), the z-coordinate of the centre of mass is
given by

/0 Ale) pla) z dz _mr L2+ LY/4 3L [2+ L7
/OLA(SU) o() di mr2 L3+ L?]/3 4 [3+ L?]

Example 6.19 (z-coordinate of centre of mass of cone with const. density)
Find the position of the centre of mass of a solid cone with base radius r, height h
and constant density p(z) = ¢, x € [0, h].

T =

Solution:

N

Figure 6.16: The cone generated by rotation of f(x) = (r/h)x for = € [0, h] about
the z-axis.
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The solid cone with base radius r, height A can be generated as a volume of revolution
by rotating the segment of the graph of

f@)="a

between x = 0 and x = h about the x-axis. See Figure 6.16 and Example 6.13 for
details. Thus the cross-sectional area is given by

2

Alx) = [f(x)}z =T (%:{;)2 :7'('%562.

Thus we find that the mass of the cone is

h hoo2 2 rh
M = / A(z) p(x)dx = / T % viedr = CZ; / v* dx
0 0 0

and

h hoo2 2 rh
/OA(x)p(a:)xdx = /Oﬂ%xzcxdx = 07}227“ /0 z° dw

So the centre of mass is at

/0 A(z) p(x) x dz _cmr?h?/4 h/4  3h

T = = '

/OLA(:U)p(:E)dx crr?h/3  1/3 4

So the centre of mass of the cone is 3/4 of the way down from the apex to the base
of the cone, that is, 1/4 of the way up from the base to the apex of the cone. O

6.7 Moments of Inertia

In this section we discuss moments of inertia. Intuitively the moment of inertia of
a body is the ‘resistance’ that the body offers (and which we have to overcome)
to being set to rotate about a given axis. The moment of inertia of a body
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depends on the location of the axis of rotation and on the distribution of the mass
over the body and its perpendicular distance to the axis of rotation.

For example, suppose we have two flywheels A and B of identical size and mass, but
wheel A has most of its mass near its rim while wheel B has most of its mass near
its centre. It is observed experimentally that a higher force is required to rotate
wheel A at constant angular speed than to rotate wheel B at the same angular

speed. This is a consequence of wheel A having a higher moment of inertia than
wheel B.

If n particles with masses my, ms, ..., m, are at perpendicular distances ry,7s,...,7,
from an axis of rotation, then their moment of inertia about that axis is defined
to be

moment of inertia = I = kari (6.21)
k=1

We may think of the moment of inertia as the ‘resistance’ of the arrangement
of the n masses against being made to rotate about the axis of rotation.

In reality, mass is usually distributed over an extended body and we want
to determine the moment of inertia of such a body about any axis of
rotation inside or outside the body. To derive a formula for the moment of
inertia of an extended body about a given axis of rotation, we start with a standard
example, namely a thin rectangular bar rotating about an axis located at one of its
endpoints.

axis of
rotation

| il el bl e e e
_____;I/ __________ __/_+_/___/_/ _______________________ -
- xX=0 o OX LT X+ AX =L X
‘ =
AX

Figure 6.17: A thin rectangular bar of length L and constant cross-section A, whose
density p(x) varies only along the bar. To determine the moment of inertia of the
bar about the axis through the left end of the bar, we slice the bar into thin slices
of thickness Az and sum up the moments of inertia of the thin slices.
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Consider a thin rectangular bar of length L with constant cross-section A,
and assume that the cross-section A is small compared to the length L of the bar.
We lay our z-axis along the length of the bar such that the left end the bar is at
x = 0 and the right end of the bar is at x = L. We assume that the density of
the bar varies only along the bar, that is, the density is a function p(x). See
Figure 6.17 for illustration.

Now we want to determine the moment of inertia of the bar about the vertical
axis located at its left end, that is, about the vertical axis through x = 0 (see
Figure 6.17). Since the cross-section A is constant and small compared to the length
of the bar and since the density p(x) depends only on x, we may approximate the
moment of inertia as follows: We slice the rectangular bar perpendicular to its length
into n thin slices of thickness Az = L/n (with n large), and sum up the moments
of inertia for all the individual slices (see Figure 6.17).

Such a slice, going from z-coordinates x to x + Az, has cross-sectional area A, and
approximately the density p(z). Thus its mass is approximately

mass of slice &~ volume x density ~ A [(z+ Az)—z] X p(z) = Ap(z) Az.
Therefore the moment of inertia of such a slice is approximately

perpendicular distance

) ~ [Ap(z) Az] x 2° = Ap(z)2® Aw.

mass of slice X ) )
from axis of rotation

To get an approximation of the moment of inertia of the rectangular bar about the
vertical rotational axis through = 0, we can sum up the moments of inertia
of the slices. In the symbolic notation we have

moment of inertia of the bar of length L
= | = A 2 Ar.
( about the vertical axis through z =0 ) Z p(r) z* Ax

If we shrink the thickness Az of the slices then the approximation improves, and,
for the limit Ax — 0, the sum becomes the integral and Ax is replaced by dz. Thus
the moment of inertia of the rectangular bar about the vertical axis through
x = 0 is given by

moment of inertia of bar I I
of length L about vertical | =1 = / Ap(z)r?*dr = A/ p(z) 2* dx. (6.22)
axis through z =0 0 0

If we change the location of the axis of rotation from z = 0 to the point x = a (that
is, we shift the axis of rotation horizontally by a), then the factor z? in (6.22) needs
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to be replaced by (x — a)?, since  — a is now the perpendicular distance from the
axis of rotation. Thus the moment or inertia of the rectangular bar about the
vertical axis through x = a is given by

moment of inertia of bar I
of length L about vertical | =1 = / Ap(z) (v — a)®dx. (6.23)
axis through z = a 0

Example 6.20 (moment of inertia of rectangular bar)

Find the moment of inertia of a thin rectangular bar of length L, constant cross-
sectional area A and constant density p(z) = ¢, for rotation about the vertical axis
through (a) an end point of the bar and (b) the middle of the bar.

Solution: The moment of inertia is given by (6.23) with p(z) = ¢ and (a) a = 0
and (b) a = L/2. Thus we find that the moment of inertia about the vertical axis
through an endpoint is

L L 3
I:/ Acxzdaz:Ac/ r2dr = Ac =
0 0

L

1
=—AclL?,

3|, 3

and the moment of inertia about the vertical axis through the middle of the bar is

L

L L\ L L\’ 1 L\?
I:/O Ac(a}—g) d:z;:Ac/O <x—§) dx:Ac§<x—§) O
L\? L\?
(5) -(-3)

We note that the moment of inertia about a vertical rotational axis through the

— Ac-
3

1 L3+L3 2 L3
8 8

1
~ Ac- C At AcId,
€3 378 T 12°°

middle of the bar is only one quarter of the moment of inertia about the vertical
rotational axis through one endpoint of the bar. O

The second application that we discuss is how to compute the the moment of
inertia of hollow and solid cylinders for rotation about their axis of sym-
metry.

Consider a very thin hollow cylinder (a tube) with radius R and mass M which
is uniformly distributed over the hollow cylinder. We want to compute the moment
of inertia about the axis of circular symmetry as rotational axis. Since the thin
hollow cylinder has all its mass at distance R from its axis of circular symmetry, we
may calculate the moment of inertia by slicing the hollow cylinder vertically into
n thin stripes each of equal volume and equal mass Am = M /n (see Figure 6.18).
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Each of these stripes has perpendicular distance R to the axis of circular symmetry.
Thus the moment of inertia of the hollow cylinder about its axis of circular
symmetry is given by

moment of interia of the n n
hollow cylinder about its | =1 = Am R? = R? Z Am = R* M. (6.24)
axis of circular symmetry k=1 k=1

axis of rotation

Figure 6.18: Thin hollow cylinder with radius R and mass M. To determine the
moment of inertia about the axis of circular symmetry, we cut the cylinder vertically
into n stripes of equal volume and mass and sum up their moments of inertia.

Now we consider a solid cylinder with length L, radius R, and constant density
p(x) = c. The cylindrical shell with thickness Az at a distance z from its axis of
symmetry (see Figure 6.19) has the volume

m(r+Az)* L —7a’L

= 7 [2*+ 2z Az + (Az)?| L — m2’L
= 7 [2zAz+ (Az)’] L

2m Lz Ax.

volume of cylindrical shell =

Q

In the last step we used the fact that for very small Az, the term (Ax)? is much
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smaller than 2 x Az and can thus be neglected. Hence the mass of the shell is
mass of shell ~ volume X density ~ 27 Lz Ax x p(z) =27 cLx Az,

where we have used p(x) = c.

axis of rotation

Y

/o)

horizontal cross—section of cylinder

Figure 6.19: A cylindrical shell of the solid cylinder with radius R on the left. In
the right picture, we see a horizontal cross-section through the cylinder.

Then the moment of inertia of the cylinder about its axis of circular symmetry
is approximately the sum of the moments of inertia of all the individual thin shells,
that is, the sum of

moment of inertia of the shell = 2ncLz Aaz) x 22 =2mcLa®Ax

taken as x changes from z = 0 to x = r — Az in jumps of length Az = R/n with n
large. In the laxer symbolic notation, the approximation of the moment of inertia
of the cylinder about its axis of circular symmetry is given by

ZQWchgA:U.
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In the limit as the thickness Az goes to zero, we recover the actual moment of
inertia of the cylinder. The sum goes over into the integral and Ax is replaced by
dx. Thus the moment of inertia of the solid cylinder with radius R, height L,
and constant density p(z) = ¢ about its axis of circular symmetry is given by

moment of inertia of solid R R
cylinder about its axis of = / 2meLa?dr =27c L/ 23 dx. (6.25)
circular symmetry 0 0

We work out the integral in (6.25), and find

R

R 4 R4 LR4
27rcL/ :z;3d:z;:27rch— :27rcL—:7TC )
0

6.26
4|, 4 2 (6.26)

The cross-sectional area of the cylinder is A = 7 R?, and so the total mass of the
cylinder is given by

L L L
M:/ A,o(y)dy:/ (7TR2)cdy:7rR2c/ dy =7 R*cy|t = ncL R
0 0 0

Thus we find from (6.25) and (6.26) that

moment of inertia of solid 4
linder about its axis of | = <= = L a7 g2
cylinder about its axis o =—5 =3 . (6.27)

circular symmetry

Comparing the moment of inertia of a solid cylinder with radius R, mass M, and
constant density p(x) = ¢, about its axis of symmetry with the moment of inertia
of a hollow cylinder of the same mass and same radius about its axis of symmetry,
we find that the moment of inertia of the solid cylinder is half that of the
hollow cylinder with the same radius and mass.
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Chapter 7

Series Expansions and
Approximations

In this chapter we discuss (finite) sums and (infinite) series. An infinite series
is essentially an infinite sum, and we will have to inspect the series to see whether it
converges, that is, has a finite value. Among the infinite series, we will discuss both
series of real numbers but also so-called power series, and we will learn how
to expand a function into a power series about a given point. The first few
terms of such an expansion provide often a good approximation of the function
close to the point of expansion.

In Section 7.1, we will introduce finite sums, and we will discuss arithmetic pro-
gression and geometric progression. In Section 7.2, we will discuss the binomial
formula and two ways to determine the coefficients obtained when multiplying the
factors in (a + b)" and writing (a + b)" as a sum: Pascal’s triangle which you
may know from school, and the representation of (a + b)"” as a sum with the help of
the so-called binomial coefficients which can be computed directly (rather than
recursively as done with Pascal’s triangle).

In Section 7.3, we introduce infinite series of real numbers

Zak:am+am+1+...—l—ak—l—...:lim Zak. (7.1)
k=m k=m

——

:Sn

As the representation on the right in (7.1) implies you should really think of an

177
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infinite series as the limit of the sequence {S,,} of partial sums

n
Sn: E ag.
k=m

The infinite series converges if the sequence {S,} converges, and the infinite
series does not converge — we say it diverges — if the sequence {S,} does not
converge. What does it intuitively mean if the series (7.1) converges? If the series
(7.1) converges and S = lim,,_,, S, then, roughly, the larger n the closer S,, gets to
the value S of the series. Thus for large n, the finite partial sum .S,, will be a good
approximation of the value S of the series.

In Section 7.4, we introduce so-called power series

Zak(:ﬁ—xo)k:ao+a1(az—xo)+a2(az—azo)2+...+ak(az—azo)k+..., (7.2)
k=0

where here z¢ and ag, a1, as, . . . are constants. The expression (7.2) is called a power
series because we sum up powers of (r — ) (multiplied with some constants).
For each fixed 2 we have just an infinite sum of the real numbers a;, (z — o)* for
k=0,1,2,3,.... However, you should think of the power series (7.2) as a function
of the variable x. The partial sums of the power series are

Sp(z) = Zak (z — m)F,

and we see that the n-th partial S, (x) sum is just a polynomial of degree n. The
value of the power series at a fixed x is given by taking the limit of the sequence of
partial sums {S,(x)} at z, that is,

Z ap (z — x0)* = lim S, (7) = 7111_{10102 ar, (. — x0)F. (7.3)

k=0 e k=0
If we think in (7.3) of x as a variable we see that, for those « at which the power
series converges, the function given by the power series is approximated by the
sequence {S,} of polynomials S,,.

Very important examples of power series are the so-called Taylor series of a func-
tion about xy and, as a special case, the Maclaurin series which is the Taylor

series about o = 0. As the notion ‘Taylor series of a function about x,’ implies

a Taylor series is computed for a given function and its partial sums, the Taylor
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polynomials, will provide approximations of the function. The simplest case of a
Taylor series is the Maclaurin series of a smooth function f, which is given by

> r(k) " "
T(f,0)(z) =) / k!(O) " = f(0)+ f/(0)z + / 2(0) z® + / 6(0) 24 (7.4)

We see that the coefficients of the powers of z involve the values of f and its
derivatives at g = 0, and for © = xy = 0 the series has the value f(0). In Section 7.6,
we will learn that the Taylor polynomials of a function f about xy (that is, the
partial sums of the Taylor/Maclaurin series) provide an approximation of f(x) for
x close to xg. For the Maclaurin series (7.4), the Taylor polynomial of degree n is
given by

) .,

/10) 2 " (7.5)

xk:f(0)+f'(0)x+T:U o

In engineering and physics, the approximation of a function f by a Taylor
polynomial of low degree is a very useful and common tool. Low degree means
here often degree zero, one, two, or three, that is, we approximate f(z) close to xg by
a constant, a linear function, a quadratic function, or a cubic function, respectively.
We will learn a ‘rule of thumb’ for estimating the error of the approximation of
f(z) by its Taylor polynomial of degree n.

In Section 7.7 we learn that we can differentiate a power series term by term
and integrate a power series term by term, that is, we may move the differen-
tiation and the integral, respectively, behind the summation sign.

7.1 Finite Sums, and Arithmetic and Geometric
Progressions

Before we discuss two particular types of finite sums (or finite series), namely
arithmetic progression and geometric progression, we will briefly introduce
sums and the notation with the summation sign (even though we have used the
summation sign already occasionally in the last chapters).
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Definition 7.1 (finite sum (or finite series))
Let m and n be integers, and let m < n. The finite sum (or finite series)

n
>
k=m

is defined by

Zak:am+am+1+...+ak+...+an_1+an, (7.6)
k=m
where the ay, for k =m,m +1,...,n — 1,n, are real numbers. Usually but not

always we will have that m > 0. The symbol > is called the summation sign.
The index k in (7.6) is a ‘placeholder’ for the values m,m+1,... ,n—1,n. The
summation index could be given any other name, for example 7, and we have

n n
E ap = E Qj.
k=m j=m

We give some examples of finite sums/finite series.

Example 7.2 (finite sums/finite series)
Compute the following finite sums/finite series:

5 4

6
(a) Z k, (b) ij, (c) Z ¢, where ¢ € R is a constant.

k=1 =3 r=2
Solution: We work out the sums in (a) and (b) and find

6
(a) > k=1+2+3+4+5+6=21,
k=1

and .
(b) Y j7=3"+4+5"=9+16+25 = 50.
j=3
The third sum is a ‘bit peculiar’ in that we sum up the constant ¢ which does not

actually depend on r. This means that for each value of the index r we add the
constant ¢, that is,

4
Zc:c+c+c:3c. d
-2
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From generalizing Example 7.2 (c¢), we find that for m < n and any constant ¢ € R

Zc:(n—m—l—l)c. (7.7)

Lemma 7.3 (properties of sums)

n

k=m

and for any constant c € R

n

(car) =c Z . (7.9)

k=m

In the next example, we will compute a well-known sum in which the summation
index k£ goes up to an arbitrary integer n.

Example 7.4 (value of > ;_ k)
Let n > 0 be an arbitrary integer. Compute the sum

Sn = i ka
k=1

Solution: To find S,, = >_7_, k, we write the sum S,, explicitly as
Spn=14+243+...+(n—1)+n, (7.10)
and we rewrite the sum S,, also backwards
Sp=n+n—-1)4+Mn—-2)+...+2+1. (7.11)

Then we add (7.10) and (7.11) such that we add the first terms in both sums

together, add the second terms in both sums together, and so on

28, = (1+n)+2+n-1))+B+0m—-2)+...+((n—1)+2) + (n+1)
= m+D)++D+m+)+...+(n+1)+(n+1)

-

n of\trhese
= n(n+1).

Dividing by 2, yields finally
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3

1
Sn = k:1k— Fn(n+1). (7.12)

We will need (7.12) when we work out a formula for the arithmetic progression
below. O

We call the expression on the right-hand side of (7.12) a closed representation
or closed formula for the sum on the left-hand side. The term ‘closed’ means
here that the new representation does not contain any summation but is just one
expression.

Now we will discuss arithmetic progression and geometric progression.

Definition 7.5 (arithmetic progression)
A series of the form

n

So=Y (a+kh)=a+ (a+h)+(a+2h)+...+ (a+kh)+...+ (a+nh),

k=0

where a € R and h € R with h > 0, is called an arithmetic progression (or
arithmetic sum). We observe that the difference between any two consecutive
terms (where we subtract the term with the larger index from its predecessor) is

(a+kh)— (a4 (k—=1)h) =h.

For this reason h s called the common difference.

Now we want to work out a closed representation for the arithmetic progression.
Using (7.8), (7.9), and (7.7), we find that

n

Sn:Z(aJrkh) :Zn:anLZn:kh:Zn:aJrhzn:k:(n+1)a+hzn:k,
k=0 k=0 k=0 k=0 h—1

k=0

where we have used in the last step that we may start the second sum with k£ =1,
since for k = 0 the term k is zero. Now we use (7.12) to get a closed representation
of the remaining sum and find

n

Sy = Z (a+kh) = (n+1)a+hzn:k = (n+1)a+hM = (n+1) [a+ n_h] .

2 2
k=0 k=1

Thus the closed representation of the arithmetic series is given by
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n

55:}2@+kh%:@+1%?+%;r:m+d)F+%g+nm] (7.13)

k=0

From the right-most representation in (7.13), we see that the term in the angular
brackets is the mean value of the the first term a and the last term a + n h of the
sum. The formula (7.13) contains (7.12) as the special case a = 0 and h = 1.

Example 7.6 (application of arithmetic progression)
Calculate the value of the following finite sum

50

> (10+2k).

k=11

Solution: We write the the finite sum as

50 50 10
> (10+2k) =) (10+k2)=> (10+k2),
k=11 k=0 k=0

and then use the formula (7.13) to evaluate each individual sum (which is an arith-
metic progression with a = 10 and h = 2) on the right-hand side.

50

> (104 k2) =51 [10+

k=0

50 x 2

} = 51 x 60 = 3060,

and
. 10 x 2
Z(10+k2):11[10+ ]:11><20:220.
k=0
Thus we find
50 50 10
> (1042k) =) (10+k2) =) (10+k2) = 3060—220 = 2840. O
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Definition 7.7 (geometric progression)
A series of the form

Snzz:ark:a+ar+ar2+...+ark+...+ar”,
k=0

where a € R and r € R, is called a geometric progression (or geometric
sum). We observe that the ratio of any two consecutive terms (where we divide
the term with the larger index by its predecessor) is

CLTk

—_— =
ark-1

For this reason r 1s called the common ratio.

We attempt to find a closed representation of the geometric progression. Multiplying
the geometric progression

Sp=Y ar. (7.14)
k=0
by r gives that

n n
rSp=r E ar® = g arttt,
k=0 k=0

Now we substitute the summation index by j = k + 1, and thus £ = j — 1. When
doing this we have also to decide which values j can assume. Since we had k =
0,1,2,...,n, we have that j = k+ 1 assumes the values j =1,2,3,...,n+ 1. Thus

n+1

rS, = ZarkH = Zarj.
k=0 j=1
Renaming j to k gives that
T’Sn:Zark. (7.15)

Subtracting r S,, from S,, yields therefore, using (7.14) and (7.15),

n+1 n

n n
Sy, —18, = g ar®— E ar® =ar’+ g ar®— [g ar’“rar”“] =ar’—ar*t,
k=0 k=1 k=1 k=1

where we have used the fact that all terms, except the term for k£ = 0 in the first
sum and the term for k£ = n+1 in the second sum, occur in both sums and thus are
cancelled out. Simplifying the left-hand side and the right-hand side further yields

(1-7)8S, =8, —7S, =ar’—ar"! :a(l —r”“).
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If r # 1, then dividing by (1 — r) yields

_ pntl __ n+l
Sn:a(l r ):a(l r )
1—r 1—r

If r =1, then

k=0 k=

en)

and this case is not of particular interest.

We summarize what we have learned as a lemma.

Lemma 7.8 (closed form of geometric progression)
Let a € R and r € R with r # 1. Then the geometric progression (or
geometric sum) has the closed form

1 —prntt

Sp = E ark:ail : (7.16)
—r
k=0

You should know the closed formula (7.16) of the geometric progression from mem-
ory! The closed formula (7.16) of the geometric progression is useful in many con-
texts and we will apply it later in this chapter.

Example 7.9 (application of geometric progression)
Compute the value of the following finite sums:

(a) 522’2 (b) ;( %)k (0) kﬁ:ggxmk.

Solution: The finite sum in (a) is a geometric progression with a = 1, r = 2, and
n = 3. Thus, from (7.16)

1-92¢ 1-16

§ ok — = — 15.
1-2 —1

k=0

The finite sum in (b) is a geometric progression with @ = 1 and r = —1/2 and n = 5.
From (7.16) we have

1N 1-(=1/2)° 1-(1/2% 1-1/64 632 21
Z<_5)_1—(—1/2)_ 3/2 3/2 643 32

5
k=0
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Writing the finite sum in (c) as

4

. 1\
Z9x10k:§9x<ﬁ),

k=0

we see that it is also a geometric progression with ¢ = 9, r = 1/10 = 107! and
n = 4. Thus from (7.16)

4
|- (1071  1-107"
9% 107% =9 —9 — 10 (1—1075) = 10 x 0.99999 = 9.9999.
kz_; 8 1— 10 9/10 ( ) =10x

We see how useful the closed formula (7.16) of the geometric progression is. O

7.2 Binomial Expansions

In this section we discuss binomial expansions.
We are familiar with the first binomial formula

(a+b)" =a®+2ab+b? (7.17)
and the second binomial formula

(a—b)Q:a2—2ab+b2. (7.18)

We want to derive an analogous formula for the case (a + b)" and (a — b)™, where n
can be an arbitrary non-negative integer. Before we do this, we observe that (7.18)
follows immediately from (7.17) by

(a— b)2 = (a+ (—b))2 =a*+2a(=b)+ (=b)?*=a*—2ab+ V.
Therefore, we will restrict our discussion to deriving expansions for (a + b)".
We start with working out (a + b)? by hand
(a+0)° = (a+0b)(a+b)"=(a+0b)(a®+2ab+b") =a® +3a>b+3ab? +b*.
If we work out (a + b)*, then we will find
(a+b)*=a*+4a’b+6a*b* +4ab® + b

We observe that (a + b)° = 1 and (a + b)' = a + b, and write the expressions for
(a+b)", with n =0,1,2,3,4 in the following form:



7. Series Expansions and Approximations 187

(a+b)° =

N\
(a+b)! = [Lla+[1]b
S NN
(a+b)? = [1]a? +[2]ab +[1]p? (7.19)
SN NN
(a+0)* = [1]a® +[3]a®b +[3]ab® +[1]0°
SN NS NN
(a+b)t = [1]a* +[4]a®b +[6]a?b? +[3]ab® +[1]b*

We observe that the coefficients, which have each been put into a box, obey the
following pattern: The first and the last coefficient have always the value one. The
other coefficients can be be obtained from the coefficients in the previous line as
follows: If we number the coefficients according to the order in which they appear
in (7.19), then the kth coefficient is the sum of the (k — 1)th and kth coefficient in
the previous line. This pattern continues for (a + b)" with n > 4. The structure
(7.19) is referred to as Pascal’s triangle.

For general n, the expansion of (a 4 b)" consists of terms of the form
coefficient x a"~"b" with »=0,1,2,...,n,

which arise from taking b from r of the parentheses (a + b) and taking a from each
of the remaining n — r of the parentheses (a +b) and then multiplying these factors.
Indeed, we have the binomial formula

(a+0)" = i (:) @b (7.20)

r=0

n—r bT‘

where the binomial coefficients (7:) of a are defined by

() == aan

with the factorials n! and r! defined by

0l =1, =1, ml=(m-1)Ixm=1x2x3x...x(m—1)xm, meN.

Note that the binomial coefficients are integers, which is not obvious from their
definition (7.21). The binomial coefficients are exactly the coefficients that occur
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in Pascal’s triangle. More precisely, the binomial coefficient (Z) is the (r + 1)th
coefficient in the row for (a + b)" in Pascal’s triangle (7.19).

Example 7.10 (binomial expansion)
Determine an expansion of (1 + z)* using the formulas (7.20) and (7.21).

Solution: We have to work out the binomial coefficients (f) forr=0,1,2,3,4.

N__a e

0/ 01(4—0) 1x4 7

4 4! 4!

:7:—:4:7

1 114-1)! 3

4 4! 41 4!

2)  20(4—2) 2120 4

N_ e e e M,
3/ 3l@4-3)! 31 u@g-1n \1) 7

|

L W L R S £ A W
4)  414—-4) 40 o@4-0! \o) 7

and we obtain indeed the numbers from Pascal’s triangle. Thus

4

4

4 4

(1+2)'= E ()147":17’": <)$T=1+4x—l—6x2—l—4x3—l—x4. O

r T
r=0 r=0

The observation from the last example, that (g) = ( 4:) = (‘11) and (j) = (3), holds
in the following general form:

(Z) Ry (nn!— Nl (n —nv!“)!r! " (n—r) (nn!— (n—r) (nﬁr)

The way by which we generate the (binomial) coefficients in Pascal’s triangle implies

the following formula for the binomial coefficients:

n n n _(n+1

r r+1) \r+1)
7.3 Infinite Series

In this section we discuss (infinite) series, by which we mean an expression of the
form

Zak:am+am+1+...—l—ak—l—ak+1+.... (722)

k=m
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In (7.22) we do not stop summing up at a certain index k = n but go on summing
up ‘until infinity’. The value of an infinite series (7.22) is in fact the limit

n—oo

Z ap = lim Z ap = lim S, of the sequence {S,,}, where S, = Z Q.
k=m k=m

k=m
The finite sums

n
S, = g ay, where n >m
k=m

are called the partial sums of the series, and as we saw above the value of the
series is the limit of the sequence {5} of partial sums.

To clarify matters, let us go back to what it means if a sequence {S,,} of real
numbers S, converges to a real number S, in formulas,

lim S, = S.
It means roughly that if n is large enough then S, is very close to the limit
S, and if we increase n then S, gets closer and closer to the limit. Let us
look at a concrete example.

Example 7.11 (series of real numbers approaches its limit)

The sequence

1 1
{S,} defined by Snzl—l—gzn:; :

converges to the number S = 1, since

1 1
lim S,, = lim (1+—) =14+ lim — =1.
n—oo n—oo n n—oo M

Let us work out S,, for some samples of n, say n = 1, 2,10, 50, 100, 1000, to see how
the sequence {S,} approaches the limit S = 1 as n increases. We have

1 1 3 1
=14+-=2 =1l4+-==-=1 =14+—==1 d=11
Sh —1—1 , S —|—2 5 D, Sto —1—10 +0 ;

1 1
=14+ —==1 .02 =1.02 =14+-—=1 .01 =1.01
Ss0 +50 + 0.0 02, S100 —1—100 + 0.0 01,

1
51000 =1+ m =1+0.001 = 1001,

and we see indeed that S,, approaches the limit S = 1 as n increases. O
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Sequences of real numbers {5, } may converge, or not, and if a sequence of {5, }
of real numbers does not converge, then we say it diverges.

In the Example 7.11 above we have seen a sequence of real numbers that converges.
Now we also give an example of two sequences of real numbers that diverge.

Example 7.12 (sequences of real numbers that diverge)
The sequences

{S,} with S,=n and {T,} with T,=(-1)"

diverge. Indeed, the members S,, = n of the sequence {S5,,} get arbitrarily large
as n — oo, and thus lim,,_, S,, = lim, .o n = co. If we find that the ‘limit’ is
plus (or minus) infinity, then the sequence diverges! In the other example
the values of T,, = (—1)" alternate or ‘oscillate’ between —1 and 1. Neither of
these values can be the limit: for example 1 cannot be the limit, for if it were the
limit we would have that for n large enough all T;, are close to 1, but some such 7;,
are still —1 which is not close to 1. Thus {7},} does not converge. O

Now that we have clarified the meaning of convergence for sequences of real numbers,
we come back to infinite series of real numbers in the definition below.

Definition 7.13 (convergence of an infinite series)
Let m be an integer. The infinite series

Zak:am+am+1+...+ak+ak+1+... (723)

k=m

converges if the sequence {S,} of partial sums

n
Sn:Zak:am+am+1+...+an, where n>m

k=m

converges. The infinite series (7.23) diverges (that is, does not converge)
if the sequence {S,} of partial sums diverges (that is, does not converge). If
the sequence {S,} of partial sums converges to the value S = lim,,_,, Sy, then S
is the value of the series, that is, S =Y 7~ ay.

We discuss an example.
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Example 7.14 (geometric series)
Let a # 0. Investigate for which r the geometric series

Zark:ar0+ar1+ar2+...+ark+... (7.24)
k=0

converges and for which r the series diverges (that is, does not converge).

Solution: First let |r| # 1. We consider the sequence S,, of partial sums

Sn:Zar i (7.25)
—r
k=0

where the closed representation on the right follows from Lemma 7.8. (Note that
the partial sums (7.25) are geometric progressions.)

If |r| > 1, then

1 — ot
— 00 as n — o0 = lim S, = lim ¢ ——— = 0.

n—o00 n—o0 —7r

|7“n+1’ — |7“’n+1

Thus, for |r| > 1, the sequence {S,,} does not converge, and consequently the infinite
series (7.24) does not converge.

If |r| < 1, then

1 — ot 1 a

"t 50 as n— oo = lim S, = lim a

= a .
n—oo n—oo 1—17 1 —17r 1—7r

Consequently, if [r| < 1, then the infinite series (7.24) converges and we have

Zark:thn: a )
n—00 1—7r
k=0
If r =1, then r* = 1¥ = 1 and we have

Snzzn:ark:ialk:ia: (n+1)a,
k=0 k=0 k=0

and therefore

lim S, = lim (n+1)a =

n—oo n—oo

00 if a>0,
—00 if a<O.

We see that for r = 1 the sequence {S,} of partial sums diverges, and thus, for
r =1, the geometric series (7.24) diverges.
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If r = —1, then ¥ = (=1)* and (—1)* = 1 if k is even and (—1)* = —1 if k is odd.
Thus we find that

B & Ko & ko a if n is even,
Sn—Zar —Za(—l) —a+(—a)—l—a—i—(—a)—l—...+{ a+ (—a) if nis odd.
k=0 k=0

Thus we have for odd n as many terms a as we have terms —a, and they cancel each
other out. For even n we have one more term a, and the remaining terms cancel
each other out. Thus

& if nis even
n — —1 b= @1 ’
5 ga( ) {0 if n is odd.
Since the values of S, alternate (‘oscillate’) between 0 and a # 0, the sequence {S,,}

does not converge, that is, it diverges. Thus the geometric series (7.24) diverges for
r=—1. O

We summarize what we have learnt about the geometric series in the following
lemma.

Lemma 7.15 (convergence of the geometric series)
Let a # 0 and let r € R. The geometric series

Zark =ar’+art +ar*+.. . +arf4+ ...
k=0
converges for |r| < 1 and diverges for |r| > 1. For |r| < 1, we have

oo
D_ar

(7.26)

Example 7.16 (geometric series)
From the formula (7.26) for the geometric series with @ = 1 and r = 1/2 (note
Ir| =1/2 < 1), we have

1 1 1 X /1\F 1 1
+2+4+ + kz b < ) 1—-1/2  1/2

Example 7.17 (geometric series)
Find the value of the series
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Solution: Rewriting the series as

k=0 k=
reveals that it is the geometric series with @ = 1 and r = —1/2. Since |r| = |—1/2| =
1/2 < 1, we know that the geometric series converges, and from (7.26) its limit is
given by
i(—uk_i( 1)’“ 1 1 2
A = _ — = — = = —.
e~ 2 prd 2 1—(=1/2) 3/2 3
To investigate ‘how’ the geometric series with @ = 1 and r = —1/2 converges to its

limit 2/3, we evaluate the first four partial sums.

SO:1>§,
1 1 1 5 2
= lmgr it T8 <y

and so the sequence {S,} of the partial sums converges to the limit 2/3 in an
‘oscillatory’ fashion. O

Example 7.18 (geometric series)
Investigate the convergence of the series

~ 10
Solution: We observe that this is a geometric series with a = 1/10 and r = —1.
Since |r| = | — 1| = 1, we know from Lemma 7.15 that the series diverges. O

Example 7.19 (series that diverge)
Show that the series

(a) Zk and (b) Z

k=1

|

diverge.
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Solution: (a) We have that

n

> 1
S k= lim k:hm@:m,

where we have used that the finite sum ) ,_, k is an arithmetic progression.

(b) We group the terms in the series together as indicated below

il—l—l— TN (T Y (IR I L
r—tl 3 4 56 7 8 9" T16) T

Each sum of the terms in one of the brackets is larger than 1/2, and thus

> 1 1
> JEEO e JH&(””%)Z“-

Thus we have shown that both series diverge. O

7.4 Power Series

Power series are infinite series for which the partial sums are polynomials.
Therefore a power series defines a function. In this section, we will define power
series and look at some examples.

We start the section with a motivating example. From Lemma 7.15, we know that
the geometric series

Z:{;k:1+x+x2+x3+x4+...+xk+... (7.27)
k=0

converges for |z| < 1 and diverges for |z| > 1. For |z| < 1 we have seen that

(o.e)
) =

k=0

(7.28)

If we think in (7.27) and (7.28) of x as a variable, then we have our first example of
a power series. From (7.28) we see that the power series

o0

Zxk:1+x+x2+x3+x4+...+xk—l—...
k=0
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which we now consider as a function of the variable z, converges for |z| < 1 to
the function 1/(1 — x).

Definition 7.20 (power series about )
An infinite series of the form

(o0

Zak(az—xo)k:aoJral (x—x0)+as(x—20)>+ ... +ay(x—x0)+... (7.29)
k=0

15 called a power series about xy,. Here x € R is the variable of the power
series. The real numbers ag,ay,as,as...,ag, ... are called the coefficients and

xq is the centre of expansion of the power series (7.29).

From the definition of the power series it is clear that the power series is a function
of the variable z.

The case that you will mostly encounter is o = 0. Then power series (7.29) reads

oo

k 2 k
E arxr” =ag+mr+ayx"+...+aprx” +....
k=0

The partial sums of the power series (7.29) are given by the polynomials

n

Sn(z) = Zak (x —20)f = ag+ a1 (z —20) +az(x —20)* + ...+ a, (z — 20)"
k=0

Note that it is allowed that some or even all of the coefficients a, are zero.

We give some examples of power series.

Example 7.21 (power series)
The following expressions are power series:

(a) In the power series
Z:{;%:1+x2+x4+x6+x8+..., (7.30)
k=0

about o = 0, we have a;, = 1 if k is even and a;, = 0 if k is odd. All the odd powers
of x are missing.
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(b) In the power series

2 2k A A A
;H:1+x+5+5+5+5+..., (7.31)
—0

about xy = 0 the coefficients are given by a, = 1/k! for all k € Ny.

(¢) An example of a power series about xy = 1 is given by

o0

Z(x — 1),

k=0
Here we have the coefficients a;, = 1 for all k£ € Nj.

(d) Let a > 0 be a constant. The power series

= (=1)FaP = (—1)Fat a?
%(Hz)’“: %(m—(—2))k:—a(x+2)+?(:17+2)2+...
k=1 k=1
is a power series about 2y = —2 with the coefficients ay = (—1)*a*/k, k € N. O

A crucial question about power series is the following:
For which values of x does the power series converge?

When we talk about the convergence of a power series at a point z, then we
will think of x as fixed and the power series with this value of =z,

Zak(az—xo)k = ag + a; (:1:—:1:0)+a2(:1:—:1:0)2+...+ak(:1:—a:0)k+..., (7.32)

k=0
is just a series of real numbers. For each fixed z, we can discuss its convergence.
Thus a power series (7.32) converges at a (fixed) point z if at this fixed point
r the sequence of the partial sums {5, (x)},

Sn(z) = Zak(az—xo)k =ag+a; (x — o) +as (v —20)* +... +ag(x— x0)"
k=0

converges. We observe that the power series converges always at x = z(, since
for x = x¢ all but the first term are zero.

Example 7.22 (convergence of geometric series)
From Lemma 7.15, we know that

00
E a IIZ'k
k=0

converges to the function a/(1 — x) if |z| < 1 and diverges (does not converge) if
|z| > 1. O
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Example 7.23 (power series related to the geometric series)
Show that

o

S (@ — 1)

k=0
converges for z € (0,2) and diverges for z with x < 0 and z > 2.

Solution: We let y = x — 1, then from the geometric series

= = 1 1 1
(x-1F=> o= = - if |y| < 1,
kzo kzo l—-y 1—-(z—-1) 2-=x

and for |y| > 1 the series diverges. Thus >~ (x—1)* converges for |y| = [z —1] < 1,
that is, for z € (0,2), and it diverges for |y| = |z — 1| > 1, that is, for z < 0 and
T > 2. O

Example 7.24 (power series related to the geometric series)

Show that -
5
k=0

converges for z with |z| < 1 and diverges for |z| > 1.

2

Solution: Letting y = x*, we find, from the geometric series,

Zx% =Y 4f = = if ly| = |2°] < 1,
l—y 1—2?
k=0 k=0
and Y p 2% = 37 ¥ diverges if |y| = |2?| > 1. Thus the series converges for
|z| < 1 and diverges for |z| > 1 O

In the last two examples we have exploited our knowledge of the geometric series to
obtain information about the convergence a given series. This is not always possible,
but a discussion how to investigate the convergence of an arbitrary power series goes
beyond the scope of this course.

7.5 Maclaurin Series and Taylor series

In Lemma 7.15, we have seen that the geometric series satisfies

1
Zxk = for all = with |z| < 1. (7.33)

(ee]
1l—2x
k=0
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We can interpret (7.33) in the following way: The function f(z) = 1/(1 — z) has
the power series expansion about xy given by the left-hand side of (7.33)

Can we expand every smooth function into a power series expansion
about z(, and if yes, how do we obtain the coefficients a;?

This question leads us to the Taylor series of a function about a point zy: If the
function is so smooth that it has derivatives of arbitrarily high order, then we can
indeed expand the function into a power series about x, the so-called Taylor series
about z,! The Maclaurin series mentioned in the section heading is a special
case and the most common type of a Taylor series. We will find an explicit formula
for the coefficients a; that involves the values of f and its derivatives at xg.

If we have for a smooth function (given by a closed non-series representation)

:Zakxk:a0+a1x+a2x2+...+akxk—|—... for all x close to xg = 0,

= (7.34)

then how are the values of the coefficients a; related to the function f7?
Letting x = x¢ = 0 gives that

50

f(0) = ag <~ ap = f(0) = 0l

(7.35)

To get rid of the constant term ag of the power series we differentiate (7.34), where
we may differentiate the series term by term, that is, we may just move the differ-
entiation behind the summation and differentiate the individual terms of the series.
Differentiating with respect to x gives that

fl(z) = . Zakxk] :Z ak:z; Zakkxk 1
= a1+a22x+a33x2+...+akkxk_1+..., (7.36)

where we have used (ag)’ = 0. Letting x = 0 in (7.36) gives that that

f'(0)

f/(O) = ay = a; = f/(O) = 1

(7.37)

We differentiate again and obtain

d 00 B 00 d 00 B
)—Ckﬁ[Zakkxk 1] kz:d—akzx ]:kz;akk(kz—l)xk2

k=1
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= a2+az6x +...+a, (k(k—1)) 2" +..., (7.38)

where we have used (a;)" = 0. Letting x = 0 in (7.38) gives that

_10) _ £(0)

17(0) =ay 2 & as 5 o (7.39)
Substituting (7.35), (7.37), and (7.39) into the power series (7.34) yields
. / f”(O) 2 3 k
f(z) = f(0)+ f'(0)z+ o &t aszt L bapat (7.40)
Continuing in this way, that is, differentiating 3-times, 4-times, ..., k-times, ...,
gives that
*®) (0
ay = f k'( ) forall k=0,1,2,3,4,.... (7.41)

We see that (7.35), (7.37), and (7.39) are indeed special cases of (7.41). Substituting
the coefficients (7.41) into (7.34) yields

fa) =3 oot =3 0O
k=0 k=0 k!

which is the so-called Maclaurin series of the function f.

Definition 7.25 (Maclaurin series of a function)
The Maclaurin series of a smooth function f(z) is defined by

> fk) I m
T(f,0)(x) = Z / k;l(O) " = £(0) + f(0)z + f2(!0) % + / 3(!0) 4

From setting x = 0, we see that always

T(f,0)(0) = f(0),

but for z different from zero, we cannot know whether 7'(f,0)(z) = f(z) holds
or not without further investigation.

We give some examples of Maclaurin series.

Example 7.26 (Maclaurin series of exp(z))
Find the Maclaurin series for the exponential function f(z) = exp(x) = e”.
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Solution: We have that f'(z) = (e*) = e® = f(z), and from repeated application
of () = e” we find

dk
T dat

f®(z) e = e”, k=0,1,2,3,...

Evaluation of the derivatives at x = 0 yields
fPo)y=e"=1, k=0,1,2,3,....
Hence the Maclaurin series of f(x) = e is given by
2 3 4

RSV AUC) IR oo
TU@@—Z:M x_Zﬂx_Lm+§+§+Z+m
k=0 k=0

It is possible to show that the Maclaurin series of f(x) = e® converges for all x € R
to the function f(z) = e”. O

Example 7.27 (Maclaurin series of sin(x))
Find the Maclaurin series for the function f(x) = sin(x).

Solution: We have that
f(z) = sin(z), f'(z) = cos(x), f"(x) = —sin(z),
" (x) = — cos(z), fW(x) = sin(z) = f(x)

If we continue differentiating we find that the even order derivatives (note k = 2/,
¢=0,1,2,3,..., describes all even non-negative integers) are given by

£ (@) = (<1)" sinz). (742

Analogously, the odd order derivatives (note that k = 2¢ + 1, ¢ = 0,1,2,3...,
describes all odd positive integers) are given by

fEHD(z) = (=1)* cos(z). (7.43)
Evaluation of the derivatives at x = 0 yields

f(0) =sin(0) = 0, 1(0) = cos(0) =1, f"(0) = —sin(0) = 0,
7(0) = —cos(0) = =1,  fW(0) = sin(0) = 0,

Using the general formulas (7.42) and (7.43) we find

FE9(0) = (—1)! sin(0) =0 forall £=0,1,2,3...,
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FEED0) = (1)  cos(0) = (-1)" x 1= (=1)"  forall (=0,1,2,3....

We see that all even order derivatives have at x = 0 the value zero and thus the
Maclaurin series of f(x) = sin(x) is given by

f(k) 00 f(ze+1)(0) 00 (_1)£
TMW@:Z k_gﬁﬂﬁ#M:;@FﬁﬂH

$3 $5 $7 $9 ZI?H

R T TR TR T TR
It is possible to show that the Maclaurin series of f(x) = sin(z) converges for all
z € R to sin(z). O

Example 7.28 (Maclaurin series of cos(z))
The Maclaurin series for the function f(x) = cos(z) is

% (_1) 2 4 6
T(f,O)(:z;):Z((%))! :I?%:l—%—f‘%—%—f—....

We will show this on the exercise sheet for this chapter. The Maclaurin series of
f(z) = cos(z) converges for all x € R to the function f(z) = cos(z). O

Example 7.29 (Maclaurin series of f(z) =1/(1 —x))
From Lemma 7.15, we have

1
1l—=x

geometic series = Z T for all x with |z| < 1.

k=0

Thus we would expect the Maclaurin series of the function f(z) = 1/(1 — z) to be
the geometric series. We will show that this is indeed the case! From the chain rule

fla)=(1-2)7 fla)=Q0-2)7% f'a)=2(01-2)7% [f"(z)=3(1-2)7",
and for general k € Ny
fO@)y =K1 —-2z)"®Y  andthus  f®0) =kl (1 —0)"* =kl

Thus the Maclaurin series of f(z) =1/(1 — z) is given by

T(f,0)(x) = Zf Zk_ Zxk:1+x+x2+x3+x4+x5+...,
k=0 k=0

k=0

which is indeed the geometric series. O
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Example 7.30 (Maclaurin series of In(x + 1))
Find the Maclaurin series for the function f(z) = In(1 + z).

Solution: We observe that f(z) = In(x + 1) is defined for > —1 and so it makes
sense to consider the Maclaurin series. We have that

/ . 1 " _ 1
" . 2 (4) _ 2x3 (5) _2X3X4
f (x)_(1+x)37 f (x)_ (1+$)47 f5($)_ (1+$)57
We find the general formula
—k)F Yk = 1)!
f(x) =1In(1+ x) and ) (z) = ( 21 —i—(a:)k ) . k=1,2,3,...,

and evaluating at x = 0 yields
fO)=In(1)=0, and  fPO)=(-D)FE-1), k=1,2,3,....

Thus the Maclaurin series of the function f(z) = In(xz + 1) is given by

T(f,0)(x) =f<0>+kZ o x
B 00 (_1)k71 . IIZ'2 IIZ'3 4
= ; I x _x_§+§_z+

It can be shown that the Maclaurin series of f(x) = In(x + 1) converges for all x
with |z| < 1, that is, for z € (=1, 1) to the function f(z) = In(x + 1). O

In analogy to the Maclaurin series we can calculate the power series expansion
of a smooth function about zy, where now the values of the function and its
derivatives at xy are used in the definition of the coefficients.

Definition 7.31 (Taylor series of a function)
The Taylor series for a smooth function f(x) about x is defined by

2. R (g N
7(f.20)() = 3 T (0 )
= flao) + £'wn) (o~ z0) + T (g g 4 L (o oy
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We observe that for zp = 0 the Taylor series T'(f,x,) becomes just the
Maclaurin series T'(f,0) of f. So the Taylor series is the generalization of the
Maclaurin series where we expand the function f about an arbitrary point zy,. We
will mostly encounter Mclaurin series in this course and only very occasionally Tay-
lor series about a point xy with xg # 0.

We give two examples of Taylor series about a point xy with zy # 0.

Example 7.32 (Taylor series of In(x) about zy = 1)
Determine the Taylor series of f(x) = In(x) about zy = 1.

and in the general case
1) = (=D k-1 forallk=1,2,3,....

Thus the Taylor series of f(x) = In(x) about xy = 1 is given by

o0 (k) _ 1\k-1 . o0
15 )@ =3 LW @ = 0 Y kfk D=3

It can be shown that the Taylor series of f(x) = In(x) about xg = 1 converges for
all = with |z — 1| < 1 to In(z), and that it diverges for all z with |z —1| > 1. O

Example 7.33 (Taylor series of sin(z) about xzy = 7/4)
Find the first five terms in the Taylor series for the function f(x) = sin(z) about
Ty = 7T/4

Solution: We have that

f(z) = sin(z), f'(x) = cos(x), f"(x) = —sin(z),
() = —cos(a),  O(x) = sin(x) = f(a),
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So taking x = xy = 7/4 gives that

Flr/4) = sin(a/4) = <=, f/(n/4) = cos(m/4) = 2=
1

f'(m/4) = —sin(r/4) = — ok f"(7/4) = —cos(n/4) = —

fO(r/4) =sin(r/4) = f(n/4) =

1
Ey
1
E)

That the Taylor series of f(x) = sin(x) about x¢ = 7/4 is given by

T(f,7/4) Zf R R O R oy

R

1 s 1 1 ™2 1 1 ™3 1 1 7\ 4

+7( 7)‘57( 1) 7)) rasl-g) e
1 ™2 1 T\ 3 1 7\ 4

[+ IIZ'—— —§($—Z> —E(IL'—Z +ﬂ($—z) +:| O

7.6 Approximation of a Function by the Taylor
Polynomials

sw s

If we compute the first few terms of the Taylor series of f about x(, then we have

a polynomial and for x close to zy we may expect that this polynomial provides a
reasonable approximation of f.

Definition 7.34 (Taylor polynomials)
Let f: (a,b) — R be a smooth enough function, and let xy € (a,b). The polyno-

mial S, (f,xo) of degree n, obtained by taking the first n+ 1 terms of the Taylor
series T(f,xg) of f about xq, that is,

n ) (g )
Sulfrao)@) = 3 L0 (g

k!
k=0

z ™ (2
_ Flao)+ ()@ — 20) + 18 (g — g g L) v (4

2! n!

15 called the Taylor polynomaial of degree n of f about x.
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By definition, the Taylor polynomials of f about zy are just the partial sums of
the Taylor series of f about x, that is,

> fk) nofk)
k=0 ' k=0 '

For the special case of g = 0, the Taylor polynomials are the partial sums of the
Maclaurin series, and (7.44) reads

) .,

QEARCIN z". (7.45)

Dk )+ ) T e

9] "+ ...+ o

Su(f,0)(z) =

k=0

Example 7.35 (Taylor polynomials for exp(xz) about zy = 0)
Find the Taylor polynomials of the exponential function f(x) = exp(z) = e about
o = 0.

Solution: In Example 7.26, we have seen that the Maclaurin series of the exponential
function is given by

2 513'3 Q?k

=1 , x
T(t,o):;ﬂr =ltot gttt
=0

The Taylor polynomial S, (f,0) of f(x) = e of degree n about xy = 0 is the partial
sum up to k = n of the Maclaurin series, and thus

n 2 33'3 n

1 x x
o ' ! ! !

We write down all Taylor polynomials up to degree 3 explicitly:

Sol(f,0)(z) =1, 7.46)
S1(f.0)(z) =1+, (7.47)
So(f,0)(x) :1+:1:+Z—T, (7.48)
Ss(f,0)(x) :1+x+§+§—j. (7.49)

The Taylor polynomial S,,(f,0) of degree n = 0 is a constant, of degree n = 1 is an
affine linear function, of degree n = 2 is a quadratic function, and of degree n = 3
is a cubic function. O
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Now we want to use the Taylor polynomial (7.49) of f(x) = e* about zp = 0 of
degree n = 3 to approximate f(z) = e” for z close to xy = 0. We evaluate
2 3 2 B

-1 T | Tz
S3(f,0)(z) +x+2!+3! +x+ 5 + 5

at x = 1/2 and = —1/2 to get an approximation of the values f(1/2) = e'/? and
f(=1/2) = e7'/2, respectively. We have

L2 @211

1/2) =1+ = T
Sa(£,0)(1/2) = 1+ 5+ 4 2 = L oo
48+24+6+1 79
= = — =~ 1.64
48 48 6498,
1 (—1/2)2 (—1/2)3 1 1 1
Sa(f,0)(=1/2) = 1= 5+ + L - -
_48—24+6—1_29

= — ~ 0.6041
18 13 0.60417,

and the exact values of the function are
f(1/2) =e?~1.6487 and  f(—1/2) = e V? = 0.60653.
We determine the errors

79 29
12 _ 22 ~0.002 —1/2 _ 22~ 0.002364
e I 0.0028879 and e I 0.0023640,

and we see that the errors of the approximations are of the order 3 x 1073. Thus
for = 1/2 and © = —1/2 the Taylor polynomial of degree n = 3 of f(x) = e*
about ry = 0 provides a good approximation of the values f(1/2) = e'/2 and
f(=1/2) = e~'/2 respectively. This is illustrated in Figure 7.1.

We discuss some more examples where Taylor polynomials are used to approximate
the functions close to the point of expansion x.

Example 7.36 (approximation of exp(+1/2) by Taylor polynomials)
Use the Taylor polynomials of degree n = 1 and n = 2 of f(z) = exp(x) = * about
zo = 0 to get an approximation of f(1/2) and f(—1/2).

Solution: For the Taylor polynomial of degree n = 2 of f(z) = e® about zq = 0,

2 $2

Sz(f,())(x):1+x+%:1+x+?

we find

1 (1/2)? 1 1 8+4+1 13
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1 (1/2)? 1 1 8—4+1 5
Sa(f,0)(=1/2) 5T 5 >+ 3 < - 0.625

To compare with the true values

f(1/2) =e? ~1.6487 and  f(—1/2) = e Y2 = 0.60653,

we work out the errors

el/2 %3 ~ 0.023721 and e V2 — g ~ —0.0184609.

We see that the approximation is worse than for the Taylor polynomial of degree
n = 3; the error is of the order 2 x 1072,

If we take the linear approximation given by the Taylor polynomial of degree n = 1,
Sl(fa 0)(:6) =1 + xz,

then
1 3 1 1
Si(£0)(1/2)=1+5=0=15 S(f0)(-1/2)=1-5 =
which is clearly an extremely crude approximation. The actual errors are

e/? —15~0.14872 and e 2 —0.5~0.10653,

= 0.5,

and we see that the errors are of the order 1.5 x 101, O
251 .
] 6
2- 1
] 4
1.5 .
e 2-
// 0 5: /,u :
] I .
— I T T T T T T U T T T T T T T T T 1
- = 1 }» 1 2
I T T T T T T T T IG_ T T T T T T T T T 1
1 05 0 0.5 1

Figure 7.1: On the left, we see f(x) = €” (red), and its Taylor polynomials (about
xro = 0) of degrees n = 1 (green) and n = 2 (yellow); and on the right, we see
f(z) = €® (red), and its Taylor polynomials (about xy = 0) of degrees n = 1
(green), n = 2 (yellow), and n = 3 (blue).
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Before we discuss another example, let us take a look at what we are doing: Assume
that the function f has the power series expansion about xg

T(f, o) Z S2U) (0 )t = o)+ (20 (@ =)

f(4) (z0)
4!

+f//($0) 5 + f”/(SUo)

2! (% = o) 31 (x —x0)* +..., (7.50)

(IIZ — IIJ())S +
and that in addition

T(f,zo)(x) = f(x) for all z close to x.

For x very close to xg, say |z — zo| < 1071, the terms (z — z)* with & > 4 will be
very small. Indeed |z — x| < (1071)* = 107*, and more generally

|z — 0" < (107H)*F = 107",

If we are satisfied with an accuracy up to the order 1072, then we can ignore the
terms in the Taylor series with k > 4. Thus for z with |x — x| < 107!, the Taylor
polynomial of degree n = 3,

S3(f;x0)(z) = f(z0) + f'(w0) (v — 70) + fﬂgf()) (z —0)" + fm3(| ) ( — x0)°,

usually provides a very good approximation of f(z) for z with |z — zo| < 1071
From our analysis we expect the approximation to be accurate up to the order 1073,

Approximations by the first two or three or four terms of a Taylor series are com-
monly used in physics, engineering, and mathematics. Towards the end of this
section we will get some evidence that they are indeed a good approximation and
we will even get a ‘rule of thumb’ for estimating the error.

Example 7.37 (approximation of sin(xz) by its Taylor polynomials)
In Example 7.27 we saw that the Maclaurin series of f(z) = sin(z) is

00 k 3 5 7
2R+ r T
sin(z kz; 2k+ TR

Thus the Taylor polynomial of degree n = 3 is given by

$3

Sg(f, O) =T — E

and we expect it to be a reasonable approximation of f(x) = sin(x) for small z.
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Let’s test this for some particular values of x. For x = 7/10, a pocket calculator
gives that

sin(r/10) &~ 0.309017  and  Sy(f,0)(r/10) = — (m/10)*

— ~ 0.308992.
10 6

The error of the approximation is of the order 2.5 x 107°, and so the approximation
of sin(7/10) is very good.

However, for x =
3

T
sin(m) =0 and S3(f,0)(m) =m — T~ —2.026120,

and so the approximation of sin(7) is very poor. This is not so surprising since 7 is
comparatively far away from zy = 0. To overcome this, we could consider truncating

after a greater number of terms. For example,

SR S

So(£.0)(m) =7 — 5 + 5 = = & —~0.0752206,
which gives a better approximation of sin(7w) = 0. In Figure 7.2, we show sin(z) and
its Taylor polynomials about x¢y = 0 of degree n =3, n =5, and n = 7. O

(T T T T T T - [N T T T T B B
[

Figure 7.2: Graphs of sin(z) (red) and its Taylor polynomials about zq = 0 of degree
n =3 (green), n =5 (yellow), and n = 7 (blue).

How large has the degree of the Taylor polynomial about x( to be, in order
to get a good approximation of the function close to z(? A rough answer to
this question is given by the following ‘rule of thumb’, which you will apply on
the corresponding exercise sheet.
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Rule of Thumb: The error of the Taylor polynomial

So(f, x0)(x Zf :U—:ro)k

as an approzimation of f(x) for x close to xy has approximately the same order
of magnitude as the first non-zero term that was omitted from the Taylor series
expansion when we approzimated f(x) by S,(f, xo)(x). In formulas,

f(”H)(xo)

error ~ m (z — 20)"*!

7.7 Differentiation and Integration of Power Se-
ries

In this very short section we discuss that power series may be differentiated and
integrated term by term, and we give some examples.

Theorem 7.38 (differentiation/integration of power series)
Consider a power series about x,

> ap (z — o). (7.51)
k=0
Then we may differentiate the power series (7.51) term by term, that

18,

% [Z ay (z — xo)k] = Z % lax (z — xo)k} = Z ark (z —20)* 1. (7.52)

We may also integrate (7.51) term by term, and an indefinite integral of
the power series (7.51) is

L[Zaktxo ]dt Z/ ay, (t — x)" :i
(7.53)

Usually, if (7.51) converges at some x then (7.52) and (7.53) will also converge
at this x.

)k—i—l'

Q?—Q?
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We can differentiate and integrate the power series of f arbitrarily often term by
term.

Example 7.39 (derivative of sin(z))
For any real number x € R, we have
o0 3 5 7
L2041 v
sin(x ;2€+ =z 3'+5' 7!+....

From Theorem 7.38, we have

. rd s~ (D ] = d [ (DY g
[ sin(x)] %[Z—(%Jrl)!x ]Z%[mx ]

- G —1 ¢ 2/
; (204122 :;(@@)! .

We recognize the last series as the Maclaurin series of cos(x). This is what we
expected, since [sin(:z;)]/ = cos(x). 0

Example 7.40 (primitive of 1/(1 — x))
From Lemma 7.15 and Example 7.29, we know that the Maclaurin series of f(x) =
1/(1 — z) satisfies for |z| <1

1
1—:1:

T(f,0)(x Z:{; =l+z+2>+2°+.
k=0

We compute an indefinite integral on both sides.
/ — dt —[In(l —¢)]; = —In(l —z) +In(1) = —In(1 — z),

and integrating the series term by term gives

/ [Ztk] dt = Z/ thdt = tk;l

where we have substituted the index ¢ = k + 1 in the second last step and have
renamed ¢ = k in the last step. From Theorem 7.38, we know now that for x with
|z <1,

oox 2 3 4
—In(1 - i 7.54
n(l — ) kzk T+ +3+4+ (7.54)
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We verify that this agrees with the Maclaurin of In(1 4+ z) series from Example 7.30:
Multiplying (7.54) by (—1) yields

k=1 k=1
If we know substitute © = —y, then we obtain for |y| <1
oo oo gk & k1, kO k=1, k
v EDTY DTy
T SIS SIS I A SIC il vy = s
k=1 k=1 k=1 k=1
(7.55)

where we have removed one factor (—1)? = 1 from (—1)**! in the last step. The
series on the right-hand side is the Maclaurin series of In(1+y) which we determined
in Example 7.30. O



Chapter 8

Complex Numbers

In this chapter we will get an introduction to complex numbers. From the mathe-
matical point of view, the introduction of the complex numbers closes a ‘gap’ as now
every quadratic equation has now two (complex) roots. The complex numbers are
an extension of the real numbers, and real numbers are special cases of complex
numbers. As we will learn, a complex number can be represented by a pair of real
numbers and thus is geometrically a point in the (complex) plane. However,
we will also learn two different representations of complex numbers: one involves
trigonometric functions, and the other one is based on Euler’s formula and is the
so-called polar form of complex numbers. The ability to switch between the three
representations of complex numbers facilitates adding, subtracting, multiplying, and
dividing complex numbers enormously. We will learn how to take nth roots of com-
plex numbers, and find that now any complex or real number has exactly n distinct
complex nth roots. We will also introduce the (natural) exponential function
and the (natural) logarithm for complex numbers. In physics and engineering
complex numbers are used to describe alternating current circuits.

8.1 Introduction

The introduction of complex numbers is most natural starting with the equation
?+1=0 & 7t = —1. (8.1)

We know that this equation has no solution in the real numbers, but somehow this
is not satisfactory: every quadratic equation should have two roots! To remedy this

213
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we introduce the imaginary unit i as the (complex) number satisfying

i = —1.

Then the equation (8.1) has two solutions —i and +i. Indeed
(£i)*> =i*=—1  and +i=+v/-1.

We can multiply the imaginary unit with real numbers and add and subtract such
multiples of i. For example

51+ 3i=8¢ and 2¢—10¢: = —8u.

We can also take integer powers of (multiples of) the imaginary unit, where we
simplify using (+:)? = —1. For example

(2i)2 =222 =4(-1)= -4 and (-3i)>=(=3)%i® = —27i%i = —27(-1)i = 274.

Definition 8.1 (complex numbers)
A complex number z is defined as a number of the form

z=x+1y, (8.2)

where x and y are real numbers and i is the imaginary unit. In (8.2), the real
number Re(z) = x is called the real part of z, and the real number Im(z) =y is
called the tmaginary part of z. The representation (8.2) of a complex number
2 18 also referred to as the Cartesian form.

Using (+7)? = —1 and otherwise performing multiplication as usual we can easily
add, subtract and multiply complex numbers.

Lemma 8.2 (addition and subtraction of complex numbers)
Let zy = x1 + 1y and 2o = x5 + 1Yo be two complexr numbers.

(i) Addition: ntze = (tit+iy)+ (22 +iys)
= (x1422) +1(y1 +12).

(ii) Substraction: a—2 = (v+iy) — (z2+iy2)
= (331 — xz) +1 (?Jl - ?Jz)-
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Example 8.3 (addition and substraction of complex numbers)
(1+4i2)+(4+i3)=(1+4)+i(2+3)=5+15,
(24+4i11) = (-1+i7)=2—-(-1)+i(11 =7) =3+ 4,
(B+i5)—(2-ivV3)=(B-2)+i(5-(—V3)) =1+i(5+V3).

Lemma 8.4 (multiplication of complex numbers)
Let zy = x1 + 1y, and 29 = T9 + 1Yo be two complexr numbers. Then the product

of z1 and z is given by
21 X 20 =2120 = (X1 +iy1) (T2 + 1 Y2)
=21 To + 1T Y2 iYL T2+ Y Yo
= (129 — Y1 o) + i (21 Y2 + Y1 22).

Example 8.5 (product of complex numbers)
(1+i2)(4+i3) =4+i3+i8+i26=4+ill+(-1)6=—2+ill,

2+iVv2)(2—-iVv2) =4—i2V2+i2V2—i?2=4—(-1)2=6. O

8.2 The Complex Plane (Argand Diagram)

(X,y)

<

imaginary axis

| -
X real axis

Figure 8.1: Visualization of z = x + iy as the point (z,y) in the complex plane.
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The so-called complex plane can be thought of as our usual (z,y)-plane, and it
allows us to visualize complex numbers. More precisely, a complex number z = x+i y
can be represented as the point or vector (z,y) in the complex plane as illustrated
in Figure 8.1. Diagrams like the one in Figure 8.1 (for visualizing complex numbers
in the complex plane) are also called Argand diagrams.

With the help of this visualization of complex numbers the sum and difference of
two complex numbers can be determined geometrically as illustrated in Figure 8.2.
Let 2y = x1 +1y; and 29 = 22 + 17y2. The sum w = 27 + 2z, is represented by the
vertex of the parallelogram in the complex plane whose other three vertices are 0, 2;
and z5. The difference u = 2z, — 21 is represented by the vertex of the parallelogram
whose other vertices are 0, —z; and zs.

A

82
x
©
-
S
=
@)
S R
j= Pas
z,
ZZ
>
sy real axis

Figure 8.2: Visualization of the sum w = z; 4+ 2o and the difference u = 29 — 27 in
the complex plane.

Definition 8.6 (complex conjugate of a complex number)
The complex conjugate of the complexr number z = x + iy is defined by

Z=x—1Y.
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The complex conjugate Z = x — ¢ y of the complex number z = x + iy has the same
real part as z, that is, Re(Z) = = = Re(z), but the imaginary part Im(z) = —y =
—Im(z) differs from Im(z) = y by the factor —1. Thus we see that in the complex
plane the complex conjugate number can be obtained by reflecting the complex
number z on the real axis.

A
Yo (x.y)

%) :

>< I

< l

E\ I

S I

= !

o z !

cs I

£ |
-
X real axis

—y- (x,=y)

Figure 8.3: The complex conjugate z = x — iy of a complex number z = x + 1y is
obtained by refection on the real axis.

Example 8.7 (complex conjugate number)
2 =34i2,  F=3-i2
w=v2-1T, W=V2+iT;

5 5
w=-13+iy,  u=-13-ig. 0

We observe that for a complex number z = z + ¢y the complex conjugate z of the
complex conjugate number z = x — 1y of z is again z, that is,

Z=x—1y=c+i(-y)=cz—i(-y) =x+iy==z
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We will see that the complex conjugate z = z — ¢y of a complex number z = x + iy
is very useful for dividing by that complex number. We start with investigating
what happens if we multiply a complex number z = x -+ y by its complex conjugate
number z = x — ¢y. Then

2z = (:I:Jrzy)(:r—zy)
= 2 —izy+iyr—i’y?
= 22— (-1)y* = 2* +4°

From z z = 2% 4+ 3% we see that the product of a complex number with its complex
conjugate is real and not negative!

Definition 8.8 (modulus)
The modulus of the complex number z = x + 1y is defined by

2| =Vzz =22+ 9%

<

Imaginary axis

| -
X real axis

Figure 8.4: Visualization of the modulus |z| = /22 = /22 + y? of the complex
number z = x + 1 y.

From Pythagoras theorem, we see in Figure 8.4 that the modulus |z| = 22z =
V22 + y? is just the length of the straight line from the origin (0,0) to the

point (z,y).
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With the help of 2z = 2 + y* we can now easily compute the quotient z;/zy of
two complex numbers z; = z1 +iy; and 25 = x5 + iy, # 0. To do this we
multiply both the numerator and the denominator of the quotient

Z1 X1ty

zg  my+ Yo

— _ . —_ o 2 2
by Zo = w9 — iy and use 29 2o = x5 + Y5

2 _azn _ (@tig)(@ —iy) (@ tig)(ee —iy)  z%h

Zo  22Zs  (xo+iye)(T2 —iye) 3+ 3 P

We summarize this in a lemma:

Lemma 8.9 (division by complex numbers)
The division of z1 = x1 + iy by 20 = o +1ys # 0 is given by

A 21 29 _ 21 29 _ (1 +iy1)(x2 —iye)
2o 22Zy  |2f? x5+ 3 '

(8.3)

We note that the two right-most expressions in (8.3) bring us back to the case of
the product of two complex numbers since |2z;|* = z2 + y2 is a positive real number.

Example 8.10 (division of complex numbers)
Express the following quotients in Cartesian form z = x + 7 y.

(@) S 0) © 52

Solution: We use Lemma 8.9 above.

(a) We multiply the numerator and denominator with 3 — 7 = 3 + ¢ and simplify

2+i  (24+0)@B+i) 6420430+’ _6+2i+32’—1_5+52’_1+i1

3—i (3—-i)@B+4) 9+3i—-3i—  9—(=1) 10 2 2
(b) We observe that i* = i?i = (—1)i = —i. Now we multiply the numerator and
denominator by 3 = —i = i. This yields

1 1 ? (A
—_— = — = = — = 1.
B =i (=) 1

(¢) We multiply the numerator and denominator with 3 474 = 3 — ¢4 and obtain
(using (3+i4)(3 —i4) =3*+4* =9+ 16 = 25)
1 3—1i4 ~3—i4 3—34 3 4

3+id (3+i4)(3—i4) 9+16 25 25 25

Do not forget to simplify as far as possible! O




220 8. Complex Numbers

8.3 Polar Form of Complex Numbers

Another representation of complex numbers in the complex plane is given with the
help of so-called polar coordinates. From Figure 8.5 we see that the complex
number z = x + iy, or equivalently the point (x,y), can be described by giving the
angle ¢ € (—m, 7] and the length r of the line from the origin (0,0) to the point

(z,9).

(X,y)
y . A
(7p)
L -
@ il
P n
g 2
'S )
(]
£
v

.é -—
S .
X real axis

Figure 8.5: Visualization of z = x + ¢y in the polar coordinate representation with
angle ¢ € (—m, | and radius r > 0.

From Figure 8.5 we see that

xr =r cos(¢p), y =1 sin(¢), and 7 =|z| = Va?+ > (8.4)

and obtain the following representation of z = x 4+ ¢y in terms of r and the angle ¢

z =1 cos(¢) +ir cos(¢) =1 (cos(¢) + i sin(e)) (8.5)
We will say that (r, ¢) is the polar coordinate representation of (8.5) We call

¢ € (—m, | the angle of z and r > 0 the radius of z.

If we have only z = z +1y and do not know r and ¢, how do we find them?

Clearly r = |z| = /22 + y? and from (8.4)

cos(¢) = =

and sin(¢) = % (8.6)
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We have also tan(¢) = y/x but this equation is less useful than (8.6), since it
does not allow the determination of ¢ without additional information. From the
periodicity of the trigonometric functions sin(¢) and cos(¢), we know that

sin(¢) =sin(¢p + k27r) forall —7m < ¢ <7 and all k € Z,
cos(¢) = cos(¢p+ k2m) forall —7m < ¢ <mandall k €Z.

Thus it is not possible to find a uniquely determined argument/angle ¢ that
satisfies (8.6). However, for —m < ¢ < 7, the angle ¢ corresponds to a uniquely
determined point on the unit circle, and we will explain below how to exploit
this to find ¢ satisfying —m < ¢ < 7 and (8.6).

Definition 8.11 (argument and principal value of the argument)
Let z = x4+ iy # 0 be a complex number. Let r € R with r > 0 and ¢ € R be
such that

z =1 cos(¢) +ir cos(¢) =7 (cos(¢) + i sin(e)).

Then ¢ is called the argument of z, denoted by ¢ = arg(z). The uniquely
determined argument ¢ = arg(z) of z with —m < ¢ < 7 is called the
principal value of the argument of z. The principal value of the argument of z
is denoted by Arg(z).

Given z = z+iy, how do we find the principal value Arg(z) of the argument
of 27

Quadrant I yi Quadrant |

x<0 and y>0 x>0 and y>0
T/2XArg(2)<m O<Arg(z)<m/2

¥ |
D

x<0 and y<O x>0 and y<O0
—T<Arg(z)<-11/2 _1t/2<Arg(2)<0
Quadrant Il Quadrant IV

Figure 8.6: The signs of © = r cos(¢) and y = r sin(¢) determine the quadrant in
which the principal value ¢ = Arg(z) of the argument of z = x + iy is located.
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Once we have calculated r = |z| = y/22 4+ 32, we have from (8.6) that

% sin(¢) = =.

’ (8.7)

and

cos(¢) =

Since the principle value ¢ = Arg(z) of the argument of z satisfies by definition
—m < ¢ < m, there exists exactly one angle ¢ = Arg(z) for which (8.7) holds
true. Interpreting (cos(gb), sin(gb)) as a point on the unit circle, then the signs of
x and y are the signs of cos(¢) and sin(¢), respectively, and they tell us in which
quadrant the angle ¢ = Arg(z) is located. This is illustrated in Figure 8.6. Once
we have determined which quadrant contains ¢ = Arg(z), we can easily determine
the principle value ¢ = Arg(z) from the value of sin(¢) = y/r or cos(¢) = z/r.

In order to find the principle value ¢ = Arg(z) of the argument of z with the help
of (8.7), it is useful to know the following table.

angle ¢ in radians 0

/6

¢/4

¢/3

angle ¢ in degree

30

45

. V0 V1 V2 o1 V3 V4

sin(¢) 59T 32 5B 2 |3
V4 V3 V2 1 | vV1 1|40

cos(¢) 5 =1 3 AR

Table 8.1: Important values of sin(¢) and cos(¢) in the first quadrant. Note that
the values are all of the form v/k/2 with k € {0,1,2,3,4}.

Each complex number z = x+1y has a unique polar coordinate representation

r=lzl=v22+y?> and ¢ = Arg(z).

where

(r,9), (8.8)

We demonstrate for some examples of complex numbers z = x + ¢y how we find the
polar coordinate representation (8.8).

When calculating Arg(z), it may be helpful to sketch an Argand diagram of z.

Example 8.12 (polar coordinate representation (r, ¢) with ¢ = Arg(z))
Find the polar coordinate representation (r, ) of the complex number z = 1+ V3.
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Solution: We have x = 1 > 0 and y = /3 > 0 and thus the principal value
¢ = Arg(z) of the argument of z lies in the first quadrant, that is, 0 < ¢ < 7/2 (see
also left picture in Figure 8.7). We find that

T:\/'I‘Q—f—yQ: 12+(\/§)2: 4: ,

and, since = 1 and y = /3, we know

cos(¢p) = — = = and sin(¢) =

r 1 Y
r r

| S

Thus from Table 8.1, the principle value is ¢ = Arg(z) = 7/3 and z = 1 +i+/3 has
the polar coordinate representation (r, ¢) = (2,7/3). (It is always useful to test the
result by converting back:

r (cos(¢) + i sin(¢)) = 2 (cos(m/3) + i sin(r/3)) = 2 (; + ?) =1+iV3,

as expected.) O

Figure 8.7: Argand diagram of 1 + i /3 on the left, and on the right, an Argand
diagram of the complex numbers 1 +4, —1 +14¢, 1 — ¢, and —1 — .

Example 8.13 (polar coordinate representation (r,¢) with ¢ = Arg(z))
Determine the polar coordinate representation (7, ¢) of each of the following complex
numbers:

(a) z=1+1, (b) z=—1+1, (c) z=1—1, (d) z=-1—1.
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Solution: We have indicated the four complex numbers in the Argand diagram on
the right-hand side in Figure 8.7.

(a) We have x =1 and y = 1, and thus

r=lzl = Va2 +y2 =V12 +12 = V2.

Thus the principal argument ¢ = Arg(z) satisfies

cos(p) = — = — and sin(¢) =

V2
Since cos(¢) > 0 and sin(¢) > 0, we know that ¢ = Arg(z) lies in the first quadrant,
that is, 0 < ¢ < w/2. Thus, from Table 8.1, Arg(z) = ¢ = n/4. Thus the polar
coordinate representation of z = 1+ is (r,¢) = (V/2,7/4).

(b) We have x = —1 and y = 1, and thus

r:]z|:\/m=\/m:\/§.

Thus the principal argument ¢ = Arg(z) satisfies
—1 1

= 7 NGi

Since cos(¢) < 0 and sin(¢) > 0, we know that ¢ = Arg(z) lies in the second

quadrant, that is, 7/2 < ¢ < 7. Thus —7/2 > —¢ > —7 and from adding © we get
/2> m— ¢ >0, that is, m — ¢ is in the first quadrant. From Lemma 2.10,

1
sin(m — ¢) = sin(m) cos(¢) — sin(¢p) cos(m) = 0 — sin(¢) (—1) = sin(¢) = 7
Thus we find, using Table 8.1, m — ¢ = 7/4, or equivalently ¢ = 7 — w/4 = 37 /4.
Thus Arg(z) = ¢ = 37/4, and the polar coordinate representation of z = —1 + ¢ is

(r,¢) = (V2,37/4).
(¢) We have x =1 and y = —1, and thus

Pl = VTR = VT (17 = VE

Thus the principal argument ¢ = Arg(z) satisfies

x 1 ) y —1

— = — and sin(¢p) = = = —.

- @)=24=—
Since cos(¢) > 0 and sin(¢) < 0, we know that ¢ = Arg(z) lies in the fourth
quadrant, that is, —7/2 < ¢ < 0. Thus —¢ satisfies 7/2 > —¢ > 0, and hence —¢
lies in the first quadrant. From cos(—¢) = cos(¢) = 1/v/2 and Table 8.1, we find
—¢ = /4, and thus Arg(z) = ¢ = —m/4. Thus the polar coordinate representation

of z=1—iis (r,¢) = (V2,—7/4).

x 1 Y
r r

cos(@) =

RS

and sin(¢) = % =

cos(@) =
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(d) We have x = —1 and y = —1, and thus

r= el = Vi = (P (1 = V3,

Thus the principal argument ¢ = Arg(z) satisfies

cos(¢p) = — = — and sin(¢) = = =

V2 roV2

Since cos(¢) < 0 and sin(¢) < 0, we know that ¢ = Arg(z) lies in the third quadrant,
that is, —7m < ¢ < —7/2. Thus, from adding 7, 0 < ¢ + 7 < 7/2, and hence ¢ + 7
lies in the first quadrant. From Lemma 2.10,

r —1 y —1
r

sin(¢ + m) = sin(¢) cos(w) + sin(mw) cos(¢) = sin(p) (—1) + 0 = —sin(¢) = %
Using Table 8.1, we see that ¢ + 7 = n/4. Thus Arg(z) = ¢ = /4 — 1 = =31 /4,

and the polar coordinate representation of z = —1 — i is (r, ) (v2,-3m/4). O

The third and last representation of complex numbers follows from (8.5) with Euler’s
formula below.

Lemma 8.14 (Euler’s formula)
Let ¢ € R. Then

exp(i @) = €'? = cos(¢) + 1 sin(¢). (8.9)

To understand (8.9), we have to say in which sense we interpret exp(i ¢) = € in
formula (8.9). Since we know how to compute sums and integer powers of complex
numbers, we can define exp(i ¢) via the Maclaurin series expansion of exp(z).

The Maclaurin series of exp(z) = e” converges for all z € R to the function exp(z) =
e” (see Example 7.26), that is,

2 3 $4

> :I? X X
exp(z Zk——1+x+§+§+z+ forall z € R.  (8.10)
k=0

To defined exp(i ¢) = €' we now substitute x = i ¢ in the series expansion (8.10).
Thus we find

o0 . k . 2 . 3 . 4
exp(i@:em:,;(zzi) =1+i¢+(12¢!) +(Z§;) +(Zf!) +
— : (-1)¢*  (=1)i¢® ¢ > (i 0 Z¢ 2£+1
=1+i¢p+ o T a1 +or Z T

=0 ! =0
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& (_1)6 ¢2£ ' o0 (_1)6 ¢2£+1 ¢2 ¢4 ' 3

(8.11)

where we have used (i )% = (%) ¢* = (—1)*¢** and (i ¢)* ! = i (i?)* p**! =
i (—1)¢ ¢**L. From the last chapter, we know that (see Examples 7.27 and 7.28)

o0 1)¢ 2% 22 gt S

cos(z :Z 54—1—64—... for all x € R,
=0
o0 1)¢ z20+1 P B

sin(x :Z 2€+1 _x_§+a_ﬁ+"' for all z € R.

£=0

Thus we recognize the series in the last line of (8.11) as the Maclaurin series of
cos(¢) and sin(¢), respectively. Replacing the series in the last line of (8.11) by
cos(¢) and sin(¢), respectively, we obtain

exp(i @) = €'® = cos(¢) + i sin(¢),
and we have just proved Euler’s formula.
Euler’s formula (8.9) for ¢ = 7 gives the following interesting formula
'™ = cos(m) + i sin(m) = -1+ 0 & ™ +1=0.
This equation links the five fundamental numbers 0, 1, e, w, and .

If we use Euler’s formula for a complex number z = x + ¢y, with polar coordinate
representation (7, ¢) with radius r = |z| and ¢ = Arg(z), then we obtain

z =1 (cos(¢) + i sin(p)) =re'”’.

Definition 8.15 (polar form of a complex number)
The polar form of a complex number z = x + 1y 1is

z=re? where v =|z| and ¢ = Arg(z). (8.12)

Example 8.16 (polar form of complex numbers)
Find the polar form of the complex numbers

(a) z=1+iV3, (b) w=1+1, (c) w=1-1.

Solution:
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(a) In Example 8.12, we found that z = 1+ iv/3 has the polar coordinate represen-
tation (r, ¢) = (2,7/3). Thus from (8.12), z = 1 4 iy/3 has the polar form

z=2¢"/3,

(b) From Example 8.13 (a), we know that w = 1 + ¢ has the polar coordinate
representation (r,¢) = (v/2,7/4). Thus from (8.12), u = 1 + ¢ has the polar form

u=\2e"*

(¢) From Example 8.13 (c¢), we know that w = 1 — ¢ has the polar coordinate
representation (r, ¢) = (v/2, —m/4). Thus from (8.12), w = 1 — i has the polar form
w = \/ie—iﬂ'/ll' 0

Multiplication and division of complex numbers in polar form:

The polar form of complex numbers gives us a much easier way of multiplying and
dividing complex numbers. If z; = r; €/?t and 2o = 75 €?%? are two complex numbers
in polar form, then

2129 =119 ry €092 = 1y g et (P1F02),

Thus we have

|21 22| = |21] | 22] and arg(z1 22) = Arg(z1) + Arg(z2).

However, we may need to add +27 to Arg(z;) + Arg(zs) = ¢1 + ¢2 to obtain
Arg(z; z2), since there is not guarantee that ¢ + ¢o € (—7, 7).

Furthermore, the quotient of two complex number z; = r; e'®* and 2z, = ry€?? in
polar form, where ry # 0, is given by

1_ N el _n el (p1—¢2)
29 Troeitz .

So, we find that

| 1] 21

— 1Al and arg <—> = Arg(z1) — Arg(z2).

|Zz| Z2

21

)

Again, we may need to add £27 to Arg(z1) —Arg(z) = ¢1 — ¢ to obtain Arg(z1/2).

In particular, if z = re’® and r # 0 then
i0
z  re? r
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Example 8.17 (multiplication and division in polar form)
Use the polar form of z =1+ i+/3 and w = 1 + i to compute

1+iv3

(a)  (1+iV3)(1+1i), (b) —

Solution: From Example 8.16 (a) and (b), we know that
z=14iV3=2¢"3 and w=1+i=+2e"4
Thus we have that

(a) (1 +1 \/g)(l +14) = (2 6”/3) (\/562‘#/4) 926G =9 \/562‘771-/12’

1+iv/3 263 2 aa ‘
b — _ i(5-7) — 92 177/12. 0
(b) by prriay L V2e

Remark 8.18 (use Cartesian form for addition and subtraction)

While the multiplication and division of complex numbers is much easier in the polar
form, the polar form does not allow an easy handling of addition and subtraction.
Therefore you should use the Cartesian form of complexr numbers for ad-
dition and subtraction!

Example 8.19 (addition and subtraction of complex numbers)

Calculate
26i7r/3 + \/ﬁeiw/él and 26@'71’/3 . \/§€iﬂ/4.

Solution: Let z; = 2¢€'™3 and 2, = v/2e'™4. Then z; = r1e'® and 2o = 1y e'%2
with

m m
7’1:27 ¢1:§7 T2:\/§7 ¢2:Z

We convert z; and z, into Cartesian form so that we can easily perform the addition
and subtraction. We have z; = x1 + iy, and 2o = x5 + 1y with

Ty =1 COS(¢1) = 2 cos (g) =2x - =1,
) LT
y1 = risin(¢r) = 2 sin (§> — 2 % 5 — \/g7

Yo = 1o sin(¢e) = V2 sin

Ty = 13 c0s(¢2) = V2 cos (
(
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Thus 21:x1+iy1:1+i\/§and 29 =x9+ 1Yy =141, and so

2¢/™F 4 V2™ = (14iV3) + (1+1) =2+i (V3 +1),
2% 26 = (14+iV3)— (1+1) =i(V3-1). 0

Remark 8.20 (Complex conjugate in polar form)
Let z =re'?. Then from Euler’s formula

z=re'?=r(cos(¢) +isin(¢)) =r cos(¢) +ir sin(¢p).
Thus we have that the complex conjugate of z = re'® is given by
Z =1 cos(¢) —ir sin(¢) =1 cos(—@) +ir sin(—¢) =re*?,

where we have used cos(¢) = cos(—¢) and —sin(¢p) = sin(—¢@) in the second last
step. Thus we find

reid =re? (8.13)

Remark 8.21 (relation between trigonometric and hyperbolic functions)
From Euler’s formula (8.9) and from (8.13), we know that for ¢ € R

e'? = cos(¢) + isin(¢), e % = ¢i® = cos(¢) — isin(¢).

So from adding the two equations and subtracting the second from the first, respec-
tively, we obtain

e’ + e =2 cos(¢) and €' —e7'? =24 sin(e),

and thus we find

cosh(i¢) = M = cos(¢) and 1 sinh(i ¢) = M = sin(¢).
2 ! 2
Letting 0 =i ¢ gives that ; y
¢:_:j%:—w, (8.14)
and so
cosh(0) = cosh(i ¢) = cos(¢) = cos(—i8), (8.15)
sinh(6) = sinh(i ¢) = i sin(¢) = i sin(—i ). (8.16)

The formulas (8.15), and (8.16), with (8.14), establish an important relation between
the hyperbolic and the trigonometric functions.
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As an application of Euler’s formula we will now prove the addition theorems for
sin(¢ + 0) and cos(¢ + @), which are (see Lemma 2.10)

cos(¢ + 6) = cos(¢) cos(f) — sin(¢) sin(6), (8.17)
sin(¢ + 0) = cos(¢) sin(f) + sin(¢p) cos(0). (8.18)

Proof of (8.17) and (8.18): From the properties of the exponential function
¢i6 (10 — i (0+0)
and using Euler’s formula we have that
[ cos(¢) + i sin(¢)] [ cos(F) + i sin(6)] = cos(¢ + 0) + i sin(¢p + 6).
Writing the left-hand side as a sum yields
[ cos(¢) + i sin(¢)] [ cos(f) + i sin(6)]
= cos(¢) cos(f) +1i cos(¢) sin(f) + i sin(¢) cos(#) + i sin(¢) sin(6)
= cos(¢) cos(0) —sin(¢) sin(f) + i [ cos(¢) sin(f) + sin(¢) cos(6)],
and substituting into the previous equation yields
cos(¢) cos(0)—sin(¢) sin(f)+i[ cos(¢) sin(#)+sin(@) cos(9)] = cos(p+6)+i sin(¢p+6).
Equating real and imaginary parts, respectively, gives
cos(¢) cos(f) — sin(¢) sin(#) = cos(¢ + 6)
cos(¢) sin(f) + sin(¢) cos(#) = sin(¢ + ),
as claimed. O

From the formula (ei¢)n = ¢'"? we obtain with Euler’s formula (8.9) De Moivre’s
theorem below.

Theorem 8.22 (De Moivre’s Theorem)
For any integer n and any real number ¢,

[cos(¢) + i sin(¢)]" = cos(n ¢) + i sin(n ¢),

that is,
(ei¢)n = ¢in?,

De Moivre’s theorem is very useful for proving trigonometric identities. This is
illustrated in the following two examples.
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Example 8.23 (special case of Lemma 2.10)
Taking n = 2 in De Moivre’s formula gives that

[ cos(¢) + isin(qﬁﬂ2 = [em]? = €'?? = cos(2¢) + i sin(2 ¢).
Writing the left-hand side as a sum yields
[cos(gb) + isin(gb)]2 = [cos(gb)]2 + 217 cos(¢) sin(¢) + i [sin(¢)}2
= [cos(gb)]2 — [sin(gb)]2 + 24 cos(¢) sin(g).

Thus
[c:os(qﬁﬂ2 - [sin(qﬁ)}z + 21 cos(¢) sin(¢) = cos(2 ¢) + i sin(2 ¢).

Equating real and imaginary parts gives, respectively, gives
[Cos(qﬁ)}z — [sin(qﬁ)}z = cos(2 ¢) and 2 cos(¢) sin(¢) = sin(2 ¢).

These are the addition theorems (8.17) and (8.18) for the special case that 6§ = ¢.
O

Example 8.24 (application of De Moivre’s formula)
Prove that

cos(3¢) =4 [cos(gb)]3 — 3 cos(¢) and sin(3 ¢) = 3 sin(¢) — 4 [sin(gb)]g.

Solution: Taking n = 3 in De Moivre’s Theorem gives that
cos(3¢) +i sin(3¢) = €3¢ = [e“ﬂg = [cos(¢) + 1 sin(é)}g. (8.19)

We expand the right-hand side into a sum, using the binomial formula,

[cos(¢) + i sin(¢ )}
= [cos(¢ } + 34 [c:os(qﬁﬂ2 sin(¢) + 31 cos(¢) [sin(gb)]2 + 4° [sin(gb)]3
= [ cos(¢ } + 3 [cos(gb)]2 sin(¢) + 3 (—1) cos(¢) [sim(gb)]2 +i(—1) [sin(¢)}3

= ([cos(qﬁﬂ — 3 cos(9) [sin(gb)]2> +14 (3 [Cos(gb)]Qsin(qﬁ) — [sin(gb)]g) :
From substituting into (8.19) we get
cos(3 ¢) + i sin(3 ¢)
= ([cos(gb)]3 — 3 cos(9) [sin(¢)}2) +1 (3 [Cos(qﬁﬂ2 sin(¢) — [sin(gb)]g) :
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Equating real and imaginary parts, respectively, and using [sin(gb)]2+ [COS(¢)]2 =1

gives
cos(39) = [cos(d)]’ 3 cos(¢) [sin(6)]’
= [eos(9)]* =3 cos(9) (1 [cos(s)]’)
= 4 [cos()]” — 3 cos(9)
and

sin(3¢) = 3 [Cos(¢)}2 sin(¢) — [Sin(¢)]3
— 3 (1 — [sin(¢)]”) sin(¢) — [sin(¢)]"
— 3sin(¢) — 4 [sin(¢)]’. O

8.4 Roots of Complex Numbers

In this section we learn how to take nth roots of complex numbers. Unlike in the
case of real numbers, a complex number will now have n distinct nth roots.
We can easily find all nth roots by using the polar form of complex numbers.

Definition 8.25 (nth root(s) of a complex number)
Given a complex number z, an nth root of z is any complex number w such that

w = Zz.

An nth root is also denoted by w = z'/™.

Remark 8.26 (z = re'® with r > 0 has exactly n distinct nth roots)
FEvery non-zero complex number z has exactly n distinct nth roots. It is
easiest to find these by writing z in its polar form z = re'®. Then we have

z=re?® =re @M for any integer m.

Sincer > 0, r has exactly one positive real nth root r'/™. So from (ab)*/™ = a'/™ b1/7
with a = r and b = e"®T2™) (even though b is a complex number).

. 1/n - p+27mm (P 2tm .
S/ (r e (¢+2”m)) M pln g B A/ i (42 for any integer m.
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Since 2mm/n has values in [0,27) for exactly m = 0,1,2,3,...,n — 1, and since
2mm/n = 21 for m = n, we find that exactly n of these roots are distinct. The
distinct roots are given by

= pUn GG e i =0,1,2,3,..., n— 1.

In the complex plane these roots lie all equally spaced on the circle with center
in the origin (0,0) and radius v/™ (as illustrated in Figure 8.8): For m = 0,
we have the root r*/™ ei%, and to get the next root we add 2mw/n to the angle ¢/n.
Thus the roots are equally spaced, and for m = n we have reached a full rotation
and are again at the point on the circle with angle ¢/n (since /™ = (®/n+2m) ),

imaginary
A axis
1/4
r1'4 rexp(p/4)
real
axis
r exp(q/4+31/2

Figure 8.8: All 4th roots of z = re?. Here 2w /n = 27/4 = /2.

We discuss some examples.

Example 8.27 (finding 2nd roots)
Find the square roots of z = 1.

Solution: We have that

z=1=1e"=1¢?" for any integer m.
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Hence the roots are given by

/2 = 112 pi2mm/2 _ imm for any integer m.
So the (distinct) square roots of 1 are €7 = 1 (for m = 0) band e™ = —1 (for
m = 1), as expected. This is illustrated in the left picture in Figure 8.9. O
imaginary imaginary
A axis A axis
real real
axis /6 axis
-1 1 -2 2
1

Figure 8.9: The 2nd roots of z = 1 on the left, and the 3rd roots of z = 8¢ on the
right.

Example 8.28 (finding 3rd roots)
Find the third roots of z = 81.

Solution: We have that
z=8i=28¢2 =8 5+ — geiz(l+im) for any integer m.
Since 2% = 8, we have 8'/3 = 2. and hence
213 = 81/3 gig(IHam) _ 9 it (1+4m) for any integer m.
So the third roots of 8 are (set m =0, m = 1, and m = 2)
5 3 x

m 5m ;9m (9m _ i3 — .
2e'6, 266, and 266 = 26T 2 =267 =272 = —24.

These three roots are equally spaced on a circle of radius 2 with center in the origin
(0,0) of the complex plane, as illustrated in the right picture in Figure 8.9. O
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Example 8.29 (fractional powers of complex numbers)

Find in polar form all complex numbers z such that z = i?/5.

Solution: Using i> = —1, we can write z = i2/° as z = i¥/% = (?)V/5 = (=1)1/°,
Thus we are looking for all numbers z such that

2P =1 =167 =1 (2™ — ] pin(1+2m) for any integer m.

Hence, from taking the 5th root

.w(142m) .w(142m)
5 11—

z=17%¢ =e' 5 for any integer m.
So the 5th roots of 12 = —1, and thus the complex numbers z given by z = %/, are
i ;37 : S C ox (9m iz
Z:ezs’ Z:els’ e”T:—L z=e'5 :ezs7 z=¢e'5 262(5 271-):615.

These five roots are equally spaced on a circle of radius 1 with center in the origin
(0,0) of the complex plane. 0

8.5 Exponential Function and Logarithm of Com-
plex Numbers

Now we finally learn how to calculate the exponential function and the natural
logarithm of a complex number. As in the case of the nth root, we will see that
the natural logarithm is not unique.

While we do not justify and explain the definition of the exponential function and the
logarithm for a complex variable mathematically thoroughly, we give some comments
that help with the intuitive understanding.

Let us assume that the usual properties of the exponential function do also hold for
complex numbers, which is indeed the case. For every complex number z = x + 1y
(where z,y € R) there exist exactly one ¢ € (—m, 7| and one n € Z such that

a+b a b)

y = ¢ + 2mn. Then we have (from e*™” = e%e

e = " = ¥ eV = p ! (PH2IT) — o0 with r = €®, ¢ = Arg(z) =y — 27 n.
(8.20)
The right-most expression in (8.20) is in polar form r ¢*¢ with the radius r = e® and
the principle value ¢ = Arg(z) = y — 2w n of the argument of z. Thus we can use

e” ="MV = e 'Y, z=x+1y. (8.21)

to define the exponential function for all complex numbers z = x + 1 y.



236 8. Complex Numbers

Example 8.30 (exponential function of complex numbers)

et = e? e = % '™ = €* [ cos(m) + i sin(m)] = —€?,
. . 1 3 3
eH”/g:ele”/?’:6[008(7/3)+isin(7r/3)} =e §+Z§ —§+i\/2_€,
where we have used Table 8.1 O

The logarithm for real numbers was defined as the inverse function of the exponential
function, that is, we have

@ =g foralla>0 and In(e") =b forallbeR. (8.22)

When we introduce the complex logarithm, then we want that (8.22) holds for
complex a and b (with suitable restrictions on on a and b). To introduce the complex
logarithm, we start with a complex number in polar form z = 7 e‘?. Then

z=re? =@t for any integer n.

Since our logarithm with a complex variable shall also satisfy In(a b) = In(a) 4 In(b)
for complex a and b, we write

In(z) =In (re'?) =In (re' ™) = In(r) + In (¢! @™ = In(r) + i (¢ + 27n),
(8.23)
where n € Z and where we have used in the last step that we want the logarithm to
be the inverse function of the exponential function, and thus In(e*) = a. Here In(r)
is the usual logarithm of the positive real number r. Thus we define the logarithm
for complex numbers by

In(z) =1In (re'?) = In(r) +i (¢ + 2mn), ne’Z, z=re?. (8.24)

Since n in (8.24) can be any integer, In(z) has infinitely many values: all values
of In(z) have the same real part and their imaginary parts differ by integer
multiples of 2.

Remark 8.31 (logarithm as inverse function of exp(z))
From (8.24) and (8.21), we have now for any complex number z = re'® in polar
form and any integer n,

exp (In(re’®)) = exp (In(r) + i (¢ + 2mn)) = exp (In(r)) exp(i (¢ + 2wn)) = re’,
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where we have used in the last step €' (T2 = ¢ 12 — (i For any complex
number z, written in Cartesian form z = x + iy, we have from (8.24) and (8.21)

In(e*) =In (e"*Y) =In (e*e”) =In(e*) +i(y + 2mn) =z +i(y + 27n), n € Z
(8.25)
This is essentially what we expected for the logarithm as the inverse function of the
exponential function, only we do not have one but infinitely many values of
In(e*). More precisely, we have a different value of In(e*) for each integer n € Z.
Strictly speaking, the exponential function has to be one-to-one in order to have an
inverse function. For example, the exponential function is one-to-one for z = r e'®
with —m < ¢ < w and r > 0. Then we have from the definition of the inverse

function
In (re'?) =In(r) + In(e’?) = In(r) + i ¢. (8.26)

In (8.26) we only consider the value of the logarithm (8.25) for n = 0.

We give some examples.

Example 8.32 (logarithm of complex numbers)
Find the logarithm of the complex numbers

(a) z=1+iV3 and (b) z=1.

Solution: In both cases we have to first find the polar form of the given complex
number.

(a) For z = 14+ V3 = re'®, we have z =1 > 0 and y = V3 > 0. Thus the
principal argument ¢ = Arg(z) lies in the first quadrant, that is, 0 < ¢ < 7/2.
From r = |z| = (12 + \/§2)1/2 = /4 =2, we have
1
cos(¢p) = % =3 sin(¢) = = =

Thus from the values of sine or cosine (see Table 8.1) we know that sin(7/3) = v/3/2,
and thus the principal argument is ¢ = Arg(z) = 7/3. Thus z = 1 +i+/3 has the
polar form

2 =263 = 26 (5H2m) = g pim(3+2n) for any integer n.
Thus we find

1
In(z) =In(2) +inw <§ + 2n> for any integer n.



238 8. Complex Numbers

(b) If z = i, then the polar form is z = ¢'™2. Thus

z=1e"2 =1 (G2 — 1t 20+N) for any integer n,

and so
. . :
In(z) = In(1)+ B (14+4n) = B (14+4n) for any integer n. O

Example 8.33 (logarithm of complex numbers)
Find the logarithm of the complex numbers

(a) z=x>0, wherex€R, and (b) z=x<0, wherezeR.

Solution:

(a) If z =z, with x a positive real number, then

z=x=ugxe¥=ge?™ for any integer n,

and so

In(z) =In(x) +i2mn  for any integer n.

(b) If z = x, with x a negative real number, then —z > 0 and

I\
I
—~
|
8
~—
—~
|
—_
~—
I

(—z) '™ = (—x) ! T2 — (_g) gim(1+2n) for any integer n.

In(z) = In(—x)+im(14+2n) for any integer n. O



Chapter 9

Vectors

Forces and velocities are vector quantities, that is, quantities which have both
direction and magnitude. In this chapter, we will encounter vectors in three-
dimensional Euclidean space R?, that is, triples x = (z,y,2) or a = (a1, as,as),
where x,y,z € R and aq,aq,a3 € R, respectively, are the components of the vec-
tors. In Section 9.2, we will learn basic vector operations, that is, how to add and
subtract vectors and how to multiply vectors with scalars. These elementary
vector operations have geometric interpretations, and we will discuss some proper-
ties of vector addition/substraction and scalar multiplication. In Section 9.3, we
will introduce the scalar product or dot product of two vectors which results
in a scalar (a real number), and in Section 9.4 we will discuss the vector prod-
uct or cross product of two vectors which results in another vector. Both the
scalar product and the vector product will be defined geometrically, using trigono-
metric functions, and this geometric interpretation of the scalar product and
vector product is often very useful. We will also derive another formula for com-
puting the scalar product and the vector product, respectively, in terms of the
components of the two vectors.

9.1 Introduction

You will have encountered vectors in school. Here we will discuss vectors in the
so-called three dimensional Euclidean space R? as triples of real numbers.

239
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Definition 9.1 (vector in R?)
A vector in R? is a triple

x = (x,y, 2) or a = (ay,as,as), where x,y,z € R and a1, a2, a3 € R,

respectively. The real numbers x,y,z and ay,aq,as are called the components
of the vector x and a, respectively. The order of the components is important,

that is, (v,y,2) # (y,x, z), etc..

Example 9.2 (vectors)

Two examples of vectors in R are a = (4,2,3) and b = (—1,0,6). For a =
(ay,as,a3) = (4,2,3) we have a; = 4, ay = 2, and a3 = 3. For b = (—1,0,6) =
(b1, ba, b3) we have by = —1, by = 0, and bz = 6. O

Definition 9.3 (zero vector)
The zero vector is the unique vector whose components are all zero. The
zero vector 15 denoted by

0 = (0,0,0).

A vector a = (ay, as,a3) in R? is visualized by plotting the point with coordinates
(a1, a9, a3) and drawing an arrow that connects the origin (0,0,0) with (ay, as, a3)
and points from (0,0,0) to (a1, as,as). This is indicated in Figure 9.1 below.

Z)
AT )
4 a=(a,a,,a,)
. — -
\\\\\ : /’/ a2 y
s D ——— S~
y (a, a,.0)

Figure 9.1: Plotting a vector a = (ay, as, az) in R>.
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The vector a = (ay,as,as), represented by the arrow with ‘arrow head’ at the
point (aq,as, as) in Figure 9.1 has a direction and has a length. Under length we
understand here the length of the arrow, or in words, the distance of the point
(aq,as,a3) from the origin (0,0,0). The direction is intuitively the direction
into which the arrow points. We will now discuss these quantities.

Definition 9.4 (length/magnitude of a vector)
The length or magnitude of the vector a = (ay, as, as) is

la| = |(a1, as,a3)| = y/a? + a3 + a3. (9.1)

From Pythagoras’ theorem, we can see that the length /magnitude (9.1) is indeed
the length of the arrow, that is, the distance from (0, 0, 0) to the point (ay, as, as), as
follows: Look again at Figure 9.1 and consider the rectangle in the (x, y)-plane with
corners (0,0,0), (a1,0,0), (a1, as,0,), and (0,as,0). The diagonal of this rectangle
(indicated as the line from (0,0,0) to (ai,a2,0)) has from Pythagoras’ theorem
the length \/a? + a2. Now we consider the rectangle whose corners are (0,0, 0),
(a1, a9,0), (a1, as,as), and (0,0,a3). Then the ‘bottom side’ and ‘top side’ of this
rectangle have length /a? + a3 (as we worked out previously), and the other two
sides have length |as|, since the distance from (0,0,0) to (0,0, a3) is just |as|. The
diagonal of this rectangle from (0, 0, 0) to (a1, as, az) is just the vector a = (a1, as, as).
From Pythagoras’ theorem the length of this diagonal is

2
\/(\/af%—a%) + a3 = /a3 + a2 + al.

Thus we see that formula (9.1) gives indeed the geometric length of the vector

a = (al, as, CL3).

Example 9.5 (length of vectors)
If a=(4,2,3) and b= (—1,0,6), then

o) = |(4,2,3) = VP T2 18 = VI6 £ 459 = VIO,
b = (=1,0,6)] = V/(=1)2 + 0 + 6 = v1+36 = V37, |

Remark 9.6 (only the zero vector has length zero)
The zero vector 0 = (0,0,0) satisfies

0] = [(0,0,0)| = V02 + 02+ 02 =0 =0,
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and has thus length/magnitude |0] = 0. For any other vector a = (ay, as,as), we
have that at least one of the components ay, as, az s different from zero. For example,
assume that a; # 0. Then

a>0, a3>0, and a3>0 = a? + a3+ a3 > 0.
Thus we can conclude that

|a| = ‘(a17a27a3)| = \/m > 0.

We have thus verified that| if a # 0 then |a] > 0; and if |a| =0 then a = 0.

Now we come back to the second quantity that defines a vector, namely its di-
rection. Once we have the length of a vector x = (z,y, z), its direction can be
indicated by any vector (or arrow) pointing in the same direction as x = (z,y, 2).
It is customary to describe the direction of a vector by a vector that points in the
same direction and has length one.

Definition 9.7 (unit vector)

A vector x = (x,y, 2) is a unit vector if it has length/magnitude one, that

18, if
x| =22 +y?+ 22 =1.

Example 9.8 (unit vectors)
Show that the vectors a = (1,0,0) and b = (%, %, O) are unit vectors.

Solution: We compute the length/magnitude of each vector

la|=VI24+024+02=V1=1

and
1)° 1)° 11
bl=4/{—=) +—F5=) +02=4/-+-=VI=1
Y \/<ﬂ) () 3+
Since both vectors have length one, they are indeed unit vectors. O

Once we have introduced the scalar multiplication of vectors by real numbers (and
thus the division of vectors by real numbers), we will see that the unit vector pointing
in the same direction as a given vector x can be obtained by dividing x through its
length /magnitude |x|.
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9.2 Basic Vector Operations

In this section we learn how to add and subtract vectors and how to multi-
ply vectors with scalars (real numbers). We will also discuss the geometric
interpretation of vector addition/substraction and scalar multiplication.

Definition 9.9 (addition/subtraction of vectors)
Let a = (ay,a,a3) and b = (by, by, b3) be two vectors in R3. Then the sum a+Db
s defined by

a+b = (a1,ay,as) + (by, by, bs) = (a1 + by, a + by, a3 + bs),
and the difference a — b is defined by
a—b = (a1,ay,a3) — (b, by, bs) = (a1 — by, ag — by, az — bs).

That 1s, vectors are added or subtracted by adding or subtracting the components
of the two wvectors, respectively. We say, the vectors are added or subtracted
component-wise.

Figure 9.2: Geometric determination of the sum a 4+ b and the difference a — b of
the vectors a and b.

Vector addition and substraction can be geometrically visualized as indicated
in Figure 9.2: Consider the vectors a and b as plotted in Figure 9.2. Then a + b is
the vector given by the diagonal of the parallelogram spanned by the vectors a and
b with the ‘head’ of the vector as indicated. In other words, we can obtain a+ b by
taking a copy of b and moving it (without changing its direction) so that its ‘tail’
touches the ‘head’ of the vector a. The ‘head’ of this copy of the vector b gives then
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the ‘head’ of the vector a + b, and the ‘tail’ of a+ b is located where the ‘tail’ of a
is. The difference a — b is given as the sum a+ (—b), where we interpret the vector

—b as the vector with the same length as b but pointing in the opposite direction.
In formulas, —b = (—by, —by, —b3).

Example 9.10 (addition/substraction of vectors)
Ifa=(4,2,3) and b= (—1,0,6), then

a+b=(4,2,3)+(-1,0,6)= (44 (=1),2+0,3+6) = (3,2,9),
a—b=(4,2,3)—(-1,0,6) = (4 —(-1),2-0,3—6) = (5,2, -3). O

Definition 9.11 (scalars and scalar multiplication)

In the context of vector spaces real numbers are denoted as scalars. Let A € R be
a scalar and let x = (x,y, z) be a vector in R®. Then the scalar multiplication
of the vector x = (x,y, z) by the scalar X\ is defined by

AX =\ (z,y,2) = ()\x,/\y,/\z).

In other words, the vector x is multiplied by the scalar A component-wise, that

18, each component 1s multiplied with \.

The scalar multiplication of a vector x by a scalar A € R can also be geomet-
rically visualized which is illustrated in Figure 9.3: For A > 0, the vector Ax is
given by the vector with the same direction as x and the length A |x|. For A < 0,
the vector Ax is given by the vector with the opposite direction as x and the length
A 1x].

Figure 9.3: The vectors x, 2x, and —x.

Example 9.12 (multiplication of a vector by a scalar)
If a=(4,2,3) and A = 3, then

3a=3(4,2,3) = (3x4,3%x2,3x3)=(12,6,9).
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The vector 3 a points in the same direction as a, but is three times as long.
If b=(-1,0,6) and A = —2, then
—2b = (-2)(=1,0,6) = ((—=2) x (=1),(=2) x 0,(=2) x 6) = (2,0, —12).

The vector —2 b is twice as long as b, and points in the opposite direction to b. O

Definition 9.13 (division of a vector by a scalar)
Let A € R be a non-zero scalar, and let x = (x,y,z) € R®. Then we define
x 1 1

_ — X =

YA @R = (iii)

In words, x/ X\ is defined to be the vector obtained from scalar multiplication of x
by 1/, that is, x is divided component-wise by A # 0.

Remark 9.14 (length of the ‘scalar multiple’ of a vector)
If x € R3 is a vector and X € R is a scalar, then

[Ax| = [A[]x] (9.2)

So Ax is |\| times as long as x. If A > 0, then Ax points in the same direction
as x; and if X < 0, then Ax points in the opposite direction to x. We can also
prove (9.2) formally: for x = (z,y, z), we have

Ax| = A (@9, 2)] = [\ Ay A2)] = IR+ (R + (Va2
— VPP )
= NV g2 = A x|,

which indeed proves (9.2). O

Definition 9.15 (parallel vectors)
Two non-zero vectors a and b in R are called parallel, if there exists a non-zero
scalar A € R such that

a=A\b.

Remark 9.16 (unit vector in the same direction as a given vector)
If x # 0 then |x| > 0, and hence from (9.2)

X _ X

x| = = 1.
|l M= =

x|~
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So the vector
X 1

—_— = —X
x| [x]
points in the same direction as x and has length 1, that is, X is the unit vector in
the direction of x. From (9.3) we obtain by multiplying by |x|

(9.3)

X =

x| % =x or  x=|x|% (9.4)

From (9.4) we see that we can describe a vector uniquely by giving the length/magnitude
|x| and the unit vector X = x/|x| pointing in the same direction.

Example 9.17 (unit vectors)
Ifa=(4,2,3)and b = (—1,0,6), then, from Example 9.5, |a| = /29 and |b| = +/37.
Thus the unit vectors in the direction of a and b are

a 1

A= el v 2= (@@@)

respectively. O

X

Figure 9.4: The cartesian unit vectors i = (1,0,0), j = (0,1,0), and k = (0,0, 1).

Definition 9.18 (cartesian unit vectors)
The unit vectors

i=(1,0,0), j=(0,1,0), and k=(0,0,1),

are called the Cartesian unit vectors.
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The Cartesian unit vectors are indicated in Figure 9.4.

Remark 9.19 (representation of vector with Cartesian unit vectors)
If x = (x,y, 2), then

x=(r,y,2) =zi+yj+ zk.

Example 9.20 (representation of vector with Cartesian unit vectors)
Ifa=(4,2,3) and b= (—1,0,6), then

a=(4,2,3)=4i+2j+3k,
b=(-1,0,6)=—-1i+0j+6k=—i+6k. O

9.3 Scalar Product (or Dot Product)

The scalar product or dot product of two vectors gives a scalar. It is not to
be mixed up with the scalar multiplication A x of a vector x € R? by a scalar A € R
which gives a vector.

Definition 9.21 (scalar product/dot product)
Let a and b be two vectors in R3. We define the scalar product or dot product
a- b of the non-zero vectors a and b to be the scalar (real number)

a-b = |a| |b] cos(h), (9.5)

where 0 € [0, 7| is the angle between a and b. If a=0 or b =0, then we define
a-b=0.

The scalar product a - b has a geometric interpretation: Writing the scalar
product a - b as

a-b = |a| (|b| cos(8)),

it is the product of the length |a| of a and the value |b| cos(#). The value |b| cos(6)
may be interpreted as the length of the projection of b onto the vector a, as
indicated in Figure 9.5.
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-

Ib|cos@) >0 Ib|cos@) <0

Figure 9.5: The value of the scalar product a - b is the product of the length |a| of
a and the length |b| cos(f) of the projection of b onto a.

Example 9.22 (scalar product)
Compute the scalar product of a = (2,2,0) and b = (0, 1, 0).

y
2 (2,2,0)
1+ (0,1,0)

/4

Figure 9.6: Angle between the vectors a = (2,2,0) and b = (0, 1,0).

Solution: Since the vectors have both the third component zero, we can consider
them as vectors in the (z,y)-plane. From the plot in Figure 9.6 below, we see that
the angle between the two vectors is § = w/4. Now we compute the lengths of the
two vectors a and b, and we find

la] =(2,2,0)| = V22 + 22+ 02 = /8 = 2V/2,
b =(0,1,0)| = V02 + 12+ 01 = V1 =1.
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Thus the scalar product of a and b is given by

a-b:|a|]b|cos(@):2\/§><1><cos(7r/4):2\/§><%:2. .

Remark 9.23 (special cases of the scalar product)

(a) For any vector a € R3, the angle between a and itself is 6 = 0. So we have
cos(f) = cos(0) = 1, giving that

a-a=|al|al cos(0) = |a|?.

(b) If the vectors a # 0 and b # 0 are perpendicular to each other, that is, the
angle between the a and b is w/2, then

a-b = |al||b| cos(r/2) = |a| |b] x 0 = 0.

(c) For any two vectors a and b,

ab—b-a (9.6)

Remark 9.23 (b) leads to the following definition and lemma.

Definition 9.24 (orthogonal/perpendicular)
Two non-zero vectors a and b in R® are orthogonal or perpendicular (to
each other) if the angle between the two vectors is w/2.

Lemma 9.25 (criterion for orthogonality)
Two non-zero vectors a and b in R are orthogonal or perpendicular to each
other if and only if

a-b=0.

Example 9.26 (scalar products of the Cartesian unit vectors)

Any two different Cartesian unit vectors have the angle 7/2, since they lie on the
axes of the coordinate system (see Figure 9.4). Thus any two different Cartesian
unit vectors are orthogonal /perpendicular to each other. Thus

i-j=j-1=0, i-k=k-i=0, and j-k=k-j=0.
Furthermore, since the Cartesian unit vectors are unit vectors, we have

i-i=li’=1, j-j=i*=1, and k-k=k*=1. 0
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Theorem 9.27 (distributive law for scalar product)
For any three vectors a, b and c, we have that

a-(b+c)=a-b+a-c and (b+c)-a=b-a+c-a. (9.7)

~ |b+c[cos@ )
-

> @ &

Ibjcosf)  |c|cosf )

Figure 9.7: Geometric proof of the distributive law of scalar multiplication.

Proof of Theorem 9.27: We only need to prove the first formula in (9.7), since
the second formula in (9.7) follows immediately from the first formula and (9.6).
The vectors a, b, ¢, and b+ c are plotted in Figure 9.7, and the angles between the
vector a and the vectors b, ¢, and b + ¢ are denoted by 3, 7, and «, respectively.
We have that

a-b = |al |b| cos(8), (9.8)
a-c = |al|c| cos(v), (9.9)
a-(b+c)=|al]|b+c| cos(a). (9.10)

From Figure 9.7, we see that
Ib| cos(B) + |c| cos(y) = |b + c| cos(a). (9.11)
Multiplying (9.11) with |a| yields

|af [b] cos() + |al [c] cos(y) = [a] [b + ¢| cos(a),
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which, using (9.8), (9.9), and (9.10), is just
a-b+a-c=a-(b+c),
and we have proved the distributive law. O

Remark 9.28 (scalars can be pulled out of the scalar product)
Let a and b be two vectors in R3, and let X\ € R be a scalar. Then

Ma-b)=a-(Ab) = (Aa)-b. (9.12)

Proof: If one of the vectors is the zero vector or if A = 0, then all three terms in
(9.12) are zero and (9.12) holds true. Now let us assume that a # 0, b # 0, and
A # 0. Let 0 be the angle between a and b.

If A > 0, then the angle between a and \b is also 6, and hence
a-(Ab) = |a| |\ b]| cos(0) = |a| |A||b| cos(f) = Al|a]| |b| cos(d) = A(a-b),
where we have used |\ = X since A > 0.

If A <0, then the angle between a and Ab 1s m—80, and so from the addition theorem
for the cosine (see Lemma 2.10)

cos(m — 0) = cos(m) cos(f) + sin(r) sin(f) = (—1) cos(#) + 0 = — cos(6).
Thus we have, using |A\| = —\ (since A < 0),
a-(Ab) = |a||ADb| cos(m — 0) = |a| |\||b] x [— cos(0)]
= |a] x (=A) x |b| x [=cos(f)] = Ala||b]| cos(d) = A (a-b).

Thus we have proved the first equality in (9.12). The second equality in (9.12)
follows from the case already proved. Indeed, we have

(Aa)-b=b-(Aa)=A(b-a)=X(a-b),

where the second step follows from the first equality in (9.12). In the first and third
step we have used (9.6). O

Lemma 9.29 (formula for the scalar product in terms of components)
Let a = (a1, as,a3) and let b = (by, by, b3) be vectors in R®. Then

a-b:a1 b1+a2b2+a3b3. (913)
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Proof of Lemma 9.29: If a = (a, as, az) and b = (by, by, b3), then
a=ajit+aj+ask and b=bi1+0byj+ b3k
Using the distributive law (see Theorem 9.27) and (9.12) gives that
a-b = (mi+aj+ask)  (byi+bej+bsk)
= (a1i) - (byi+b2j+bsk)+ (azj) - (bii+bej+ bsk)
+(ask) - (b1i+b2j+bsk)
= (a1i) - (bri) + (a1i) - (b2]) + (a1 i) - (b3 k)
+(azj) - (b1i) + (a2j) - (b2j) + (a2) - (bs k)
+ (ask) - (b11) + (ask) - (b2]) + (as k) - (b3 k)
= (@ by)i-i+ (arba)i-j+ (a1b3)i-k+ (agby)j-i+ (azbs)j-j
+(agbs)j-k+ (azby) k-i+ (a3by) k-j+ (azbz) k-k
= a1 b1 + ag by + asbs,
where we have used i-j=i-k=j-k=0andi-i=1i*=1,j-j=[j|* =1, and

k -k = |k|* =1 in the last step (see Example 9.26). O

Example 9.30 (scalar product)
Ifa=(4,2,3) and b =(—1,0,6), then

a-b=(4,2,3)-(-1,0,6) =4x (=1)+2x0+3x6 = —4+0+18 = 14. 0

Example 9.31 (scalar product)
Compute the scalar products a-b and a- ¢ of the vectors a = (2,2,0), b = (0,1, 0),
and ¢ = (—1,3,5).

Solution: From (9.13), we have
a-b=(220)-(0,1,00=2x0+2x1+0x0=0+2+0=2.
a-c=(220) (-1,35)=2x (-1) +2x3+0x5=-2+6+0=4. O

Remark 9.32 (finding the angle between two vectors)
To find the angle 0 between a and b, we can use that, from (9.5) and (9.13),

|a| |b| cos(0) = a-b =ay by + as by + agbs.
Indeed, if a# 0 and b # 0, then |a| # 0 and |b| # 0, and it follows that

. a-b _albl+agbg+a3b3
|af [b] |af [b]

cos(6)

(9.14)

Now we can determine 0 € [0, 7] by taking the arccos of (9.14).
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Example 9.33 (determination of the angle between two vectors)
The angle 6 between a = (4, 2, 3) and b = (-1, 0, 6) is given by

B a-b B 14 B 14
la||b] 29437 V29 x 37

where we have used |a| = /29, |b| = /37, and a-b = 14 from Examples 9.5
and 9.30. So 6 = arccos(14/+/29 x 37) =~ 1.1292 radians, that is, 6 ~ 64.698°. O

cos(6)

~ 0.42739,

Application 9.34 (a force drags an object horizontally at an angle)

One place where scalar product/dot products are useful is finding the work done.
Suppose a force F drags an object of mass m along a horizontal rough
surface giving rise to a displacement r, and assume that the force acts at an
angle 6 to the motion. Think, for example, of using a rope to pull a sledge, where
the angle between the rope and the horizontal ground is 6 (see Figure 9.8). Then the
total work done by the force in overcoming friction is

work = horizontal component of force x distance moved = |F|cos(#)-|r| = F-r.

'

initial position final position

Figure 9.8: An object is dragged horizontally by a force acting at an angle 6.

9.4 Vector Product or Cross Product

In this section we discuss the vector product or cross product of two vectors
which gives another vector.



254 9. Vectors

Definition 9.35 (vector product or cross product)
The vector product or cross product of two non-zero vectors a and b s the
vector a X b whose magnitude/length is

a x b| = |a| [b]| sin(6), (9.15)

where 0 € [0, 7| is the angle between a and b, and whose direction is perpen-
dicular to both a and b when taken in the right-handed sense from a
tob. Ifa=0 orb =0, then we define a x b =0.

What it means that the direction of a x b is ‘perpendicular to both a and b when
taken in the right-handed sense from a to b’ is illustrated in the left picture
in Figure 9.9. Right-handed sense from a to b means that when determining the
direction of a x b, we hold thumb, index finger, and middle finger of the right hand
such that they are perpendicular to each other. If we take a to be the thumb and
b to be the index finger, then the direction of the middle finger gives the direction
of a X b.

A

: ‘ : -,7
axb b ////
: Ib| sin@@) | J/
ny2 2 - 6 ,”\/% a

e b ., >~/

- L
a lal

Figure 9.9: On the left, the vector product/cross product a x b is perpendicular to
a and b in the right-handed sense from a to b. On the right, the length |a x b| of
the vector product a x b is the area of the parallelogram.

The length |a x b| of the vector product/cross product has a geometric
interpretation as illustrated in the right picture in Figure 9.9: In (9.15)

la x b| = |a] |b| sin(#) = |a| (|b| sin(8)), (9.16)

and the term |b| sin(f) is the height of the parallelogram with corner points given
by the vectors 0, a, b, and a+ b as indicated in Figure 9.9. Thus (9.16) is the area
of the parallelogram in Figure 9.16.
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Example 9.36 (vector product/cross product)

Let a = (1,0,0) and b = (1,—1,0). Then |a] = V12+02+0% = 1 and |b| =
VI2+ (12402 = V2. Froma-b=1x1+0x (-1)+0x 0 = 1, we can
determine the angle 6 between a and b as follows (see (9.14))

_a-b_ 1 _1
Calb]l  1xv2 V2

Thus the length/magnitude |a x b| of a X b is therefore

cos(0) = 0 —

™
1

: . 1
la x b| = |a||b| sin(h) = 1 x V2 x sin(7/4) = V2 x 7 = 1.

It remains to determine the direction of a x b. From the fact that a and b lie in the
(x,y)-plane and the fact that a x b is perpendicular to a and b in the right-handed
sense from a to b, we can determine that the direction of a x b is —k = (0,0, —1).
Since |a x b| =1 and | — k| = 1, we have

axb=—k=(0,0,—1). O

Remark 9.37 (properties of the vector product)

(a) For any two vectors a and b,

axb=-bxa, (9.17)

which can easily be seen from the fact that the direction of the vector product/cross
product is perpendicular to a and b in the right-handed sense from a to b.

(b) For any vector a # 0, we have that a has the angle 6 = 0 to itself. Thus we
have |a x a| = |a| |a| sin(0) = 0, and so

laxa=0. | (9.18)

Example 9.38 (vector product of the Cartesian unit vectors)

Since any two different Cartesian unit vectors i, j, k have the angle 7/2 to each
other, the vector product/cross product of any two different Cartesian unit vectors
satisfies

i j| = || |j| sin(n/2) =1 x 1x 1 =1,
i x k| = |i| [k| sin(r/2) =1 x 1 x1=1,
§x k| = |j| k| sin(r/2) =1x1x 1=1.
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Since i X j is perpendicular to both i and j in the right-handed sense from i to j, we
have that the direction of i x j is k. Since |i x j| = 1 and |k| = 1, we have i x j = k.
Analogously, we can determine all the following vector products

ixj=—-jxi=k, Jjxk=-kxj=i, kxi=—-ixk=]j.
Furthermore, from (9.18), we have

ixi=jxj=kxk=0. O

Definition 9.39 (scalar triple product)
Given three vectors a, b and c, the scalar

a-(bxc)

15 called the scalar triple product of a, b and c.

The next lemma states that the scalar triple product is the volume of the paral-
lelepiped spanned by the three vectors. This lemma will be proved on the exercise
sheet for this chapter.

Lemma 9.40 (interpretation of scalar triple product)
We have that for any three vectors a, b and c,

a-(bxc)=b-(cxa)=c-(axb). (9.19)

If the vectors a, b, and c are not coplanar (that is, if they do not lie all in
one plane), then the scalar triple product is the volume of the parallelepiped

spanned by a, b, and c, as illustrated in Figure 9.10.

S S

Figure 9.10: The volume of the parallelepiped spanned by a, b, and c is the scalar
triple product a - (b x c).
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For the vector/cross product, we have the following distributive law.

Theorem 9.41 (distributive law for vector product)
For any three vectors a, b and c in R?, we have that

ax(b+c)=(axb)+(axc) and (b+c)xa=(bxa)+(cxa) (9.20)

Proof of Theorem 9.41: We only need to prove the first equation in (9.20), since
the second equation follows immediately from the first and (9.17). Let

d=ax(b+c)—(axb)—(axc),

that is, we have arranged all terms in (9.20) on the left-hand side of (9.20). In order
to prove (9.20), we have to show that d = 0. To do this, we show that |[d|? = d-d is
zero, and then we know from Remark 9.6 that d = 0. Indeed, using the distributive
law for the scalar product (see Theorem 9.27) gives that

d-d = d-[ax(b+c)—(axb)—(axc)
= d-lax(b+c)]—d-[axb]-d-|axc]|
Using the property (9.19) of the triple scalar product gives that
d-d = (b+c)-[dxa]—b-[dxa]—c-[dx a].
Using the distributive law for the scalar product (see Theorem 9.27) again gives
d-d = [(b+c)—b—c|-[dxa] = 0-[dxa] = 0. 0

Remark 9.42 (scalar factors can be pulled out of the vector product)
For any two vectors a and b in R and any scalar A € R,

ax (Ab)=(Aa)xb=A(axb). (9.21)

Proof: Ifa =0, b =0, or A\ = 0, then all three terms in (9.21) are equal to the
zero vector O and the statement is true. Now assume that a # 0, b # 0, and X # 0.
We will show that the term on the left-hand side of (9.21) equals the term on the
right-hand side of (9.21). The proof that the term in the middle of (9.21) equals the
term on the right-hand side of (9.21) is analogous.

Let 0 be the angle between a and b. If A > 0, then the angle between a and \b is
also 0, and hence the magnitude/length of a x (Ab) is

lax (Ab)| = |a][Ab] sin(0) = [a] (|A[ [b]) sin(f)
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= |A| (Ja| [b] sin(6)) = |A| |a x b| = |X (a x b)]. (9.22)

Furthermore, a x (Ab) is perpendicular to both a and Ab in the right-handed sense
from a to Ab, that s, to both a and b in the right-handed sense from a to b. So
a x (Ab) points in the same direction as a X b, and hence in the same direction as
A(a x b). From this and (9.22), it follows that

ax (Ab)=A(axb).
If A <0, then the angle between a and Ab is m — 6, and so the length of a x (Ab) is
la x (Ab)| = |a] |Ab| sin(r — 0) = |a] (|]A|[b]) (sin(r) cos() — sin(6) cos(r))
= [a] [A|b] (0 = sin(6) x (~1))
= |\ (Ja| [b] sin(8)) = [A||a x b| = | (a x b)|. (9.23)

Furthermore, a x (Ab) is perpendicular to both a and Ab in the right-handed sense
from a to A b, that is, perpendicular to both a and b in the left-handed sense from a
to b. So a x (Ab) points in the opposite direction to a X b, and hence in the same
direction as X (a x b). From this and (9.23), it follows that

ax (Ab)=A(axb).
So we have proved that for any two vectors a and b and any scalar A € R,

ax (Ab)=AX(axb). O

The next theorem gives us a very useful representation of the vector product/cross
product a x b in terms of the components of the vectors a and b.

Theorem 9.43 (formula for cross product in terms of components)
Let a = (ay, as,a3) and b = (by, by, b3) be two vectors in R®. Then

axb = (agbg—agbg)i—(albg—agbl)j+(a1b2—agbl)k
= (CI,Q bg — Qs bg, —(a1 bg — as b1)7 ay b2 — a9 bl) (924)

Proof of Theorem 9.43: To prove (9.24), we start by writing the vectors a and b
in terms of the Cartesian unit vectors, that is, a = (ay, as,a3) = a;i+asj+azk and
b = (b1, be,b3) = b1 i+ by j + b3k, and substitute this into the vector product/cross
product a x b. Thus

axb:(a1i+a2j+a3k) X (b11+b2J+b3k)
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Using the distributive law (9.20) and (9.21) to transform the right-hand side gives

axb = (aqpit+azj+ask)x (byi+ bej+ b3k)
= (ayi) X (byi+baj+bsk)+ (azj) x (byi+ byj+ b3k)
+ (azk) x (byi+byj+ b3k)
= (a1i) x (b11) + (a1 i) x (b2]) + (a1 1) x (b3 k)
+(az2j) x (b1i) + (a2j) x (b2j) + (a2j) x (b3 k)
+ (ask) x (b1 1) + (ask) x (b2]) + (az k) x (b3 k)
= (a1 by) (i x1)+ (a1 b)) (i xj)+ (a1 b3) (i x k)
+ (azby) ( X 1) + (a2 b2) (§ x j) + (az bs) (j x k)
+ (agby) (k x i) + (a3 by) (k x j) + (a3 b3) (k x k)
= (a1 be)k—(a1b3)j— (azby) k+ (agb3)i+ (azb1)j— (agby)i
= (azbs —aszby)i— (arbs —azbi)j+ (a1bs —azby)k,

where we have used i xi=j x j=k x k =0 and
ixj=-jxi=k, Jxk=-kxj=i and kxi=—-ixk=j

in the last step (see Example 9.38). Note the alternating signs, +, —, +, of the
terms involving i, j and k. O

Remark 9.44 (alternative representation of (9.24))

In school some of you may have used the formula (9.25) below for the vector product
which also leads to (9.24). This formula uses the notation of the determinant
which we will encounter in the next chapter. If you have not seen the notation
below, do not worry about it for the moment; we will come back to it in the next
chapter.

i j k
axb = |a ay as 22 Zg i— Zl Z?’ j+ Zl Zz k
bl bg bg 2 3 1 3 1 2
= (CLQ bg — as bg) i— (a1 bg — as bl)J + (a1 bg — a9 bl) k. (925)

Example 9.45 (vector product/cross product)
Compute the vector product/cross product a x b for the following pairs of vectors:

(a) a=(4,2,3), b=(-10,6); (b) a=(1,2,1), b=(31,2).
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Solution: We use (9.24) to compute the cross products:

axb = (4,2,3)x (~1,0,6)
= (2x6-3x0)i—(4x6-3x(-1)j+(4x0-2x(-1))k
— 12i-27j+2k = (12,-27,2),

and

axb = (1,2,1) x (3,1,2)
= (2x2-1x1)i—(I1x2-1x3)j+(I1x1-2x3)k
= 3i—(-1)j+(-5k = 3i+j—5k = (3,1,-5).
Remark 9.46 (unit vectors perpendicular to two non-parallel vectors)
For any two non-zero, non-parallel vectors a and b, the vectors +(a x b) are non-

zero vectors which are perpendicular to both a and b. So the unit vectors which
are perpendicular to both a and b are

axb
la X b|

unit vectors perpendicular to a and b = +

Example 9.47 (unit vectors perpendicular to two non-parallel vectors)
Find the unit vectors which are perpendicular to both vectors a = (3,6,9) and

b=(-2,31).
Solution: We have that

axb=1(3,6,9) x(-2,3,1)
= (6x1-9x3)i—(3x1-9x(~2))j+ (3x3—-6x(-2))k
= —21i—21j+21k =21 (=i —j+k)=21(-1,-1,1).

Now we work out the length of a X b

lax b| =[21(=1,-1,1)| = 21|(=1, —1,1)| = 21 /(— )2 + 12 = 21V/3,

and hence the unit vectors which are perpendicular to both a and b are

gaxb  2(L-LYE -
axbl T 21v3 W3 T T
Remark 9.48 (Warning: (a x b) x c# a x (b x c¢))

In general,
(axb)xc#ax(bxc).
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Indeed, the vector on the left-hand side is perpendicular to c and to the vector ax b
(which itself is perpendicular to a and b). The vector on the right-hand side is
perpendicular a and to the vector b x ¢ (which itself is perpendicular to b and c).

Application 9.49 (torque)

If, for example, you use a box spanner to undo a wheel nut, you apply a force F at
some point r. It is assumed that the centre of the nut is at 0. If the angle between
F and r is 6, then the torque is a vector with magnitude

r| |F| sin(f) = |r x F|.

The direction of the torque is perpendicular to the plane containing F and r. In
fact, the torque is given by
torque = r x F,

the vector product/cross product of r and F.
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Chapter 10

Matrices

In Section 10.1 we introduce m x n matrices which are rectangular arrays of real
numbers consisting of m rows and n columns. For example,

2 1 3
A_<131)

is a 2 X 3 matrix with two rows and three columns. Vectors which we have encoun-
tered in Chapter 9, are a special case of matrices. In Section 10.2, we learn how
to add and subtract matrices of the same size and how to multiply matrices
with scalars. We also learn how to multiply matrices with each other. In Sec-
tion 10.3, we introduce the determinant of a square matrix, which is a scalar. In
Section 10.4, we learn how to compute the inverse matrix of a matrix with deter-
minant different from zero. Finally we will use matrices and their inverse matrices
to solve linear systems of equations in Section 10.5.

10.1 Introduction

We start by introducing matrices as rectangular arrays of real numbers. In the
previous chapter we have already encountered vectors which are special cases of
matrices.

263



264 10. Matrices

Definition 10.1 (matrix)

An m x n (read ‘m by n’) matriz A = (a;;) = (a”);zll%?; is a rectangular

array of real numbers containing m rows and n columns

a1 Qi2 AaAi3 - Qinp
Q21 Q22 Q23 -+ Q2p
A= asi Qagz az3z - A3p
m,1 Am2 Am3 - Qm,n

The entry in the intersection of the ith row and jth column is denoted by a;;
and is called the (i, j)th entry of the matriz. That is, the first index i of a;
denotes the row and the second index j of a;; denotes the column.

Example 10.2 (matrices)

2 3 1 —4
A:@”%:<21 0 5)

has m = 2 rows and n = 4 columns, and hence is a 2 x 4 matrix. Here we have

(a) The matrix

a1 = 2, 1,2 = 3, 1,3 = 1, a14 = —4, and a1 = 2, g9 = 1, g3 = 0, a4 = 5.

(b) The matrix

1 -2 3
2 1 4
B =bi;) = 7 5 9
3 —4 -8

has m = 4 rows and n = 3 columns, and hence is a 4 X 3 matrix.

(c) The row vector a = (1,4, —5) has m = 1 rows and n = 3 columns, and hence
1s a 1 X 3 matrix.

(d) The column vector

b= 2
3

has m = 3 rows and n = 1 columns, and hence is a 3 X 1 matrix. O
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Definition 10.3 (equal matrices)

Two matrices are said to be equal if they have the same size, that is, the same
numbers of rows and the same number of columns, and if all corresponding
entries are the same. In formulas, an m x n matriv A = (a; ;) and an { x k
matriz B = (b; ;) are equal if m ={ and n =k and

a;; = bi; foralli=1,2,....mand all j =1,2,...,n.

If two matrices A and B are equal we may write A = B, and if two matrices are
not equal we may write A # B.

Example 10.4 (equal and unequal matrices)
(a) Consider the matrices

2 3 1 -4 2 3 1
A_<210 5> and B_(zlo)'

The matrix A is a 2 x 4 matrix, and B is an 2 X 3 matrix. Since the matrices have
not the same dimension, we have A # B.

(b) Are the matrices

2 3 1 —4 210 5
A:(a"’j):<210 5) and B:(bi’j):<231—4)

equal? Solution: The matrices A and B are both 2 x 4 matrices, but we have
a2 = 3 # by 2 = 1. Hence the matrices are not equal, that is, A # B.

(¢) The matrices

am=(32) wa meog=(}2)

are both 2 x 2 matrices. In addition,
a1 = b1,1 =1, 1,2 = b1,2 =2, a1 = b2,1 =3, and a9 = b2,2 = 4.

Thus the two matrices are equal, that is, A = B. O

Definition 10.5 A matriz which has the same number of rows and columns is
called square or a square matriz. In formulas, an m x n matric A = (a; ;) is

square if m = n.
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Example 10.6 (square matrices)
Consider the matrices

2 3 2 10
A—(21> and B—(231).

The matrix A is a 2 X 2 matrix and is square. The matric B is a 2 X 3 matrix and
is not square. O

Definition 10.7 (zero matrix)
The m x n matriz O which has all entries zero

0 0 0

0 0 0
O = ,

0 0 0

18 called the m X n zero matriz.

10.2 Elementary Matrix Operations

In this section we learn how to multiply a matrix by a scalar and how to add
and subtract matrices. Finally, we learn how to multiply an m x n matrix by
an n X { matrix.

Definition 10.8 (scalar multiplication of a matrix by a scalar)
Let A = (a;;) be an m xn matriz, and let A € R be a scalar (real number). Then
the scalar multiplication of A by \ is the m x n matriz

)\al,l )\CLLQ s )\alyn

Aa Aa e Xaay,
AA = Mai;) = (Nai;) = o o >

A Qm,1 A am, 2 e A Qm,n

)

In shorter notation, the (i,j)th entry of A A is
[)\ A]i,j =\ Qg j-

In words, the matriz A is multiplied with the scalar X by multiplying every
entry of the matrixz by .




10. Matrices 267

Example 10.9 (multiplication of a matrix by a scalar)

Consider the matrix
3 1
A= )
(5 3)

(a) If A =2, then A A is given by
9 A — 2x3 2x1Y\ _ (6 2 .
2x2 2X5 4 10
(b) If A =1, then X A is given by
LA Ix3 1x1) _ (31 4
Ix2 1x5 2 5
(c) If A =0, then X\ A is given by
O0x3 O0x1 0 0
0a=(0%s 0xs )= (o 0) =0

We can also add and subtract matrices A and B if they have the same size, that
is, the same numbers of rows and columns.

Definition 10.10 (addition of matrices)
Let A = (a;;) be an m x n matriz, and let B = (b; ;) be also an m X n matriz.
Then the sum A + B is the m x n matriz defined by

ajg+bi1 aio+bia - ar, by,

azq +ba1  age+byo - ag, +bay
A+ B = (a;; +bij) = : . .

Q1 + bm,l Q2 + bm,2 e Am,n + bm,n

In words, to add two m X n matrices A and B, we just add the corresponding

elements of the matrices, that is,
[A+ Blij = aij + by

Note that we only can add matrices if they have the same size, that is, the same
number of rows and the same number of columns.
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Remark 10.11 (substraction of matrices)

The difference A — B of two m x n matrices A = (a;;) and B = (b;j) can now
easily be defined with the help of the scalar multiplication of a matriz with a scalar
and the addition of two matrices by

A—B=A+(~1)B = (aij) + (=bi;) = (aij — bi),

or equivalently, the (i, j)th entry of A — B s

[A— Blij = ai; — b

Example 10.12 (addition and subtraction of matrices)
(a) The sum A+ B of the two 2 X 3 matrices

2 31 2 26
A: B:
<210) and (317)’
is given by

A+ B— 2 31 n 2 26 _ 24+2 34+2 1+6
210 3 1 7 2+3 1+1 047
(b) The difference A — B of the two 2 x 2 matrices

1 2 11
A: B:
(1) = o=(i1)
is given by

e=(5 1) -G) =G i) =(Gs)

and the sum A 4+ B is given by
1 2 11 141 2+1 2 3
A+B_(3 4>+(1 1)‘(3+1 4+1)_(4 5)'

(c) Let A be an arbitrary m x n matrix and let O be the m x n zero matrix. Then

I
N
() GINTEN
o Ot
NN
S~

A+O0=0+ A= A.
Indeed

[A+0);; = a; ;40 = [O+A];; = 0+a;; = a;j foralll <i<mandalll <j<mn,
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(d) If Ais a matrix and k is a positive integer, then

A+A+.. .+ A=FkA m

k-times

Next we learn that we can multiply an m X n matrix A with and n x ¢ matrix B,
and the result will be an m x ¢ matrix. The matrix multiplication A B is rather
more complicated than scalar multiplication or matrix addition, since matrix mul-
tiplication is not performed by multiplying corresponding entries but by taking the
scalar products of rows the matrix A and columns of the matrix B.

Definition 10.13 (multiplication of an m x n by an n x ¢ matrix)

Let A = (a; ;) be an m x n matriz, and let B = (b;) be an n x £ matriz. Then
the product A B of the m xn matrix A with the n x { matrix B is defined
to be the m x ¢ matriz A = ([A B, ;) with the entries

(¢,7)th entry of AB = [AB];; = Zai,k br. j
k=1

= scalar product of 7th row vector of A and jth column vector of B

1,5

A2,j
= (a/i,ly a; 2, -, a/i,n) :

n,j

Note that the product A B only exists if the number of columns in the first
matrix A equals the number of rows in the second matrix B.

Note that if A and B are both n x n matrices, then both A B and B A exist but
in general A B and B A are not necessarily equal.

Example 10.14 (matrix multiplication)
The matrices A and B, given by

3 1 -2 6
A—(25) and B—<4 7).

They are both 2 x 2 matrices, and we can compute both A B and B A. We find

o (A7)
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B 3x(=2)+1x4 IxX6+1x7
o\ 2x(=2)+5%x4  2x6+5x%x7T
(=2 25
B 16 47 )’
and
-2 6 31
BA = < 4 7)(2 5>
B (—2) x 346 x2 (—2) x1+6x5
B 4x3+Tx2 4x147x5
B 6 28
26 39 /)
We see that A B # B A. 0

Example 10.15 (matrix multiplication)
Consider the two matrices
1
A= (1 2) and B=1 2
3
Then A B does not exist, since A is a 1 X 2 matrix and B is a 3 X 1 matrix. The
product B A does exist, since Bis a3 x 1 and A is a 1 x 2 matrix. We find

1 1x1 1x2 1 2
BA= 2 1 (1 2)= 2x1 2x2 = 2 4 1. O
3 I3 x1 3x2 3 6

Definition 10.16 (identity matrix)
The n X n tdentity matrix I, is the n x n matriz which has ones on the leading
diagonal and zeros everywhere else, that is,

L]ii=1 for1<i<n and L)i; =0 ifi#j.

Ezxplicitly the identity matrix I, is

1 00 0
0 1 0 0
I,=10 0

—_
- O
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Example 10.17 (identity matrix)
The 2 x 2 identity matrix and the 3 x 3 identity matrix are given by

10
12:(0 1) and ]3:

respectively. O

0 0
10|,
0 1

o O =

Example 10.18 (multiplication with the identity matrix)
Let the 2 x 2 matrix A be given by

A= 51 .
2 5
Compute the products I A and A I, where I, is the 2 x 2 identity matrix.

Solution:

A~ 1 0 3 1 B 1x3+0x2 1x14+0x5 B 3 1
227\ 0 1 25) \o0x3+1x2 O0x1+1x5/) \2 5 )’

and

1A - 3 1 I 0y [(3x1+1x0 I3x04+1x1 (31
27\ 2 5 01) \2x1+5x0 2x0+5x1/) \25)°

We observe that I, A = A, = A. O

The identity Iy A = AI, = A which we observed in the last example is true for
every 2 X 2 matrix A. Moreover, an analogous property holds for the n x n identity
matrix.

Lemma 10.19 (multiplication by the identity matrix)
Let A be an m x n matrix, let B be a n x { matriz, and let I,, be the n x n identity
matriz. Then we have

Al =A and I, B =B, (10.1)

In particular, if A is an nxn square matriz, then (10.1) implies A1, = I, A = A.

We observe that I, plays the role in the multiplication of n x n matrices that the
real number 1 plays in the multiplication of real numbers, that is,

rl=1lx=x for any real number x € R.
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Theorem 10.20 (associative law of matrix multiplication)
Let A be an m x n matriz, B an n X £ matriz, and C' an £ x k matriz. Then

(AB)C = A(BC).

Example 10.21 (associative law of matrix multiplication)
Verify the associative law for the three matrices

(3 (A7) ()

Solution: We have have

3 1 1 -1 3—1 —-3+1 2 =2
AB_<2 5)(—1 1)‘(2—5 —2+5)_(—3 3)
and
(AB)C — 2 =2 1 2 _ 2 -4 4 —2 _ —2 2 |
-3 3 2 1 -3+6 —6+3 3 =3
On the other hand

(10 D-(5 51 )
amor= (557 )= (31500 ) = (5 5)

and we find indeed (AB)C = A(BC). O

and

Definition 10.22 (k-fold product of a matrix)
For any integer k € N, we denote by A¥ the k-fold product of A, that is,

AP =AA .. A

k-times

Finally we introduce the transpose of a matrix.
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Definition 10.23 (transpose of a matrix)
The transpose AT of an m x n matriz A is the n x m matriz AT obtained by
interchanging the rows and columns of A. In formulas,

[AT]M = a;, foralll<i<nand1l<j<m. (10.2)

Example 10.24 (transpose of a matrix)

2
(2 31 T
A_<210) and A = Zi

S =N

Remark 10.25 (transpose of transpose gives original matrix)
For any matriz A, we have

(AT)T = A.

Proof: Indeed, if A is an m x n matriz, then AT is an n x m matriz, and so (AT)T
is an m X n matriz. Furthermore, we have from (10.2) that

[(AD)'],, = [4"]

2

= forall 1<it<m and all 1 <j <n. O
Jsi ’

10.3 The Determinant of a Square Matrix

The determinant associates a scalar with a matrix and can only be defined for
square matrices. We will start by discussing the determinant for the special cases
of 2 x 2 matrices and 3 x 3 matrices. After that we will define the determinant
recursively for n X n matrices. We will learn several properties of determinants
that can be used to simplify the computation of determinants.

Definition 10.26 (determinant of 2 x 2 matrix)
The determinant det(A) of a 2 X 2 matrix

s defined by

‘ = ad—bc. (10.3)
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Example 10.27 (determinants of 2 x 2 matrices)
Compute the determinants of the 2 x 2 matrices

1 3 2 5
A—<24) and B—<4 10).

Solution: From (10.3), we have that

det(A):‘; i = 1x4-3x2 =4-6 = —2,
det(B):|Z 150 — 2x10-5x4 = 20—20 = 0. O

Definition 10.28 (determinant of a 3 x 3 matrix)
The determinant of a 3 x 3 matrix

a1 Q12 a3
A= 21 Q292 A3

az1 az2 asg3

is defined by

11 Q12 a3
det(A) = | G211 Q22 A3 = a1,101,1—a1,201,2+a1,301,37 (10-4)

az1 az2 asgs

where C1 1, —Ch9, and Cy3 are the so-called cofactors of a1, a12, and a3,
respectively, and are defined by

Q292 A23 21 Q23 21 QG292

C1,1 = ) 01,2 = ) and C'1,3 =

azo a3;3 a3z az;3 a3 azz2

We observe that C ; is the determinant of the 2x2 submatriz of A that is obtained
by deleting the 1st row and jth column of A.

Example 10.29 (determinant of a 3 x 3 matrix)
Find the determinant of the matrix

A:

N O =
O = O
S O =
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Solution: We apply formula (10.4) to compute the determinant:

1 0 1
1 1
det(A) = |0 1 0|=1x 0 8‘—Ox‘g 8‘+1x‘g 0‘
2 00
= 1x(I1x0-0x0)—-0+1x(0x0—-1x2)
= 1x0+1x(-2)=-2 O
Example 10.30 (determinant of a 3 x 3 matrix)
Determine the determinant of the 3 x 3 matrix
1 2 3
A= 4 6 5
9 8 7
Solution: We have from (10.4) that
1 2 3
det(A) = |4 6 5| = 1x g ?‘—QX‘;JL i‘+3x‘g g‘
9 8 7
= 6X7—-5%x8)—2x(4xT7T—-5x9)+3x(4x8—-6x9)

= (42— 40) — 2 x (28 — 45) + 3 x (32 — 54)
= 2-2x (=17) 4+ 3 x (=22) =2+ 34 — 66 = —30. O

Remark 10.31 (use 3 x 3 matrix to determine the vector product)
In Remark 9.44 we mentioned the following formula for the vector product

axb = (ai,as a3) x (b1, b2, b3)
bk az a ar a ar a
= o a as bz b3 i bl bs i+ bl bz Kk
by by bs 2 U3 1 U3 1 02

= (CLQ bg — as bg)l— (CLl bg — Qs bl)J + (CLl bg — a9 bl)k,

which we can now understand with our knowledge of the determinant notation.

Now we learn the formula for the determinant of an n x n matrix. This formula is
a generalization of the formula (10.4) for the determinant of a 3 x 3 matrix.



276 10. Matrices

Definition 10.32 (determinant of an n x n matrix)
Let A = (a; ;) be an nxn matriz whose entry in ith row and jth column is denoted
by a; ;. Then the determinant of the n X n matriz A is giwen by

det(A) = Zai,j (—1)i+j Ci,j, (105)
j=1
foranyi € {1,2,...,n}, where C; ; is the determinant of the (n—1) x (n—1) ma-

triz obtained by deleting the ith row and jth column from A. The term (—1)"+7 C;
is called the cofactor of a; ;.

Remark 10.33 (comments on the determinant)
(a) The notion ‘for any i € {1,2,...,n}" in Definition 10.52 implies that for any
choice of i the value of the determinant det(A) is the same.

(b) In the above definition, we have ‘expanded about the ith row’. We can also
‘expand about the jth column’. Indeed, the determinant of A is also given by

det(A) =Y "a;; (1) Cyy, (10.6)
=1

forany j € {1,2,...,n}.

(¢c) For a 3 x 3 matrizx
11 Q12 Aais
A= G271 G292 A3 )

asy1 as2 asgs
expanding about the first row (that is, taking i = 1 in Definition 10.32) gives
that the determinant of A is

3
det(4) = > ar; (-1)"7 0y
j=1

= a1, (—1)1+1 Cii+as (—1)1+2 Cia+ars (—1)1+3 Ci3
= a11C11 —a12C12+a13C 3,
where

Aoo  G23 a1 Q23 ao1 A2

C1,1 = ) 01,2 = ) and 01,3 =

aszo 33 az1 as3 as; asz

This is the formula (10.4) given in Definition 10.28, and we see that Definition
10.28 is just a special case of Definition 10.32.
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We now come back to the matrix from Example 10.30, and we compute its deter-
minant in two different ways.

Example 10.34 (determinant of 3 x 3 matrix)

Consider again the matrix A from Example 10.30, given by
1 2 3

A=14 6 5

9 8 7

(a) Expanding about the second row (that is, taking (10.5) with ¢ = 2) gives that
the determinant of A is

3
det(A) = ZCLQJ (—1)2+j027j
j=1

= a1 (—1)2+1 Ca1 +azs (—1)2+2 Cao+azgs (—1)2+3 Cas

)

= —ag1 01+ a22C22 —ag3Cs3

= —4 0271 + 6 0272 -5 0273,

where
2 3
Cy1 = g 7 =14 — 24 = —10,
1 3
Coo = 9 7 =7—27=-20,
Cos = 2 =8—-18=-10
’ 8
Hence
det(A) = —4C5; +6C55—5Cy3
= —4x (—10) + 6 x (=20) — 5 x (—10)
= 40—-120+50 = —-30,

agreeing with the answer we obtained previously in Example 10.30.

(b) Expanding about the first column (that is, taking (10.6) with j = 1) gives that
the determinant of A is

3
det(A) = Z CI,@'J (—1)i+1 Ci,l
i=1
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= apy ()" O+ an (1) Coy +asy (1) Oy
= a11C0n —az1 Cy1 +az1 O

= (C11—4C51+9C5;,

where
Ci1 = g ? =42 — 40 = 2,
Cy1 = z ?7) =14 — 24 = —10,
Cs1 = 2 g =10 —-18 = -8.
Hence

det(A) =C11 —4C51+9C51 =2—4x (—=10) +9 x (=8) =2+ 40 — 72 = —30,

again agreeing with the answer we obtained previously in Example 10.30. O

In the next lemma we get information about how the determinant changes if we
perform certain operations on the matrix, such as interchanging rows (or columns)
of the matrix, multiplying a row (or column) with a scalar, or even adding a multiple
of one row (or column) to another row (or column). Such operations can be used
to modify the the matrix (whose determinant we want to compute) and thus may
allow a much easier computation of the determinant of the modified matrix.

Lemma 10.35 (properties of the determinant)
We can use the follouwing properties of the determinant when finding the
determinant of an n X n matriz:

(i) multiplying all the elements of a single row or column of a ma-
trix by a real number )\ results in the determinant of the matriz being
multiplied by \;

(ii) interchanging any two rows or any two columns of a matriz changes
the sign of the determinant of the matriz;

(i1i) adding a multiple of one row (or column) of a matriz to another
row (or column) does not change the determinant of the matriz;

(iv) if any row or column of a matriz consists entirely of zeros, then the
determinant of the matrix is zero;

(v) if any two rows or any two columns of a matriz are the same, then

the determinant of the matrix is zero.
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Example 10.36 (determinant of a 4 x 4 matrix)
Find the determinant of the matrix

AN

I
W s O
o~ w
BN D O
S = W

Solution: Rule (i) allows us to take out the common factor 2 from column 3:

det(A) =2 x

W o ©
o 1w
O — = O
o~ w

—1

Next, we use rule (ii) to interchange columns 1 and 4 to make the entry in the top
left corner 1:

S N W

1 0

det(A) =2 x (—1) x X L
1 1
0

W o ©

-1 2

We now apply rule (iii) twice. Firstly, we subtract three times row 1 from row 2
(that is, r5*V = ry — 31q):

1 3 0 4
det(A) = —2 x (1) _3 1 _Z
0O —1 2 3

1 3 0 4
det(A) = =2 x 8 3 1 3
0o -1 2 3

Now, we have only one non-zero entry in the column 1, namely, the number 1 at
the top. Expanding about column 1 gives that

det(A)=—-2x1x| -3 1 0
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So we have reduced the problem to that of finding the determinant of a 3 x 3 matrix.

We now apply the same procedure to find this determinant. Indeed, rule (i) allows
us to take out the common factors —1 and 3 from columns 1 and 3, respectively:

2 1 -1 2 —1
det(A)=—-2x(-1)x3x|3 1 0[|=6x]3
1 2 1 1 1

Next, we use rule (ii) to interchange columns 1 and 2 to make the entry in the top
left corner 1:

1 2 -1
det(A)=6x(-1)x|1 3 0
2 1 1

We now apply rule (iii) twice. Subtracting row 1 from row 2 (that is, r5*" = ro —rq)
and subtracting twice row 1 from row 3 (that is, r§*V = r3 — 2r;) gives that

1 2 -1
det(A)=-6x|0 1 1
0 -3 3

Now, we have only one non-zero entry in the column 1, namely, the number 1 at
the top. Expanding about column 1 gives that

det(A) = —6 x

1 1
-3 3|

Rule (i) allows us to take out the common factor 3 from row 2:

det(A) = —18 x

-1 1 ‘
Hence
det(A) = —18x[I1x1—-1x(—1)] = —18%x[1+1] = —18x2 = —36.

Example 10.37 (determinant of the identity matrix)
The n x n identity matrix [,, has determinant

det(I,)) = 1. (10.7)

Proof: Let us start with the 2 x 2 matrix I,. We have

1 0

‘:1x1—0x0:1 (10.8)
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For the 3 x 3 identity matrix I3, we find by expanding the determinant det(/3) about
the first row

1 0

1
det(Ig) =10
1

0 0

oS = O

0
0|=1x
1

‘:1><det([2):1><1:1,

where we have used (10.8) in the second last step.

Now we use induction and assume that we have already verified that det([,,_1) =
Then we want to show that det(/,) = 1. By expanding the determinant det(/,) f
the n x n identity matrix I, about the first row, we find (in analogy to above)

det(l,) =1 xdet(l,—1) =1x1=1,

where have used the assumption that det(/,_1) = 1 in the second last step. O

The next lemma gives information about the relation between the determinant
det(A B) of the product A B of two square matrices A and B and the determi-
nants of the individual matrices det(A) and det(B).

Lemma 10.38 (determinant of the product of matrices)
If A and B are n x n matrices, then the n X n matrix A B has the determinant

det(A B) = det(A) x det(B) = det(A) det(B). (10.9)

Note that, in general, for two n X n matrices
det(A + B) # det(A) + det(B).

Example 10.39 (determinant of product of matrices)
Determine the determinant det(A B) where
1 1 1 1 0 0
A=10 1 1 and B=12 2 0
0 0 1 3 3 3

Solution: We will determine the determinant in two ways: (a) by using (10.9); and
(b) by computing A B first and then computing the determinant of A B.
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(a) We have, from expanding det(A) about the first column and from expanding
det(B) about the first row,

1 1 11

det(A) = |0 1 1| = 1x 0 1 = 1x(Ix1-1x0)=1,
0 0 1
1 0 0 5 0

det(B) = [2 2 0| = 1x = 1x(2x3-0x3) = 6.
3 3 3 59

From (10.9), we find

det(AB) = det(A) x det(B) =1 x 6 = 6.
(b) Computing the matrix A B yields
1 1 1 1 0 0 6 5 3
AB=10 1 1 2 2 0)=1553
0 0 1 3 3 3 3 3 3

To compute the determinant det(A B), we use that, from Lemma 10.35 (iii), we
may subtract the second row of the matrix from the first row without changing the
value of the determinant (that is, r}*V = r; —r5). Thus

6 5 3 6-5 b5-5 3-3 1 0 0
det(AB)=|5 5 3|=| 5 5 3 |=|5 5 3
3 3 3 3 3 3 3 3 3

Now we expand about the first row and get

5 3

1 0 0
det(AB) =5 5 3 |=1x|,
3 33

‘zlx(5><3—3><3):15—9:6.

We get indeed the same result. O

10.4 Invertible Matrices

In this section, we introduce the inverse matrix of an (invertible) square n x n
matrix A. The inverse matrix A~! of A satisfies AA™ = A=1 A = I,,. If we compare
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invertible matrices A to real numbers x # 0, then the inverse matrix A~! corresponds
to the number 1/x. We learn that a matrix A has an inverse matrix if and only
if det(A) # 0. We introduce the adjoint matrix, and we learn a formula for the
inverse matrix which involves the adjoint matrix and the determinant.

Definition 10.40 (invertible and inverse matrix)
Let A be an n x n matriz. If there exists an n X n matriz B such that

AB=1, and BA=1,, (10.10)

then A is invertible. The matrix B satisfying (10.10) is called the inverse
(matriz) of A, and usually the inverse matriz of A is denoted by A™L.

In Definition 10.40 we would prefer that, if there exists a matrix B satisfying (10.10),
then this matrix is the only matrix satisfying (10.10). In other words, we would
like the inverse matrix to be unique. To show that this is indeed true, assume that
there exits another n x n matrix C satisfying

AC =1, and CA=1I,. (10.11)
Multiplying the first formula in (10.11) from the left by the matrix B yields
B(AC)=BI, = (BAC=B = 1[1,C=B = (=8B,

where we have used the associative law of matrix multiplication (see Theorem 10.20)
and (10.1). Since C = B, we see that the inverse matrix is indeed uniquely deter-
mined.

Example 10.41 (matrix and its inverse)
Consider the matrices A and B, given by

2 3 —4 3
A_(S 4) and B—< 3_2>.

Show that the matrix B is the inverse matrix to the matrix A.

Solution: We compute A B and B A, and find

- (535 3)

[ 2x(=4)+3x3 2x34+3x(-2)
B <3><(—4)+4><3 3><3+4><(—2))
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(
= (5 2)0G 1)
_ () x2+3x3  (—4)x3+3x4
<3><2+(—2)><3 3><3+(—2)><4>

- (1 1)

Since AB = B A = I, we know that B is the inverse matrix to A. We also see that
A is the inverse matrix of B. O

Remark 10.42 (not every matrix is invertible)
It is easy to see that the zero matriz

0 0
O =
(o 0)
does not have an inverse and 1s thus not invertible. Indeed, if B is any other 2 x 2
matriz, then

0 0 0 0 0 0 0 0
B — B — B = B e .
© <0 0) <0 0) and © (0 0) <0 0)
We see that not every square matrix is invertible.

If an n x n matrix A has an inverse A~!, then taking the determinant on both sides
of the equation

I,=A1A

and using (10.9) yields
det(I,) = det(A™1 A) = det(A™') det(A).
From (10.7), we know that det(/,,) = 1, and thus
1 =det(A™") det(A). (10.12)

From (10.12), we know that neither det(A) nor det(A™') can be zero, since zero
multiplied with any other numbers is always zero. Thus we know that any matrix
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which has an inverse matrix satisfies det(A) # 0. If A has in inverse matrix
then we have from (10.12) that

1

det(A™1) = det(4)

. (10.13)

In fact, for any square matrix A, the condition det(A) # 0 guarantees that A has
an inverse matrix.

Theorem 10.43 (criterion for having an inverse matrix)
A square matriz A is tnvertible, and thus has an inverse matriz, if and only
if its determinant det(A) is non-zero, that is,

det(A) # 0.

Now that we have a criterion for checking whether a matrix is invertible, that is,
has an inverse, it remains to learn how to compute the inverse matrix. This
leads to the definition and the theorem below.

Definition 10.44 (adjoint matrix)

The adjoint of an n x n square matriz A is that n X n square matriz adj(A)
whose entry in the ith row and jth column is the cofactor (—1)7" C;; of
a;; (note the changing order of the subscripts!). In formulas,

[adj(A)]s,; = (=1)" Cj, for1<i,j<n.

With the help of the adjoint matrix, we can now easily give a formula for the inverse
matrix of a square matrix.

Theorem 10.45 (formula for inverse matrix)
Suppose that A is an n X n square matriz with det(A) # 0. Then A is invertible
and the inverse matrixz A~ of A is given by

1

-1
A= det(A)

adj(A).

Example 10.46 (special case: inverse of a 2 x 2 matrix)
Suppose that we have a 2 x 2 matrix
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Then det(A) = ad — be. The matrix of cofactors of A is
d —c
b a )
T

- () ()

So if ad # be, then the inverse matrix A~! of A is

So the adjoint of A is

-1

a b 1 1 d —b
— A= dj(A) = : 10.14
<c d) det(A)a‘]() ad—bc(—c a> (10.14)
The formula (10.14) for the inverse of a 2 x 2 matrix with det(A) =ad —bc # 0 is
easy to remember and worth knowing from memory. O

Example 10.47 (inverse of a 2 x 2 matrix)
We use the formula (10.14) to determine the inverse of the matrix

= (30)

from Example 10.41. The determinant is det(A) =2 x4 -3 x3 =8 -9 = —1.

Thus from (10.14)
PR 4 -3\ _ (-4 3
—)\ -3 2 3 —2 )

and we have the matrix B from Example 10.41. O

Example 10.48 (inverse of a 2 x 2 matrix)
Determine whether the 2 x 2
s 3 2
o 3

is invertible, and if yes find its inverse matrix A~

Solution: Since det(A) =3x3—-2x5=9—10= —1 # 0, we know that the matrix
A is invertible. From (10.14), its inverse is given by
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Example 10.49 Determine whether the matrix

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

is invertible, and if yes, find its inverse matrix.

Solution: From the computations in Example 10.36, we can deduce that this matrix

has the determinant
det(A) = —18.

Thus A is invertible. Furthermore, the matrix (C; ;) of cofactors of A is

Ix3—-0x2 —(3x3-0x1) 3x2—-1x1
(Cij) = —(1x3—(—3)x2) 2x3—(-3)x1 —(2x2-1x1)
I1x0—(-3)x1 —(2x0—(-3) x3) 2x1—1x3
3 -9 5
= -9 9 -3
3 -9 -1
Hence .
3 -9 5 3 -9 3
adj(A)=1 -9 9 -3 = -9 9 -9
3 -9 -1 5 -3 -1
It follows that
3 -9 3 -3 9 =3
At L adJ(A)——i 9 9 -9 | =L 9 -9 9 O
det(A) 18 £ _3 1 18 5 3 1

10.5 Solving Linear Systems of Equations

Finally we show how we can use inverse matrices to solve linear systems of equa-
tions. We will explain the idea first and then we apply it in two examples.

Let us start by looking at an example of a linear system of 2 equations in 2 unknowns.

le+2y =25,

10.15
Jz+4y =6. ( )
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We can rewrite this linear system in the form

()
(1) = oe(3)

That is, (10.15) is equivalent to the linear system in matrix form
1 2 r\ [5
3 4 y ) \6 )

After this motivation we will think from now on of square linear systems with n

with the 2 x 2 matrix

and the vectors

equations and n unknowns as an expression of the form

Ax = b, (10.16)

where A is an n X n matrix, and b is a given n x 1 matrix (an n-vector in R™) and x
is an n x 1 matrix (an n-vector in R™) that contains the unknowns. Without further
information about A and b, we cannot know whether an x exists that satisfies
(10.16) and if such an x exists whether it is unique.

However, if det(A) # 0, then there exists a uniquely determined n-vector x
that satisfies (10.16). ‘Uniquely determined’ means that x is the only vector that
satisfies (10.16). Now we explain how we can use the inverse matrix A™' of A to
solve (10.16) if det(A) # 0.

If det(A) # 0, then A is invertible and has an inverse matrix A~! (see Theorem
10.43). We multiply (10.16) from the left with the inverse matrix A~' and obtain

A (Ax) = A"1b. (10.17)

Using the associative law of matrix multiplication (see Theorem 10.20) and A™' A =
I, and I,, x = x (from (10.1)), we then transform the left-hand side

AT Ax) = (A" A x =, x=x. (10.18)

Combing (10.17) and (10.18) yields that the solution x of (10.16) is given by

x=A"'b. (10.19)
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If it is not too demanding to determine the inverse matrix A~!, then (10.19) provides
an easy way for computing the solution x of (10.16).

We illustrate this for two examples.

Example 10.50 (solve linear system of equations)
Solve the linear system of equations

3+ 2y =4,
or+3y="T.

Solution: We start by writing the linear system of equations in matrix form as
3 2 r\ [ 4
5 3 y ) \7)°

Hence Ax = b, with

Since det(A) =3 x3—-2x5=9—10 = —1 # 0, the matrix A is invertible. Its
inverse matrix A~! exists and is given by (use (10.14))

(-

Thus we know from (10.19) that x is given by x = A~! b, that is,

T _og-lp - -3 2 4N [ (=3)x4+2xT\ [ 2

y ) B 5 —3 7)) \5x4+(=3)x7) \ -1/
Thus x = 2 and y = —1. Indeed, testing of the solution shows
342y =3%x242x(—-1)=6-2=4 and bHzx+3y=5x2+3x(-1)=10-3=7,

as required. O

Example 10.51 (solve linear system of equations)
Solve the linear system of equations

20+ y—3z= 3,
3r 4+ y = 0,
r+2y+3z2=-3.
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Solution: We start by writing the linear system of equations in matrix form

2 1 -3 x 3
1 0 y | = 0
1 3 z -3
Hence Ax = b, with
2 1 -3 x 3
A= 3 1 01, x=1y and b = 0
1 2 3 z -3

From Example 10.49, A~! exists and is given by

. 3 -9 3
A_lz“Ig -9 9 -9
5 -3 -1
So from (10.19), we have
T . 3 -9 3 3
x=|y = A'b = Tl B 0
2 5 -3 -1 -3

X 3x 34 (=9) x 043 x (=3)
= —g | 9 x3+9x0+(=9) x(-3)
5x 34 (—3) x 04 (—1) x (—3)

=) =
1818 —1

that is, x =0, y = 0 and z = —1. Testing of the solution by substituting back into
the equations shows that indeed

204+y—32=2x04+0-3x(-1) =3,
3r4+y=3x0+0=0,
r+2y+32=04+2x0+3x(-1)=-3,

as required. O
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