MATH 221
FIRST SEMESTER
CALCULUS

fall 2007

Typeset:December 11, 2007



Math 221 — 1st Semester Calculus
Lecture notes version 1.0 (Fall 2007)

This is a self contained set of lecture notes for Math 221. The notes were written by
Sigurd Angenent, starting from an extensive collection of notes and problems compiled by
Joel Robbin.

The BTEX and Python files which were used to produce these notes are available at the
following web site

www.math.wisc.edu/~angenent/Free-Lecture-Notes

They are meant to be freely available in the sense that “free software” is free. More
precisely:

Copyright (c) 2006 Sigurd B. Angenent. Permission is granted to copy, distribute and/or
modify this document under the terms of the GNU Free Documentation License, Version 1.2
or any later version published by the Free Software Foundation; with no Invariant Sections,
no Front-Cover Texts, and no Back-Cover Texts. A copy of the license is included in the
section entitled ”GNU Free Documentation License”.



www.math.wisc.edu/~angenent/Free-Lecture-Notes

CONTENTS

Numbers, Points, Lines and Curves|

1. _What is a number?|
Another reason to believe in /2
[Why are real numbers called real? |

[Exercises

[2.__The real number line and intervals|
21 Tntervald

[2.2._Set notationl

[Exercised]

13.__Sets of Points in the Planel

[3.1. _Cartesian Coordinates|

B2 Setd

B3_Tined

[Exercised]

[4__Functiond

4.1. Example: Find the domain and range of f(x) = 1/27|
5. The graph of a function|

5.1. ertical Line Property

5.2. Example

|§ Inverse functions and Implicit functions|

6.2. Another example: domain of an implicitly defined function
[6:3"_Example:_the equation alone does not determine the function|
[6-4.Why use implicit functions?]

6.5, Inverse functions|

0.0 D

[6-7. Tnverse trigonometric functions|

[Exercised

|Il.__Derivatives (1)

|7. The tangent to a curve]
|§ En examE e — tanéent to a Earan a|
[0. Tnstantaneous velocity]

10. Rates of change

[Exercises]

UL, __Limits and Continuous Functions|

[11._Informal definition of [imits|
| .1. Examplg

11.2. xample: substituting numbers to guess a [imit

[I133" Example: Substituting numbers can suggest the wrong answer|
[Exercisel

112.  The formal, authoritative, definition of limit|
12.1.  Show that lim,_ .33z + 2 =11

12.2. Show that lim, ;2 =1

12.3. Show that lim,_4 1/z = 1/4|

Exercises|

113, Variations on the [imit themel
113.1.  Left and right limits]

10
10
10
11
11
12
12
12
12
13
13
14
14
15
15
15
15
16
16
16
17
17
18
18
19
19

21
21
22
23
24
24

25
25
25
25
26
26
26
28
29
29
30
30
30



13.2.  Limits at infinity. | 30
13.3. Example — Limit of 1/z | 31
13.4. Example — Limit of 1/x (again 31

4. Properties of the Limit 31

5. Examples of limit computations| 32
15.1.  Find lim, .o 27| 32
15.2. Try the examples|i1.4and]|11.3] using the limit properties| 33
15.3. Example — Find lim,_.2 /= 33
15.4. Example — Find lim;_.2 /T 34
15.5. Example — The derivative of v/z at = = 2. | 34
[[5.6. Timit as 2 — oo of rational functions| 34
15.7.  Another example with a rational function 35
16.  When [imits fail to existl 35

[16.1.  The sign function near x = 0 | 35
[I6:2. The example of the backward sin€] 36

[16.3.  Trying to divide by zero using a limit] 37

6.4. Using limit properties to show a limit does not exist 37
16,5 Timits at co which don't exist] 38
[17. _What's in a name?| 38
18. Limits and Inequalities 39
18.1. A backward cosine sandwichl 40
40
41
[19.2Rational functions are continuousl 41
[19.3. Some discontinuous functions| 41
19,4, How to make functions discontinuous| 41
119.5. Sandwich in a bow tiel 42
120, _Substitution in [imits| 42
20.1. Compute lim, 3 vVz3 — 322 + 2 42

43

[21.  Two Limits in Trigonometry| 43
[Exercises 45
[IV. Derivatives (2) 47
22. Derivatives Defined 47
[22.1. Other notations| 47
23.  Direct computation of derivatives| 48
23.1. Example — The derivative of f(z) = z° is f'(z) = 2z | 48
23.2. The derivative of g(z) =z is ¢'(z) = 1 48

48

4. Derivative of " formn =1,2,3,... 49
.5. Differentiable implies Continuous| 49

[23:6.Some non-differentiable functions 50
[Exercised] 52
24, __The Differentiation Rules| 52
24.1. Sum, product and quotient rule 53
242 Proof of the Sum Rulel 53
24.3. Proof of the Product Rule] 53
124.4.  Prooft of the Quotient Rule | 54
24.5. A shorter, but not quite pertect derivation of the Quotient Rule 54
4.6 Differentiating a constant multiple of a function | 54
247, | ulel 55

|125.  Differentiating powers of functions| 55




|

25.3.  The Power Rule for Negative Integer Exponents
[25.8" Derivative of the square root |

26. Higher Derivatives|

[Exercisesd
[26. Higher Derivatives|
26.1. The d e

26.2.  Operator notation
[Exercised]
[27.__Ditferentiating Trigonometric functions|

EE

[28.1.  Composition of functions|
282 A real world example|

[28.4.  First example|
[28.5. Example where you really need the Chain Rule|

E

E

28.7. The volume of a growing yeast cell

|§§8 A more comp |catea examp|€|

[28.9.  The Chain Rule and composing more than two functions|

E

129. Implicit ditferentiation|

20.1. e recipe

[29.2.  Dealing with equations of the form Fi(x,y) = Fo(,y)|
29.3. Example — Derivative of v/1 — %

xercises on implicit differentiation

IEXEI’CISES on rates o c|iange|

|V.__Graph Sketching and Max-Min Problems|

. angent an ormal lines to a grap

!

Example — Square root of 2
xample — The equation 6 +sin¢ = 3
Example — Solving 1/x = (f
32.  Finding sign changes of a function|
.1.  Examp
|§3. Increasing and decreasing functions|
4. xample
[34.1.  Example: the parabola y = x|
34.2. Example: the hyperbola y =1/
4.3. raph of a cubic function|
4.4. unction whose tangent turns up an own Infinitely often near the origin

;E

35.2.  How to tell if a stationary point Is a maximum, a minimum, or neither|

35.3.  Example — local maxima and minima of f(z) = 2° — x

55
56
56
56
57
57
57
57
57
59
59
59
59
60
61
62
62
62
63
64
65
65
65
66
67
67
69
69
69
69
70
71
71
72

75
75
76
76
76
76
76
7
7
79
79
80
80
81
83
83
84
84



[35.4. A stationary point that Is neither a maximum nor a_ minimum| 84

85
7. xamples — functions with and without maxima or minima 85

1. _Example — the graph of a rational function| 87

[39. Convexity, Concavity and the Second Derivative] 88
39.1. Example — the cubic function f(z) = z° — af 89
39.2. The second derivative test| 89
39.3. Example — that cubic function again 89
[39.4._When the second derivative test doesn’t workl 90
140._Proofs of some of the theorems| 90
140.1. Proot of the Mean Value |heorem| 920
[40.2."Proof of Theorem 33.1I 91]
140.3. Proof of Theorem[33.2 91|
[Exercises] 91
[41.  Optimization Problems| 94
[T Example = The rectangle with largest area and given perimeter] 94
[AT2Exercised 95
|VI.__Exponentials and Logarithms 98
[A2"Exponentg 98
[421The trouble with powers of negative numbers| 99

[43" Togarithms| 100
[42Properties of logarithms| 100

45. raphs of exponential functions and logarithms 100
he derivative of a” and the definition of el 101

|47.  Derivatives of Logarithm 103
:4 . imits involving exponentials and logarithm 103
[49Exponential growth and decay] 104
[49.1. alf time and doubling time] 105
[49:2" Determining X; an 105
[Exercises 105
VIl. The Integral 109
50. rea under a Grap 109
51. When f changes its sign 111
[52The Fundamental Theorem of Calculus 111
52.1. Terminolo 112
[Exercised] 112
53. The indefinite integral 114
[E3T.You can always check the answer] 115
[B3:2._About "£C"] 115
53.3.  Standard Integral 116
b4. Properties of the Integra 116
|55. | he definite integral as a function of its integration bounds| 117
56, Method of substitution 119
6 ple 119
119

56.3. Substitution for definite integral 120
56.4. xample of substitution in a definite integra 120

[Exercises 121



|Q||| EEE!lcatlons of the integrall 125
H7. Areas between grap 125
[Exercises] 125
58. Cavalieri's principle and volumes of solid 126
53.1. xample — Volume ot a pyramid 126
582 General casel 127
58.3. Cavalieri's principle 128
[B84__Solids of revolution] 129
59. Examples of volumes of solids ot revolution 130
59.1. roblem 1: Revolve R around the —aX|s: 130
9.2 Problem 2: Revolve R around the line x = —1] 130
59.3.  Problem 3: Revolve R around the line y = 2| 131
60. olumes cylindrical she 134
[60:T. Example — The solid obtained by rotating X about the y-axis, again| 135
[Exercises 135
|61. Distance from velocity, velocity from acceleration| 135
135
[61.2. Velocity from acceleration| 136
61.3. Free fall in a constant gravitational field 137
61.4. Motion in the plane — parametric curve 137
[61.5. The velocity of an object moving in the plane| 138
[61.6. Example — the two motions on the circle from §61.4 139

. e length of a curv 139
[62.1. TCength of a parametric curve] 139
62.2. The length of the graph of a function 140
62.3. xamples of length computations 140
[63. Work done by a force 141
63.1. Work as an integral 141
O K gy 142
4. ork done by an electric current 143




8

|. Numbers, Points, Lines and Curves

1. What is a number?

The basic objects that we deal with in calculus are the so-called “real numbers” which
you have already seen in pre-calculus. To refresh your memory let’s look at the various
kinds of “real” numbers that one runs into.

The simplest numbers are the positive integers
1,2,3,4,---
the number zero
0,
and the negative integers
cee,—4,-3,-2,—1.
Together these form the integers or “whole numbers.”

Next, there are the numbers you get by dividing one whole number by another (nonzero)
whole number. These are the so called fractions or rational numbers such as
11212 3 4

vy 3y a3
2

or
1 1 2 1 3 4

R MU U R S
By definition, any whole number is a rational number (in particular zero is a rational
number.)

You can add, subtract, multiply and divide any pair of rational numbers and the result
will again be a rational number (provided you don’t try to divide by zero).

One day in middle school you were told that there are other numbers besides the
rational numbers, and the first example of such a number is the square root of two. It has
been known ever since the time of the greeks that no rational number exists whose square

is exactly 2, i.e. you can’t find a fraction 7> such that

(%)2 =2, i.e. m? = 2n’.

Nevertheless, since
(1.4)*> = 1.96 is less than 2, and
(1.5)% = 2.25 is more than 2,

it seems that there should be some number x between 1.4 and 1.5 whose square is exactly
2. So, we assume that there is such a number, and we call it the square root of 2, written
as /2. This raises several questions. How do we know there really is a number between
1.4 and 1.5 for which z? = 2? How many other such numbers we are going to assume into
existence? Do these new numbers obey the same algebra rules as the rational numbers?
(e.g. when you add three numbers a, b and ¢ the sum does not depend on the order in
which you add them.) If we knew precisely what these numbers (like v/2) were then we
could perhaps answer such questions. It turns out to be rather difficult to give a precise
description of what a number is, and in this course we won’t try to get anywhere near the
bottom of this issue. Instead we will think of numbers as “infinite decimal expansions” as
follows.



One can represent certain fractions as decimal fractions, e.g.
279 1116
— = —— =11.16.
25 100
Not all fractions can be represented as decimal fractions. For instance, expanding % into
a decimal fraction leads to an unending decimal fraction

é = 0.333333333333333 - - -

It is impossible to write the complete decimal expansion of % because it contains infinitely
many digits. But we can describe the expansion: each digit is a three. An electronic
calculator, which always represents numbers as finite decimal numbers, can never hold
the number % exactly.

Every fraction can be written as a decimal fraction which may or may not be finite. If
the decimal expansion doesn’t end, then it must repeat. For instance,

% = 0.142857 142857 142857 142857 . ..

Conversely, any infinite repeating decimal expansion represents a rational number.
A real number is specified by a possibly unending decimal expansion. For instance,
V2 = 1.414 213 562 373 095 048 801 688 724 209 698 078 569 671 8753769 . . .

Of course you can never write all the digits in the decimal expansion, so one only writes
the first few digits and hides the others behind dots. To give a precise description of a real
number (such as v/2) you have to explain how one could in principle compute as many
digits in the expansion as one would like. During the next three semesters of calculus we
will not go into the details of how this should be done.

Another reason to believe in \/2

The Pythagorean theorem says that the hypotenuse of a right triangle with sides 1 and
1 must be a line segment of length v/2.

In middle or highschool you learned something similar to the following geometric con-
struction of a line segment whose length is v/2. Take a square ABC'D with sides of length
2. Let PQRS be the square formed by connecting the midpoints of the square ABCD.
Then the area of PQRS is exactly half that of ABC'D. Since ABCD has area 4, the area
of PQRS must be 2, and therefore any side of PQRS must have length /2.
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Why are real numbers called real?

All the numbers we will use in this first semester of calculus are “real numbers.” At
some point (in 2nd semester calculus) it becomes useful to assume that there is a number
whose square is —1. No real number has this property since the square of any real number
is positive, so it was decided to call this new imagined number “imaginary” and to refer
to the numbers we already have (rationals, V/2-like things) as “real.”

Exercises

1.1 — What is the 2007™ digit after the period in the expansion of %?

1.2 — Which of the following fractions have finite decimal expansions?
a—g b—i c—276937
T3 7257 T 15625

1.8 — Write the numbers

x = 0.3131313131 ...,y = 0.273273273273 ... and z = 0.21541541541541541 . ..

as fractions (i.e. write them as 7, specifying m and n.)

(Hint: show that 100z = = + 31. A similar trick works for y, but z is a little harder.)
1.4 —Is the number whose decimal expansion after the period consists only of nines, i.e.
z = 0.99999999999999999 . . .

an integer?
1.5 — There is a real number x which satisfies
2T +a+2=5

Find the first three digits in the decimal expansion of z. [Use a calculator.]

2. The real number line and intervals

It is customary to visualize the real numbers as points on a straight line. We imagine
a line, and choose one point on this line, which we call the origin. We also decide which
direction we call “left” and hence which we call “right.” Some draw the number line
vertically and use the words “up” and “down.”

To plot any real number x one marks off a distance = from the origin, to the right (up)
if z > 0, to the left (down) if z < 0.

The distance along the number line between two numbers z and y is |z — y|. In
particular, the distance is never a negative number.

Almost every equation involving variables z, y, etc. we write down in this course will be
true for some values of x but not for others. In modern abstract mathematics a collection
of real numbers (or any other kind of mathematical objects) is called a set. Below are
some examples of sets of real numbers. We will use the notation from these examples
throughout this course.
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2.1. Intervals

The collection of all real numbers between two given real numbers form an interval.
The following notation is used

(a,b) is the set of all real numbers  which satisfy a < = < b.
[a, b) is the set of all real numbers z which satisfy a < x < b.
(a, b] is the set of all real numbers = which satisfy a < z <b.

(]
[ ]
[ ]
e [a,b) is the set of all real numbers z which satisfy a < z <b.

If the endpoint is not included then it may be co or —co. E.g. (—o0,2] is the interval of
all real numbers (both positive and negative) which are < 2.

2.2. Set notation
A common way of describing a set is to say it is the collection of all real numbers which
satisfy a certain condition. One uses this notation
A = {z | z satisfies this or that condition}

Most of the time we will use upper case letters in a calligraphic font to denote sets.
(‘A’7B7C7D7 tet )

For instance, the interval (a,b) can be described as
(a,b) ={z|a<z<b}

The set
B:{x|m271>0}

consists of all real numbers z for which =% —1 > 0, i.e. it consists of all real numbers z for
which either z > 1 or z < —1 holds. This set consists of two parts: the interval (—oo, —1)
and the interval (1, c0).

You can try to draw a set of real numbers by drawing the number line and coloring the
points belonging to that set red, or by marking them in some other way.

Some sets can be very difficult to draw. Consider
C = {z | z is a rational number}

or
D= {:v | the number 3 does not appear in the decimal expansion of x}

Sets can also contain just a few numbers, like
&=1{1,2,3}
which is the set containing the numbers one, two and three. Or the set
F= {x|x3—4x2+120}.

If A and B are two sets then the union of A and B is the set which contains all numbers
that belong either to A or to B. The following notation is used

AUB = {z | z belongs to A or to B.}

Similarly, the intersection of two sets A and B is the set of numbers which belong to
both sets. This notation is used:

AUB = {z | « belongs to both A and B.}



Exercises

2.1 — Draw the following sets of real numbers

A:{m|m273m+2§0} B:{x|m273x+220}
C:{x|x2—3x>3} D:{Jr|x2—5>2x}
E={t|t*—3t+2<0} F={ala®-3a+2>0}
G =(0,1)U (5,7 H = ({1} U{2,3}) N (0,2v?2)
P:{x2—2x|0§x§2} Q:{x2—2z|0§1’§1}
R={0]|sin0=13} S={p|cosp >0}

2.2 - Suppose A and B are intervals. Is it always true that A N B is an interval? How
about AU B?

2.8 — Consider the sets
M={z|z>0}and N = {y|y >0}

Are these sets the same?

3. Sets of Points in the Plane
3.1. Cartesian Coordinates

The coordinate plane with its x and y axes are familiar from middle/high school math-
ematics.

Briefly, you can specify the location of any point in the plane by choosing two fixed
orthogonal lines (called the z and y axes) and specifying the distances to each of the two
axes. The distance to the z axes is y, and the distance to the y axis is . By allowing
the numbers z and y to be either positive or negative, one can keep track on which side
of the axes the point with coordinates = and y lies.

The notation P(z,y) is used as an abbreviation for the more cumbersome phrase “the
point P whose coordinates are (x,y).”

3.2. Sets

Just as one can consider sets of real numbers, one can also consider sets of points in
the plane. Examples of such sets are

A = All points on the z-axis
B = All points on the x or y-axes

C = All points whose distance to the origin is 25
D = All points whose coordinates « and y are both integers
&€ = All points one of whose coordinates z and y is an integer

F = All points whose coordinates = and y are both rational numbers
One can also write some of these sets as follows
A={(z,y) | y=0} = {(z,0) | z arbitrary}
B={(z,y) [z =0o0ry=0}={(z,y) | zy = 0}

C= {(amy) | Va2 + y? :25} ={(z,y) | 2> +° =625} .



3.3. Lines

Exercises
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P/
Y1

Y1 — Yo

Py

Yo

yd

X1 — X0

To x1

Figure 1. A straight line and its slope

A straight line through two points is also an example of a set of points in the plane.
Unless the line is “vertical,” (i.e. parallel to the y-axis) it is a set of the form

(1) = {(z,y) |y =mz+n}

where m is the slope of the line, and n is its y-intercept (the y coordinate of the point
where ¢ intersects the ;y axis).

If Po(zo,y0) and Pi(z1,y1) are two points on the line ¢, then one can compute the
slope m from the “rise-over-run” formula

_ Y11=y

m .
Tr1 — X0

This formula actually contains a theorem, namely it says that the ratio (y1 —yo) : (z1—x0)
is the same for every pair of points (xo,yo) and (x1,y1) that you could pick on the line.

8.1 — Draw the sets from
.2 — What is the distance between the points P(1,3) and Q(—3,7)?
Find the equation for the line ¢ through P and Q.

3.3 — Let £ be the line through A(0,1) and B(2,3), and let ¢ be the line through
C(—2,-10) and D(3,3).

Lo

Find the equations for £ and ¢'.
Where do the two lines ¢ and ¢ intersect?
Draw the sets A =¢U/¢ and B=/¢N/1.

3.4 — Let £ be the line through the point (—1,0) with slope m, and let C be the circle
centered at the origin with radius 1.

Make a drawing of ¢ and C, and find ¢NC.



4. Functions

3.5 — Draw the following sets of points in the plane

A={(z,y)|y>0and z >0} B={(z,y)|y<0ory>ux}
C={(z,y) |y+z=0} D= {(z,y) |2* - 5> 22}
€={(x,y) | 2" +y* <1} F={(@,y) | (z-1)*+y* =1}
Gg=EUF H=ENF

Definition. 4.1. A function consists of a rule and a domain.

The domain is a set of real numbers, and the rule tells you how to compute a real
number f(x) for any given real number x in the domain.

The set of all possible numbers f(x) as x runs over the domain is called the range of
the function.

The rule which specifies a function can come in many different forms. Most often it is
a formula, as in

f(z) =2 =2z +1, domain of f = all real numbers.
or a few formulas, as in
2z f 0
g(z) = 926 ore< domain of g = all real numbers.
z° forxz >0

Functions which are defined by different formulas on different intervals are sometimes
called “piecewise defined functions.”

In this course we will usually not be careful about specifying the domain of the function.
When this happens the domain is understood to be the set of all x for which the rule which
tells you how to compute f(z) is meaningful. For instance, if we say that h is the function

hz) = vz
then the domain of h is understood to be the set of all nonnegative real numbers
domain of h = [0, o)
since /x is well-defined for all x > 0 and undefined for x < 0.

A systematic way of finding the domain and range of a function for which you are only
given a formula is as follows:

e The domain of f consists of all  for which f(z) is well-defined (“makes sense”)
e The range of f consists of all y for which you can solve the equation f(z) = y.

4.1. Example: Find the domain and range of f(z) = 1/a*

The expression 1/2? can be computed for all real numbers x except x = 0 since this
leads to division by zero. Hence the domain of the function f(x) = 1/z* is

{z|z#0} = (—00,0)U(0,00).

To find the range we ask “for which y can we solve the equation y = f(x) for z,” i.e.
we try to solve

for x.

Since z cannot be zero we have 22 > 0 for all values of & we are allowed to choose.
Therefore 1/2? > 0, and the equation y = 1/z* will not have a solution if y < 0. On
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the other hand, if y > 0 then the equation has not just one but two solutions, namely
x = +£1/4/y. So any positive number y belongs to the range of f, and if y is not positive,
then y does not belong to the range of f. We have found that

range(f) = (0, 00).

4.2. Functions in “real life”

One can describe the motion of an object using a function. If some object is moving
along a straight line, then you can define the following function: Let x(¢) be the distance
from the object to a fixed marker on the line, at the time ¢. Here the domain of the
function is the set of all times ¢ for which we know the position of the object, and the rule
is

Given t, measure the distance between the object and the marker.

There are many examples of this kind. For instance, a biologist could describe the
growth of a cell by defining m(t) to be the mass of the cell at time ¢ (measured since the
birth of the cell). Here the domain is the interval [0, T], where T is the life time of the
cell, and the rule that describes the function is given t, weigh the cell at time t.

5. The graph of a function

Definition. 5.1. The graph of a function

y=f(z)
is the set of all points P(x,y) whose coordinates (x,y) satisfy the equation y = f(x), i.e.
Graph(f) = {(z,y) |y = f(=)}.

5.1. Vertical Line Property

5.2. Example

Generally speaking graphs of functions are curves in the plane but they distinguish
themselves from arbitrary curves (or point sets) by the way they intersect vertical lines:
The graph of a function cannot intersect a vertical line x = constant in more than one
point. To see why this is so, suppose that you have two points (zo, yo) and (x1,y1) on the
graph of f which also lie on the same vertical line with equation = = a.

Since both points lie on the vertical line with x = a we have

ro =a and x1 = a

Since both points lie on the graph of f we also have

yo = f(wo) and y1 = f(x1).

It follows that o0 = 1 = a and yo = f(zo) = f(a) and y1 = f(x1) = f(a) so that both
points are given by (xo,y0) = (z1,y1) = (a, f(a)), i.e. they are the same point.

The point set determined by the equation x® + y? = 1 is a circle; it is not the graph
of a function since the vertical line x = 0 (the y-axis) intersects the graph in two points
P1(0,1) and P»(0,—1).

The graph of f(z) = z° — & “goes up and down,” and while it intersects the z-axis in
three points ((—1,0), (0,0) and (1,0)) it intersects every vertical line in exactly one point.
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_________ - e e T -

1
1
1
1
3 1
1
1
1

Figure 2. The graph of a function intersects vertical lines in at most one point,
but may intersect horizontal lines more than once

6. Inverse functions and Implicit functions

6.1. Example

For many functions the rule which tells you how to compute it is not an explicit formula,
but instead an equation which you still must solve. A function which is defined in this
way is called an “implicit function.”

One can define a function f by saying that for each x the value of f(z) is the solution
y of the equation
2>+ 2y —3=0.
In this example you can solve the equation for y,
3 —z?
2
Thus we see that the function we have defined is f(z) = (3 —

y:

/2.

a?)
Here we have two definitions of the same function, namely (i) “f is defined by y =
f(z) <= 2>+2y—3 =0 and (ii) “f is defined by f(z) = (3 — 2?)/2.” The first
definition is the implicit definition, the second is explicit. You see that with an “implicit
function” it isn’t the function itself, but rather the way it was defined that’s implicit.

6.2. Another example: domain of an implicitly defined function

Define g by saying that for any z the value y = g(z) is the solution of
2+ zy —3=0.
Just as in the previous example one can then solve for y, and one finds that

3—z?

T

g(z) =y =

Unlike the previous example this formula does not make sense when xz = 0, and indeed,
for x = 0 our rule for g says that g(0) = y is the solution of

0°4+0-y—3=0, ie. yis the solution of 3 = 0.

That equation has no solution and hence z = 0 does not belong to the domain of our
function g.
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Figure 3. The circle determined by 22 +32 = 1 is not the graph of a function, but
it is the union of the graphs of the two functions hi(z) = V1 — 22 and ha(x) =
-1 — 22

6.3. Example: the equation alone does not determine the function

Define y = h(z) to be the solution of
2+ y2 =1.

If > 1 or < —1 then 2% > 1 and there is no solution, so h(z) is at most defined when
—1 <z <1. But when —1 < z < 1 there is another problem: not only does the equation
have a solution, but it even has two solutions:

24y’ =1 <= y=v1—-a2ory=—1—2z2

The rule which defines a function must be unambiguous, and since we have not specified
which of these two solutions is h(z) the function is not defined for —1 < z < 1.

One can fix this by making a choice, but there are many possible choices. Here are
three possibilities:

h1 (17)
hg(l')

hs () hi(z) when z <0
) =
: hao(z) when x>0

the nonnegative solution y of z2 + y2 =1

the nonpositive solution y of z? + y2 =1

6.4. Why use implicit functions?

In all the examples we have done so far we could replace the implicit description of
the function with an explicit formula. This is not always possible or if it is possible the
implicit description is much simpler than the explicit formula. For instance, you can define
a function f by saying that y = f(z) if and only if

(2) y* + 3y + 22 = 0.

This means that the recipe for computing f(z) for any given z is “solve the equation
y2 + 3y + 2z = 0.” E.g. to compute f(0) you set x = 0 and solve y® + 3y = 0. The only
solution is y = 0, so f(0) = 0. To compute f(1) you have to solve > + 3y +2-1 =0, and
if you're lucky you see that y = —1 is the solution, and f(1) = —1.

In general, no matter what x is, the equation turns out to have exactly one solution
y (which depends on z, this is how you get the function f). Solving is not easy. In
the early 1500s Cardano and Tartaglia discovered a formul{l for the solution. Here it is:

y=f(z)= i/*x+\/1+7xzf€/x+ 1+ 22

The implicit description looks a lot simpler, and when we try to differentiate this function
later on, it will be much easier to use “implicit differentiation” than to use the Cardano-
Tartaglia formula directly.

ITo see the solution and its history visit

www .gap-system.org/~history/HistTopics/Quadratic_etc_equations.html


www.gap-system.org/~history/HistTopics/Quadratic_etc_equations.html
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6.5. Inverse functions

6.6. Examples

If you have a function f, then you can try to define a new function g which will be
called the tnverse function of f by requiring

y=g(x) <= z=f(y).

In other words, to find y = g(x) you solve the equation x = f(y). Depending on the
function f it may happen that the equation z = f(y) has no solution, or that it has more
than one solution. In either case we won’t get an unambiguous value for y. However, if it
is the case for some z that the equation z = f(y) has exactly one solution y, then we
can define g(x) = y. The inverse function of f is usually written as f~*.

More precisely:

Definition. 6.1. If f is a given function then the domain of the inverse function of f
consists of every number x for which the equation

(3) z = f(y)
has ezactly one solution.

If has exactly one solution y then f~'(z) = y.

Consider the function f with f(z) = 2z + 3. Then the equation f(y) = = works out to
be

2u+3==x

and this has the solution

So f~!(x) is defined for all z, and it is given by f~!(z) = (= — 3)/2.

Next consider the function g(z) = 2 with domain all real numbers. To see if this
function has an inverse we try to solve the equation g(y) = z, i.e. we try to solve y? =z.
If > 0 then this equation has two solutions, ++/z; if < 0 then 3? = z has no solutions;
if z = 0 then 3* = z has exactly one solution, namely y = 0. So we see that g~ *(z) is only
defined when = 0. For all other 2 the equation defining g~'(x) either gives too few or
too many solutions.

We now consider the function g again but we change its domain, i.e. we consider
the function h defined by h(z) = 22, and whose domain is [0,00). So h is defined by the
same rule as g (“square whatever number you are given”), but h is only allowed to apply
the rule to nonnegative numbers, while g was allowed to apply its rule to all numbers.

What is the inverse of h? To find h™*(2) we solve the equation h(y) = z, i.e. y* = .
For negative  we again get no solution, just as in the case of g. But when z is positive
we now get something else: the equation h(y) = = has only one solution. There are
two numbers y which satisfy y? = , but only one of them lies in the domain of h.

Conclusion: the inverse of h has domain [0, c0) and is given by h(z) = /.
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6.7. Inverse trigonometric functions

The familiar trigonometric functions Sine, Cosine and Tangent have inverses which are
called arcsine, arccosine and arctangent.

y=f(z) z=f"'(y)

y=sinz (=7/2<z<7/2) x = arcsin(y) (-1<y<1)
Yy = CoST 0<z<m) x = arccos(y) (-1<y<1)
y =tanz (—7/2 <z <7/2) x = arctan(y)

The notations arcsiny = sin~ 'y, arccosz = cos ' x, and arctanu = tan ' wu are also
commonly used for the inverse trigonometric functions. We will avoid the sin™! y notation
because it is ambiguous. Namely, everybody writes the square of siny as

(sin y)2 = sin® Y.

This suggests that sin~! y should mean

and not arcsin y.

Exercises

6.1 — Draw the graphs of the functions hi, ha, hs from

6.2 — Find a formula for the function f which is defined by
y=flz) <= a"y+y=T.

What is the domain of f?

6.3 — Find a formula for the function f which is defined by
y=f(x) <= 2’y—y=6.

What is the domain of f7

6.4 — Let f be the function defined by y = f(z) <= y is the largest solution of

z? + Ty + y2 =0.
Find a formula for f. What are the domain and range of f?
6.5 — Find a formula for the function f which is defined by
y=f(z) = 22+ 2zy+vy> =5and y > —z.
Find the domain of f.

6.6 — Use a calculator to compute f(1.2) in three decimals where f is the implicitly defined
function from (There are (at least) two different ways of finding f(1.2))
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6.7 — On a graphing calculator plot the graphs of the following functions, and explain the
results.

f(z) = arcsin(sin x) —2r <z <27
g(z) = arcsin(z) + arccos(z) 0<z<1
sinz
h(x) = arcta gggg lz| < 7/2
k(x) = arctan s |z| < /2
l(xz) = arcsin(cos z) —r<z<mT
m(x) = cos(arcsin x) -1<z<1
6.8 — A function f is given which satisfies
f2x+3) =2
for all real numbers z.
Compute
(a) f(0) (b) f(3) (c) f(=)
(d) f(v) (e) f(£(2))
where x and y are arbitrary real numbers.
What are the range and domain of f?
6.9 — A function f is given which satisfies
f(xil) =2z — 12.
for all real numbers x.
Compute
(a) f(1) (b) £(0) (c) f(z)
(d) f(2) (e) F(£(2)

where = and ¢ are arbitrary real numbers.
What are the range and domain of f7
6.10 — Does there exist a function f which satisfies
fl@®) =z +1
for all real numbers z7
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Il. Derivatives (1)

To work with derivatives you have to know what a limit is, but to motivate why we
are going to study limits let’s first look at the two classical problems that gave rise to the
notion of a derivative: the tangent to a curve, and the instantaneous velocity of a moving
object.

7. The tangent to a curve

Suppose you have a function y = f(z) and you draw its graph. If you want to find the
tangent to the graph of f at some given point on the graph of f, how would you do that?

secant

tangent

\
/|

Figure 4. Constructing the tangent by letting Q — P

7

Let P be the point on the graph at which want to draw the tangent. If you are making
a real paper and ink drawing you would take a ruler, make sure it goes through P and
then turn it until it doesn’t cross the graph anywhere else.

If you are using equations to describe the curve and lines, then you could pick a point
Q@ on the graph and construct the line through P and @ (“construct” means “find an
equation for”). This line is called a “secant,” and it is of course not the tangent that
you’re looking for. But if you choose @ to be very close to P then the secant will be close
to the tangent.

So this is our recipe for constructing the tangent through P: pick another point @) on
the graph, find the line through P and @, and see what happens to this line as you take
Q closer and closer to P. The resulting secants will then get closer and closer to some
line, and that line is the tangent.

We’ll write this in formulas in a moment, but first let’s worry about how close @ should
be to P. We can’t set @ equal to P, because then P and @ don’t determine a line (you
need two points to determine a line). If you choose @ different from P then you don’t get
the tangent, but at best something that is “close” to it. Some people have suggested that
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one should take @ “infinitely close” to P, but it isn’t clear what that would mean. The
concept of a limit is meant to solve this confusing problem.

8. An example — tangent to a parabola
To make things more concrete, suppose that the function we had was f(z) = z2, and
that the point was (1,1). The graph of f is of course a parabola.

Any line through the point P(1,1) has equation
y—1l=m(z—-1)

where m is the slope of the line. So instead of finding the equation of the secant and
tangent lines we will find their slopes.

Let @ be the other point on the parabola, with coordinates (m,m2). We can “move @
around on the graph” by changing x. Whatever x we choose, it must be different from 1,
for otherwise P and @ would be the same point. What we want to find out is how the line
through P and @ changes if « is changed (and in particular, if = is chosen very close to a).
Now, as one changes x one thing stays the same, namely, the secant still goes through P.
So to describe the secant we only need to know its slope. By the “rise over run” formula,
the slope of the secant line joining P and Q is

_ Ay

(4) meQ = Ao
where

Ay=12>—1

is the difference between the vertical coordinate 22 of Q) and the vertical coordinate 1 of
P and

Ar=xz—1

is the difference of the horizontal coordinates of P and Q. By factoring 2> — 1 we can
rewrite the formula for the slope as follows

Ay 2°-1 (z—-1(z+1)

= =9 _ — - 1.
(5) MPQ = Ay r—1 rz—1 T
As x gets closer to 1, the slope mpq, being x + 1, gets closer to the value 14+ 1 = 2. We
say that
the limit of the slope mpqg as (Q approaches P is 2.
In symbols,

li =2
qmpPe ’
or, since Q approaching P is the same as x approaching 1,

(6) lirn1 mpqQ = 2.

So we find that the tangent line to the parabola y = 22 at the point (1,1) has equation
y—1=2(zx—1), ie.y=2x — 1.

8.1 — Repeat the above reasoning to find the slope at the point (%, %), or more generally
at any point (a, a?) on the parabola.
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A warning: you cannot substitute z = 1 in equation to get @ even though it looks
like that’s what we did. The reason why you can’t do that is that when x = 1 the point
Q@ coincides with the point P so “the line through P and @Q” is not defined; also, if z = 1
then Az = Ay = 0 so that the rise-over-run formula for the slope gives

A 0
mpqQ = A—z =0= undefined.
It is only after the algebra trick in that setting x = 1 gives something that is well
defined. But if the intermediate steps leading to mpg = = + 1 aren’t valid for z = 1 why
should the final result be worth anything for z = 17

Something more complicated has happened. We did a calculation which is valid for all
x # 1, and later looked at what happens if x gets “very close to 1.” This is the concept
of a limit and we’ll study it in more detail later in this section, but first another example.

9. Instantaneous velocity

If you try to define “instantaneous velocity” you will again end up trying to divide zero
by zero. Here is how it goes: When you are driving in your car the speedometer tells you
how fast your are going, i.e. what your velocity is. What is this velocity? What does it
mean if the speedometer says “50mph”?

We all know what average velocity is. Namely, if it takes you two hours to cover 100
miles, then your average velocity was

distance traveled .
—————— = 50 miles per hour.
time it took

This is not the number the speedometer provides you — it doesn’t wait two hours, measure
how far you went and compute distance/time. If the speedometer in your car tells you
that you are driving 50mph, then that should be your velocity at the moment that you
look at your speedometer, i.e. “distance traveled over time it took” at the moment you
look at the speedometer. But during the moment you look at your speedometer no time
goes by (because a moment has no length) and you didn’t cover any distance, so your
velocity at that moment is %, i.e. undefined. Your velocity at any moment is undefined.
But then what is the speedometer telling you?

To put all this into formulas we need to introduce some notation. Let ¢ be the time (in
hours) that has passed since we got onto the road, and let s(¢) be the distance we have
covered since then.

Instead of trying to find the velocity exactly at time ¢, we find a formula for the
average velocity during some (short) time interval beginning at time t. We’ll write At for
the length of the time interval.

At time ¢t we have traveled s(t) miles. A little later, at time ¢t + At we have traveled
s(t+At). Therefore during the time interval from ¢ to t+ At we have moved s(t+ At) —s(t)
miles. Our average velocity in that time interval is therefore

s(t+ At) — s(t)
At
The shorter you make the time interval, i.e. the smaller you choose At, the closer this
number should be to the instantaneous velocity at time t.

miles per hour.

So we have the following formula (definition, really) for the velocity at time ¢

™ o0 = gm, G,
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10. Rates of change

Exercises

The two previous examples have much in common. If we ignore all the details about
geometry, graphs, highways and motion, the following happened in both examples:

We had a function y = f(z), and we wanted to know how much f(z) changes if z
changes. If you change = to = + Az, then y will change from f(z) to f(z + Az). The
change in y is therefore

Ay = f(z + Az) — f(z),
and the average rate of change is
. Ay _ flotAn)— )

Ax Ax
This is the average rate of change of f over the interval from x to x + Ax. To define the
rate of change of the function f at x we let the length Az of the interval become
smaller and smaller, in the hope that the average rate of change over the shorter and
shorter time intervals will get closer and closer to some number. If that happens then that
“limiting number” is called the rate of change of f at x, or, the derivative of f at x. It
is written as

, . flz+Az) — f(x)

(9) F@)= fim == —
Derivatives and what you can do with them are what the first half of this semester is
about. The description we just went through shows that to understand what a derivative
is you need to know what a limit is. In this chapter we’ll study limits so that we get a
less vague understanding of formulas like @

10.1 - Using a calculator (if you must) approximate the derivatives of the following func-
tions at the indicated points (i.e. find f’(a)) by computing % for various values of Az.

(@) f() =2 -2z +1, a=1 ) flz)=2> a=-1
(@) flz) =2, a=1 (d) f(z)=2", a=1
Use the following values Az
Az =0.1,0.01,0.001,107%,107*2.

10.2 — Simplify the algebraic expressions you get when you compute Ay and Ay/Ax for
the following functions

(@) y=2"—2z+1 (b) y =sinz
@y=1 (@) y=2"

10.3 — Suppose that some quantity y is a function of some other quantity x, and suppose
that y is a mass, i.e. y is measured in pounds, and z is a length, measured in feet. What
units do the increments Ay and Az, and the derivative dy/dz have?

10.4 - Let A(r) be the area enclosed by a circle of radius r, and let L(r) be the length of
the circle. Show that

Al(r) = L(r).
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[1l. Limits and Continuous Functions

11. Informal definition of limits

While it is easy to define precisely in a few words what a square root is (y/a is the
positive number whose square is a) the definition of the limit of a function runs over
several terse lines, and most people don’t find it very enlightening when they first see it.
(See §12]) So we postpone this for a while and fine tune our intuition for another page.

Definition. 11.1 (Definition of limit (1st attempt)). If g is some function then
lim g(z) =L

Tr—a

is read “the limit of g(z) as x approaches a is L.” It means that if you choose values of x
which are close but not equal to a, then g(x) will be close to the value L; moreover, g(x)
gets closer and closer to L as x gets closer and closer to a.

The following alternative notation is sometimes used
g(x) > L as x— a;

(read “g(z) approaches L as x approaches a” or “g(x) goes to L as x goes to a”.)

11.1. Example

If g(x) = x + 3 then
hni glx) =17,
is true, because if you substitute number x close to 4 in g(z) = = + 3 the result will be
close to 7.

11.2. Example: substituting numbers to guess a limit

What (if anything) is
z? — 2z N

alc% 2 —4
Here g(x) = (2? — 2z)/(z® — 4) and a = 2.
We first try to substitute = 2, but this leads to
22-2-2 0
10 =""1 =5

which does not exist. Next we try to substitute values of x close but not equal to 2. Table
?77? suggests that g(x) approaches 0.5.

x ‘ g(z) x ‘ h(zx)
3.000000 | 0.600000 1.000000 | 1.009990
2.500000 | 0.555556 0.500000 | 1.009980
2.100000 | 0.512195 0.100000 | 1.009899
2.010000 | 0.501247 0.010000 | 1.008991
2.001000 | 0.500125 0.001000 | 1.000000

Table 1. Finding limits by substituting values of z ‘“close to a”
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11.3. Example: Substituting numbers can suggest the wrong answer

The previous example shows that our first definition of “limit” is not very precise,
because it says “x close to a,” but how close is close enough? Suppose we had taken the
function

101 000z
") = 150000z + 1
and we had asked for the limit limy—o h(x).

Then substitution of some “small values of z” could lead us to believe that the limit
is 1.000. ... Only when you substitute even smaller values do you find that the limit is 0
(zero)!

Exercise

11.1 — Our definition of a derivative in (E[) contains a limit. What is the function g there,
and what is the variable?

()b 0—=VuI] Juem
om ‘xyy /() f — (vv + x)f) = (xy)H pue ‘o[qerrea oy} ST Ty :I1oMSUY

12. The formal, authoritative, definition of limit

The informal description of the limit uses phrases like “closer and closer” and “really
very small.” In the end we don’t really know what they mean, although they are suggestive.
“Fortunately” there is a good definition, i.e. one which is unambiguous and can be used
to settle any dispute about the question of whether lim,—., g(z) equals some number L or
not. Here is the definition. It takes a while to digest, so read it once, look at the examples,
do a few exercises, read the definition again. Go on to the next sections. Throughout the
semester come back to this section and read it again.

Definition. 12.1. Suppose we have an interval p < x < q and a number a in that interval
p<a<gq. Let g be a function which is defined for all x in the interval p < © < q, except
possibly at x = a.

We say that L is the limit of g(x) as x — a, if for every € > 0 one can find a 6 > 0
such that for all x in the interval p < x < q one has

lx—al|<d&z#a = |g(z)—L|<e.

Why the absolute values? The quantity |z —y| is the distance between the points z
and y on the number line, and one can measure how close z is to y by calculating |z — y|.

What are ¢ and 67 The quantity € is how close you would like g(x) to be to its
limit L; the quantity ¢ is how close you have to choose x to a to achieve this. If you make
¢ smaller then you are requiring g(z) to be closer to L than before, and hence you may
have to restrict the allowed values of x, and thus reduce 6. So, § depends on . See also
figures [f] and [6]

A strategy for proving lim,_., g(z) = L. using what you know about the function
g write out the expression |g(x) — L|, and try to simplify it so that you get something of
the form
lg(xz) — L| < something that only depends on |z — al.
This kind of inequality is called an estimate of |g(z) — L| in terms of |x — a|. Next,
assume that | — a|] < §, and turn the estimate you have into one of the form

|g(z) — L| < something that only depends on 4.

Finally, figure out how small § has to be for the Right Hand Side of this last inequality
to be less than .
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If you can find such a § > 0 no matter which € > 0 you were given then you have
proved that limgz—., g(z) = L. If you cannot find such a ¢ then one of the following has
occurred:

(1) there might be a better estimate for |g(x) — L|
(2) the limit lim,_., g(x) exists, but it isn’t L,
(3) the limit lim,—.q g(x) does not exist.

A common mistake: after using a lot of algebra to estimate g(z)— L you get confused
and in the end a find a § that not only depends on ¢, but also on . The dependence on
e is OK (unavoidable), but the dependence on z is not allowed.

Figure 5.
It looks like lim,_, f(x) = L. How close do you have to choose = to guarantee that f(z)
differs less than ¢ from the apparent limit L?
See the next figure for an answer.
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12.1. Show that lim, .33z +2 =11

We have g(z) = 3z = 2, a = 3 and L = 11. We want to show that |g(z) — L| < ¢
follows from |z — a| < ¢ provided we choose § > 0 small enough (depending on €). To see
how small we have to choose d we look at |g(x) — L|

lg(z) — LI = |(3z+2) — 11| =[32 — 9| =3 |z — 3| =3 |z — a|.

So |z — a| < ¢ implies |g(z) — L| < 3. To guarantee |g(x) — L| < & we must therefore
choose 36 < e. If we choose § = %5, then the conclusion is that for all x # 3 it follows
from |z — 3] < 6 that |g(x) — L| < e. Therefore lim;_3 g(z) = L.

y = f(z)
L+e
1
1
1
1
L :
1
1
1
1
1
1
1
1
L—¢ ! !
________________________ FE R [
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
a—24" g+ §
a
Figure 6.

If you choose § as in this figure, then |z — a| < § implies |f(z) — L| < €. The same would
have still been true if we had chosen a smaller §, and a slightly larger § would also work. The
important thing is that one can find such a §.
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12.2. Show that lim,_.1 2% =1

Here g(x) = 2%, a = 1 and L = 1. We want to show that choosing |z — 1| < § implies

|z? — 1| < e provided we choose the right & (which is allowed to depend on ¢.)
We begin by estimating the difference |2* — 1|
|2 =1 =]z -+ 1)|=|z—1]- |z +1].
Ifle —1| <dthenl—0<z<1+4¢and thus
lx+1] <244

so that |z — 1| <  implies
|z* — 1] < 8(2+9).

We want to make this less than € by choosing § small enough. One approach would be to
solve the (quadratic) inequality

52+0)<e

for § but there is a trick that steers us away from quadratic equations. Namely, if we are
going to choose ¢ small anyway, why not agree to choose § < 17 If we promise never to
choose § > 1, then |z — 1| < § implies

lz* — 1] < 6(2+6) < 36.

To guarantee that this does not exceed £ we choose 3§ < ¢, i.e. d = %5, This requirement
together with our earlier promise to choose § < 1 leads us to this choice of §

6 = the smaller of 1 and %

We have shown that if you choose § this way, then |z — 1| < § implies |2*> — 1| < ¢, no
matter what € > 0 is.

12.3. Show that lim,_.41/x =1/4
Solution: We apply the definition with a = 4, L = 1/4 and g(z) = 1/z. Thus, for given
€ > 0 we try to show that if |z — 4| is small enough then one has |g(z) — 1/4| < e.
We begin by estimating |g(x) — ;| in terms of |z — 4]:

1 1 |x — 4]
/4 == -] = )
o) - 111 = | - | =

This quantity will be small if |z — 4] is small, except if division by 42 makes the quotient
larger. For that to happen z would have to be close to zero (division by a small number
gives a large number). By requiring x to be close to 4 we can keep = away from zero. The
way to do this is to agree now that we will always take § < 3, no matter what € is. Then
|z — 4] < ¢ implies

1 1
|$—4\<5§3:>1<a:<7:>|4x\>4:>@<2
and hence,
lx—4] 6
—1/4] = =.
lo(@) —1/4) = o < §

Hence if we choose § = 4¢ or any smaller number, then |z — 4| < § implies |g(z) — 4] < e.
Of course we have to honor our agreement never to choose § > 3, so our choice of § is

6 = the smaller of 3 and 4e.



Exercises

12.1 — Use the e—¢6 definition to prove that

(a) liml2x74:6 (b) lirréx277x+3:f7
(c) 1111}9)363 =27 (d) liH}) Vi =0

13. Variations on the limit theme

Not all limits are “for x — a.” here we describe some possible variations on the concept
of limit.

13.1. Left and right limits

When we let “x approach a” we allow = to be both larger or smaller than a, as long as
x gets close to a. If we explicitly want to study the behaviour of g(x) as x approaches a
through values larger than a, then we write

li li li li .
lim g(z) or lim g(z) or lim g(z)or lm  g(x)

All four notations are in use. Similarly, to designate the value which g(x) approaches as
x approaches a through values below a one writes

li;n g(z) or lim g(z)or lim Og(:c) or lim< g(z).

The precise definition of right limits goes like this:
Definition. 13.1 (Definition of right-limits). Let g be a function. Then
10 lim g(x) = L.
(10) lim g()
means that for every e > 0 one can find a 6 > 0 such that

a<zr<a+d = |gz)—L|<e
holds for all x in the domain of g.
The left-limit, i.e. the one-sided limit in which x approaches a through values less than

a is defined in a similar way. The following theorem tells you how to use one-sided limits
to decide if a function g(z) has a limit at = a.

Theorem 13.2. If both one-sided limits
lim g(z) = Ly, and lim g(x) = L_
lim g(w) = L, and Jim g(x)
exist, then
lim g(x) ewists <= Ly = L_.

In other words, if a function has both left- and right-limits at some x = a, then that
function has a limit at © = a if the left- and right-limits are equal.

13.2. Limits at infinity.

Instead of letting = approach some finite number, one can let x become “larger and
larger” and ask what happens to g(z). If there is a number L such that g(z) gets arbitrarily
close to L if one chooses z sufficiently large, then we write

lim g(z) =L, or liTm g(z) =L, or li/m g(z) = L.

(“The limit for z going to infinity is L.”)
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13.3. Example — Limit of 1/x

The larger you choose z, the smaller its reciprocal 1/z becomes. Therefore, it seems

reasonable to say
1
lim — =0.
r—oo I

Here is the precise definition:
Definition. 13.3 (Definition of limit at oo). Let g be some function which is defined
on some interval xo < x < oo. If there is a number L such that for every ¢ > 0 one can
find an A such that
r>A = |g(z)—L|<e
for all x, then we say that the limit of g(x) for x — oo is L.
The definition is very similar to the original definition of the limit. Instead of § which

specifies how close = should be to a, we now have a number A which says how large x
should be, which is a way of saying “how close x should be to infinity.”

13.4. Example — Limit of 1/x (again)

To prove that lim; .o 1/x = 0 we apply the definition to g(z) = 1/x, L = 0.

For given € > 0 we need to show that

(11) ’l—L <eforallz > A
x

provided we choose the right A.
How do we choose A? A is not allowed to depend on x, but it may depend on ¢.

If we assume for now that we will only consider positive values of x, then (L1} simplifies

to
1
—<e
x
which is equivalent to
1
x> —.
€
This tells us how to choose A. Given any positive ¢, we will simply choose
1
A==
€

Then one has [ — 0] = 2 < ¢ for all z > A. Hence we have proved that lim, .o 1/z = 0.

14. Properties of the Limit

The precise definition of the limit is not easy to use, and fortunately we won’t use it
very often in this class. Instead, there are a number of properties that limits have which
allow you to compute them without having to resort to “epsiloncy.”

The following properties also apply to the variations on the limit from [[3] Le. the
following statements remain true if one replaces each limit by a one-sided limit, or a limit
for x — oc.

Limits of constants and of x. If a and ¢ are constants, then

(P1) lime=c
and
(P2) lim z = a.

r—a
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Limits of sums, products and quotients. Let I} and F> be two given functions
whose limits for x — a we know,

lim Fi(z) = L1, lim Fy(x) = La.
Then
(Ps) lim (Fi(z) + Fo(x)) = L1 + Lo,
(P1) lim (Fi(z) — Fo(x)) = L1 — Lo,
(Ps5) iiir}l(Fl(x) “Fy(z)) =Ly Ly

Finally, if limy—q F2(x) # 0,

. Fi(x)  In
(Ps) ;l_rg Fa(z) = I,

In other words the limit of the sum is the sum of the limits, etc. One can prove these
laws using the definition of limit in but we will not do this here. However, I hope
these laws seem like common sense: if, for x close to a, the quantity Fi(z) is close to L
and F»(x) is close to Lo, then certainly Fi(z) + Fa(z) should be close to L1 + Lo.

There are two more properties of limits which we will add to this list later on. They
are the “Sandwich Theorem” (§18]) and the substitution theorem (§19)).

15. Examples of limit computations

15.1. Find limg_,o 22

One has
limz®>=limz- -z
r—2 x—2
(1) () b (1)
=2-2=4.
Similarly,
limQac3 = lim - z°
T Nar 2 .
= (il_% ) (igw ) (Ps) again
=2-4=28,
and, by (Py)

limz?—1=limz®>—liml=4—1=3,

r—2 r—2 T—2
and, by (P1) again,

limz® —1=1limz®*—lim1=8—-1=7,
r—2 x—2 rx—2

Putting all this together, one gets
-1 2°-1 8-1 7

li — _ _T
o2 —1 221 4-1 3

because of (Ps). To apply (Ps) we must check that the denominator (“L2”)is not zero.
Since the denominator is 3 everything is OK, and we were allowed to use (Ps).
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15.2. Try the examples[I1.2 and[I1.3 using the limit properties

To compute lim,_.2(2? — 2x)(x? — 4) we first use the limit properties to find

llinéxzfo:Oand llim:v274:0.
to complete the computation we would like to apply the last property (Ps) about quotients,
but this would give us

0
li =—.
lim 9(@) = 5
The denominator is zero, so we were not allowed to use (FPs) (and the result doesn’t mean

anything anyway). We have to do something else.

The function we are dealing with is a rational function, which means that its the
quotient of two polynomials. For such functions there is an algebra trick which always
allows you to compute the limit even if you first get %4 The thing to do is to divide
numerator and denominator by z — 2. In our case we have

2’ —2r=(z—-2) z, 2 —4=(z—-2) (z+2)

so that
. . (x—2) -z . x
1 = lim — & 2Ty
limg(e) = lin o vy~ Mot
After this simplification we can use the properties (P..) to compute
. 2 1
Imo@) =333 =73

The point in the above example is that

a7272:v_ x
2 —4  x+2

for x # 2 and the right hand side (but not the left) is meaningful even when z = 2.

15.3. Example — Find lim,_.2 \/x

There is nothing in the limit properties which tells us how to deal with a square root,
and using them we can’t prove that there is a limit. However, if you assume that the
limit exists, i.e. that there is a number L for which /z gets “closer and closer” to L as x
“approaches 2,” then the limit properties allow us to find this the limit L.

So, suppose that there is a number L with
lim2 vz =L.
Then property (Ps) implies that
2 = i . 1 = 1 . = i =
17 = (i, ve) - (fim, Vo) = Jim V- Vo = Jim e =2

In other words, L? = 2, and hence L must be either v/2 or —/2. We can reject the latter
because whatever x does, its squareroot is always a positive number, and hence it can
never “get close to” a negative number like —v/2.

Our conclusion: if the limit exists, then

fim, v = V2

The result is not surprising: if « gets close to 2 then 1/ gets close to v/2.
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15.4. Example — Find limg_.2 \/x

This is the same question as in the previous example. There we showed how the limit
properties imply that the only possible value of the limit is /2, but we didn’t show that
V2 actually is the limit. For that one has to wield es and &s. Here’s how:

Assuming |z — 2| < § we estimate the difference |\/z — v/2| as follows
-2 |z — 2|
VI - V2| = ‘ a = :
| | VZ+V2ZI T+ V2
Since \/z > 0 for all  we have \/z + v/2 > /2, and thus if |z — 2| < §

va-va <z 8

< —.

V2 V2

If we want |/z — V2| < ¢, then we should choose % < e. Thus with

§=eV2

we find that |z — 2| < § always implies |\/= — V2| < €, no matter which € > 0 is given.

15.5. Example — The derivative of \/z at x = 2.

Find
— V2
lim u
x—2 xTr — 2
assuming the result from the previous example.
Solution: The function is a rational function whose numerator and denominator vanish
when x = 2, i.e. the limit is of the form %. We use the same algebra trick as before, namely
we factor numerator and denominator:

VT-V2 N VD) _ 1
v=2 (Ve V2)(Vr V2 VE+v2
Now one can use the limit properties to compute
limﬂzlim¥:i:
z—2 T — 2 x—>2\/§+\/§ 22

=[S

15.6. Limit as x — oo of rational functions

A rational function is the quotient of two polynomials, so

anz” + -+ a1z + ao

12 = .
(12) R(z) bmx™ + - 4+ bix + bo
‘We have seen that
lim — =0
r—o00 I

We even proved this in example [[3:4] Using this you can find the limit at oo for any
rational function R(z) as in . One could turn the outcome of the calculation of
lim, .o R(x) into a recipe/formula involving the degrees n and m of the numerator and
denominator, and also their coefficients a;, b;, which students would then memorize, but
it is better to remember “the trick.”

To find lim;—.oc R(x) divide numerator and denominator by =™ (the highest power of
x occurring in the denominator).

For example, let’s compute
lim 37" +3
z—o0 bx2 + Tx — 39"
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Remember the trick and divide top and bottom by 2?2, and you get
3z +3 34 3/x?

A T30 A 5 e — 3922
 limg—oo 3+ 3/2”
T limg—oo 5+ 7/ — 39/22
3
5
Here we have used the limit properties (P.) to break the limit down into little pieces like

limg 00 39/x2 which we can compute as follows

1\° 1\°
lim 39/2% = lim 39-(;) :(lim 39)-(lim ;> =39.0°=0.

15.7. Another example with a rational function

Compute

li .
We apply “the trick” again and divide numerator and denominator by z*. This leads to
lim 1/2* = lims o0 1/ _0_ 0.

vt 23+ 5 woo 1+ 5/28  limgoool +5/2% 1

To show all possible ways a limit of a rational function can turn out we should do yet
another example, but that one belongs in the next section (see example m)

16. When limits fail to exist

In the last couple of examples we worried about the possibility that a limit limy—q g(z)
actually might not exist. This can actually happen, and in this section we’ll see a few
examples of what failed limits look like. First let’s agree on what we will call a “failed
limit.”

Definition. 16.1. If there is no number L such that limy—.q g(x) = L, then we say that
the limit limg—q g(x) does not exist.

16.1. The sign function near x = 0

The “sign function” is deﬁnecﬂ

-1 forz<0
sign(z) =4¢0 forz =0
1 for x >0

Note that the sign of zero is zero. But does the sign function has a limit at = = 0, i.e.
does
lim sign(z)
z—0
exist? And is it also zero? The answer is no and no, and here is why: suppose that for
some number L one had
illr%) sign(z) = L,

2Some people don’t like the notation sign(z), and prefer to write
T
g(z) = —
||

instead of g(z) = sign(z). If you think about this formula for a moment you’ll see that sign(z) = z/|z|
for all x # 0. When « = 0 the quotient z/|z| is of course not defined.
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then since for arbitrary small positive values of x one has sign(z) = +1 one would think
that L = +1. But for arbitrarily small negative values of = one has sign(z) = —1, so one
would conclude that L = —1. But one number L can’t be both +1 and —1 at the same
time, so there is no such L, i.e. there is no limit.

lin% sign(x) does not exist.
In this example the one-sided limits do exist, namely,
lim si =1 lim si =—1.
T, sign(x) and lim, sign(x)

All this says is that when x approaches 0 through positive values, its sign approaches +1,
while if x goes to 0 through negative values, then its sign approaches —1.

y = sign(z)
?
4
0
y = sin(m/x)

Graphs of g(z) = sign(z) and g(x) = sin(1/x)
for -3 <z <3, z#0.

16.2. The example of the backward sine

Contemplate the limit as z — 0 of the “backward sine,” i.e.

o]
;% sm(;).

When x = 0 the function g(x) = sin(1/z) is not defined, because its definition involves
division by x. What happens to g(z) as x — 0?7 First, 1/x becomes larger and larger
(“goes to infinity”) as * — 0. Then, taking the sine, we see that sin(1/x) oscillates
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between +1 and —1 infinitely often as * — 0. This means that g(x) gets close to any
number between —1 and +1 as  — 0, but that the function g(x) never stays close to
any particular value because it keeps oscillating up and down.

Here again, the limit lim,_.o g(z) does not exist. We have arrived at this conclusion
by only considering what g(z) does for small positive values of x. So the limit fails to
exist in a stronger way than in the example of the sign-function. There, even though the
limit didn’t exist, the one-sided limits existed. In the present example we see that even
the one-sided limit

lim sin 1
0 x
does not exist.

16.3. Trying to divide by zero using a limit

The expression 1/0 is not defined, but what about
1
lim —7
x—0 T
This limit also does not exist. Here are two reasons:

It is common wisdom that if you divide by a small number you get a large number, so
if you divide 1 by “smaller and smaller” numbers, the result will get “larger and larger.”
In particular, it will not be able to stay close to any particular finite number. So the limit
can’t exist.

“Common wisdom” is not always a reliable tool in mathematical proofs, so here is a
better argument. The limit can’t exist, because that would contradict the limit properties
(P1)---(Ps). Namely, suppose that there were an number L such that

1
lim — = L.

z—0 T
Then the limit property (Ps) would imply that

S B NN
fim (5 @) = (Jim ) - (fim2) = L-0=0.

On the other hand % -2 = 1 so the above limit should be 1! A number can’t be both 0 and

1 at the same time, so we have a contradiction. The assumption that limg_,o 1/3: exists is
to blame, so it must go.

16.4. Using limit properties to show a limit does not exist

The limit properties tell us how to prove that certain limits exist (and how to compute
them). Although it is perhaps not so obvious at first sight, they also allow you to prove
that certain limits do not exist. The previous example shows one instance of such use.
Here is another.

Property (Ps) says that if both lim,_.q g(z) and lim,_., h(z) exist then lim,_.q g(z) +
h(x) also must exist. You can turn this around and say that if lim,_q g(x)+ h(z) does not
exist then either limg—q g(z) or limy—.4 h(x) does not exist (or both limits fail to exist).

For instance, the limit

lim — —z
x—0 @1
can’t exist, for if it did, then the limit
1 1 1
lim — = lim(f —m—i—x) = lim(f —x) + lim =
z—0 I z—0 2 z—0 2 x—0

would also have to exist, and we know limy_.¢ % doesn’t exist.
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16.5. Limits at oo which don't exist

17. What'’s in

If you let x go to oo, then x will not get “closer and closer” to any particular number
L, so it seems reasonable to guess that

lim x does not exist.

T—00
One can prove this from the limit definition (and see exercise .

Let’s consider )
[=lim Z 1201
Once again we divide numerator and denominator by the highest power in the denominator
(i.e. x)
z4+2-1
L= lim ——*=
Here the denominator has a limit (’tis 1), but the numerator does not, for if limy oo z +
2 — L existed then, since lim, oo (2 — 1/2) = 2 exists,
. . 1 1
lim z = lim (m+2—f) — (2—7)

T—00 T—00 x x
would also have to exist, and lim,_. x doesn’t exist.

So we see that L is the limit of a fraction in which the denominator has a limit, but
the numerator does not. In this situation the limit L itself can never exist. If it did, then

1 2
li 2——)=lim ——%-(1+2
Jm w+2 =) = Jim S (4 2/e)

would also have to have a limit.

a name?

There is a big difference between the variables z and a in the formula

lim 2x + 1,

T—a

namely a is a free variable, while z is a dummy variable (or “placeholder” or a “bound
variable.”)

The difference between these two kinds of variables is this:

e if you replace a dummy variable in some formula consistently by some other
variable then the value of the formula does not change. On the other hand, it
never makes sense to substitute a number for a dummy variable.

e the value of the formula may depend on the value of the free variable.

To understand what this means consider the example lim,_., 2 + 1 again. The limit is
easy to compute:
lim 2z + 1 = 2a + 1.

Tr—a

If we replace z by, say u (systematically) then we get

lim 2u + 1

u—a
which is again equal to 2a + 1. This computation says that if some number gets close to
a then two times that number plus one gets close to 2a + 1. This is a very wordy way of
expressing the formula, and you can shorten things by giving a name (like = or ) to the
number which approaches a. But the result of our computation shouldn’t depend on the
name we choose, i.e. it doesn’t matter if we call it z or w.
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Since the name of the variable x doesn’t matter it is called a dummy variable. Some
prefer to call x a bound variable, meaning that in

lim 2z + 1

r—a

the = in the expression 2z + 1 is bound to the x written underneath the limit — you can’t
change one without changing the other.

Substituting a number for a dummy variable usually leads to complete nonsense. For
instance, let’s try setting = 3 in our limit, i.e. what is

;im2~3+1?

Of course 2-3+ 1 =7, but what does 7 do when 3 gets closer and closer to the number
a? That’s a silly question, because 3 is a constant and it doesn’t “get closer” to some
other number like a! If you ever see 3 get closer to another number then it’s time to take
a vacation.

On the other hand the variable a is free: you can assign it particular values, and its
value will affect the value of the limit. For instance, if we set a = 3 (but leave x alone)
then we get

lir% 2z +1
and there’s nothing strange about that (the limit is 2-3 + 1 = 7, no problem.) You could

substitute other values of a and you would get a different answer. In general you get
2a + 1.

18. Limits and Inequalities

This section has two theorems which let you compare limits of different functions. The
properties in these theorems are not formulas that allow you to compute limits like the
properties (P1). .. (Ps) from Instead, they allow you to reason about limits, i.e. they
let you say that this or that limit is positive, or that it must be the same as some other
limit which you find easier to think about.

The first theorem should not surprise you — all it says is that bigger functions have
bigger limits.

Theorem 18.1. Let f and g be functions whose limits for x — a exist, and assume that
f(x) < g(z) holds for all xz. Then

lim f(z) < lim g(z).
A useful special case arises when you set f(xz) = 0. The theorem then says that if a
function g never has negative values, then its limit will also never be negative.

The statement may seem obvious, but it still needs a proof, starting from the &-§
definition of limit. This will be done in lecture.

Here is the second theorem about limits and inequalities.
Theorem 18.2 (The Sandwich Theorem). Suppose that

f(z) < g(x) < h(z)
(for all x) and that
lim f(z) = lim h(z).
Then
lim f(z) = lim g(z) = lim h(z).

T—a T—a T—a
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Figure 7. Graphs of |z|, —|z| and zcos(1/z) for —1.2 < z < 1.2

The theorem is useful when you want to know the limit of g, and when you can
sandwich it between two functions f and h whose limits are easier to compute. The
Sandwich Theorem looks like the first theorem of this section, but there is an important
difference: in the Sandwich Theorem you don’t have to assume that the limit of g exists.
The inequalities f < g < h combined with the circumstance that f and h have the same
limit are enough to guarantee that the limit of g exists.

18.1. A backward cosine sandwich

The Sandwich Theorem says that if the function g(z) is sandwiched between two func-
tions f(z) and h(z) and the limits of the outside functions f and h exist and are equal,
then the limit of the inside function g exists and equals this common value. For example

1
—lz] < xcos = < |z
T
since the cosine is always between —1 and 1. Since
lim —|z| = lim |z| =0
x—0 z—0
the sandwich theorem tells us that
1
lim x cos — = 0.
x—0 x

Note that the limit lim,_.q cos(1/z) does not exist, for the same reason that the “backward
sine” did not have a limit for + — 0 (see example[16.2]). Multiplying with x changed that.

19. Continuity

Definition. 19.1. A function g is continuous at a if
(13) lim g(z) = g(a)

A function is continuous if it is continuous at every a in its domain.
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Note that when we say that a function is continuous on some interval it is understood
that the domain of the function includes that interval. For example, the function f(x) =
1/x? is continuous on the interval 1 < x < 5 but is not continuous on the interval
-l1<z<1.

19.1. Polynomials are continuous

For instance, let us show that P(z) = x® + 3z is continuous at z = 2. To show that
you have to prove that
lim P(z) = P(2),

r—2
i.e.
lim a® + 30 = 2° +3- 2.
You can do this two ways: using the definition with € and § (i.e. the hard way), or using
the limit properties (P1)...(FPs) from (just as good, and easier, even though it still
takes a few lines to write it out — do both!)

19.2. Rational functions are continuous

Let R(z) = gg:; be a rational function, and let a be any number in the domain of R,
i.e. any number for which Q(a) # 0. Then one has

lim R(z) = lim ggg
_ lim, ., P(x)
T limg—, Q(x)
_ Pl .
= 0a) P and Q are continuous
= R(a).

This shows that R is indeed continuous at a.

property (Fs)

19.3. Some discontinuous functions

If limy—.q g(z) does not exist, then it certainly cannot be equal to g(a), and therefore
any failed limit provides an example of a discontinuous function.

For instance, the sign function g(z) = sign(z) from example ?? is not continuous at
z=0.

Is the backward sine function g(z) = sin(1/z) from example also discontinuous at
x = 07 No, it is not, for two reasons: first, the limit limg_ sin(1/z) does not exist, and
second, we haven’t even defined the function g(z) at © = 0, so even if the limit existed,
we would have no value g(0) to compare it with.

19.4. How to make functions discontinuous

Here is a discontinuous function:

_ z?  if x # 3,
f(m)_{u if 2 = 3.

In other words, we take a continuous function like g(x) = z?, and change its value some-
where, e.g. at x = 3. Then

lim f(x) =9 # 47 = (3).
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The reason that the limit is 9 is that our new function f(x) coincides with our old con-
tinuous function g(x) for all « except = 3. Therefore the limit of f(z) as x — 3 is the
same as the limit of g(x) as ¢ — 3, and since g is continuous this is g(3) = 9.

19.5. Sandwich in a bow tie

We return to the function from example Consider

_ Jxcos (%) for x # 0,
J(@) = {0 forx =0

Then f is continuous at z = 0 by the Sandwich Theorem (see Example [18.1]).

If we change the definition of f by picking a different value at x = 0 the new function will
not be continuous, since changing f at x = 0 does not change the limit limz_o f(z). Since
this limit is zero, f(0) = 0 is the only possible choice of f(0) which makes f continuous
at z = 0.

20. Substitution in Limits

Given two functions f and g one can consider their composition h(z) = f(g(x)). To
compute the limit

lim f(g(a:))

r—a

we write u = g(z), so that we want to know
il_rg f(u) where u = g(z).
Suppose that you can find the limits
L = lim g(z) and Jirri flu) =M.

T—a

Then it seems reasonable that as x approaches a, u = g(x) will approach L, and f(g(x))
approaches M.

This is in fact a theorem:

Theorem 20.1. Iflim,—q g(z) = a, and if the function f is continuous at u = L, then
lim f(g(x)) = lim f(u) = (L),

Another way to write this is

lim f(g(x)) = f(lim g(:r))

r—a r—a
20.1. Compute lim,_.3vx3 — 3x2 + 2

The given function is the composition of two functions, namely

Vad — 322 + 2 = /u, with u = 2® — 32? + 2,

or, in function notation, we want to find lim,—.3 h(z) where
h(z) = f(g(x)), with g(z) = 2° — 32> + 2 and g(z) = V/z.
Either way, we have
iﬂx373x2+2:2 and iii%\/;‘:‘/i

You get the first limit from the limit properties (P1)...(Ps). The second limit says that
taking the square root is a continuous function, which it is. We have not proved that
(vet), but this particular limit is the one from example [I5.3] Putting these two limits
together we conclude that the limit is v/2.
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lirré\/m3—3x2+2:\/lirr})):r3—3:c2+2:\/§,

where you must point out that f(z) = y/z is a continuous function to justify the first step.

Another possible way of writing this is

lim /a3 — 322 +2 = lirnQ\/ﬂ:ﬂ,

r—3

where you must say that you have substituted v = 2* — 322 + 2.

Exercises

20.1 - Find the following limits.
(a)
(d)

lim (2 + 5) (b) lim (22 +5)

111’I34(33 + 3)2006 hm74($ + 3)2007

lim (2z + 5)

lim (2 + 3)2007

2+t —2 24t —2 o tPrt—2
(g) lim o1 (h) i —e (i) [Jim o1
2 5 2
.oz +3 .o’ +3 .ot +1
i) lim ——— k) 1 ) 1
4) Jfim e (k) Jim 5y 0 Jim 5
. (2z+1)* (2u + 1)* (2t + 1)*
lim >~ T~/ lim ~—— 1~ —
(m) 1‘1_{20 (31,2_|_1)2 (n) ulvnolo (3u2+1)2 (0) tg% (3t2+1)2

1

20.2 — In the text we proved that limg_ o =z = 0. Show that this implies that limy_ o x
does not exist.

Hint: Suppose limg_—.oc * = L for some number L. Apply the limit

properties to limg 00 x - —.
T

Jz

20.3 — Evaluate lim 7_93 Hint: Multiply top and bottom by +/z + 3.

x— €r —
1_1
20.4 — Evaluate lim =—2.
E— r—2 I — 2
11
20.5 — Evaluate lim u.
x—2 xr—2

20.6 — A function f is defined by

z® for z < —1
flx)=qazx+b for —1<z<1
2242 forx>1.

where a and b are constants. The function f is continuous. What are a and b?

21. Two Limits in Trigonometry

In this section we’ll derive a few limits involving the trigonometric functions. You can
think of them as saying that for small angles 6 one has

sinf~6 and cosf~1— %92.
We will use these limits when we compute the derivatives of Sine, Cosine and Tangent.

Theorem 21.1.
. sinf
lim =

6—0 0 1
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o

The circular wedge OAC' contains the triangle OAC

and is contained in the right triangle OAB.

The area of triangle OAC is %Sin 0. The area of circular wedge OAC is %6.

The area of right triangle OAB is %tan 0.

Hence one has sinf < 0 < tan@ for all angles 0 < 6 < w/2.

Figure 8. Proof that sinf ~ 6 for small values of 6

Proof. The proof requires a few sandwiches and some geometry.

We begin by only considering positive angles, and in fact we will only consider angles
0 < 6 < w/2. By comparing areas in the drawing we see that for such angles one always

has
(14) sinf < 0 < tan@.
Since sinf > 0 for 0 < 6 < 7/2 we get
0 <sinf <6
for 0 < 0 < w/2. As 6 \, 0 both 0 and € go to zero, so the Sandwich Theorem implies
that
lim sin @ = 0.
6.0
Hence

lim cos @ = lim V1 —sin? 60 = 1.
AN 6.0

Finally we go back to the first sandwich and divide it by 6

sin 0 cl< tanf 1 sin@
0 6  cos® O °
This implies
cosf < 51;19 <1
The Sandwich Theorem can be used once again, and now it gives
lim S0 _ .
NG’}

This is a one-sided limit. To get the limit in which 8 ' 0, you use that sin@ is an odd

function.

0
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Theorem 21.2.
i 1 —cosf 1
im-—— = —.
0—0 92 2

Proof. This follows from sin® § + cos® § = 1. Namely,

1—cosfl 1 1—cos?6
02 " 14cosf 02
_ 1 sin? 0
" 14cosf 62
_ 1 sinf ) ?
" 14cosf { 6 } '
‘We have just shown that cosf — 1 and % — 1 as 8 — 0, so the theorem follows. O

21.1 - Find the limit or show that it does not exist. Distinguish between limits which are
infinite and limits which do not exist.

. tand . l—cosz . 2% +32%cosz
(2) Jim =5~ () Iy =z (c) Jim = o
sin(z?) . z(l —cosx) . sin(2?)
(d) 31:4>0 x2 (e) ilg%) tan® x (®) lli% 1—cosz’
cos T . sinx - sinz
(8) Jim 5 (h) Bim - 0 Jim s

21.2 - Compute
sinx . cosx

(a) lim (b) lim .

Tr— 00 xT Tr— 00 T

21.8 — Find a constant k such that the function

3xr+2 forx<?2
f(:lj) = 2
z°+k forax>2.
is continuous. Hint: Compute the one-sided limits.
21.4 — Find constants a and b such that the function
z° for x < —1
flx)=<ar+b for —1<z<1
22 +2 forax>1.

is continuous for all x.

21.5 — Is there a constant k£ such that the function

_Jsin(l/z) forz#0
f@) = {k for x = 0.

is continuous? If so, find it; if not, say why.

21.6 — Compute lim;_« & sin g and lim, .. z tan %
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21.7 — Let A,, be the area of the regular 2n-gon inscribed in the unit circle, and let B,
be the area of the regular 2n-gon whose inscribed circle has radius 1.

Show that

A, =2"sin 21” and B, = 2" tan T

Compute limy, 0o Ap and limy,— o0 By

Figure 9. Ag, B4 and 7
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IV. Derivatives (2)

“Leibniz never thought of the derivative as a limit. This does not appear
until the work of d’Alembert.”

http://www.gap-system.org/~history/Biographies/Leibniz.html

In chapter [[I} we saw two mathematical problems which led to expressions of the form %.

Now that we know how to handle limits, we can state the definition of the derivative of
a function. After computing a few derivatives using the definition we will spend most of
this section developing the differential calculus, which is a collection of rules that allow
you to compute derivatives without always having to use basic definition.

22. Derivatives Defined

Definition. 22.1. Let f be a function which is defined on some interval (c,d) and let a
be some number in this interval.

The derivative of the function f at a is the value of the limit
. flx) = f(a)
15 '(a) = lim &2,
(15) /(@) = tim 121
f is said to be differentiable at a if this limit exists.

f is called differentiable on the interval (c,d) if it is differentiable at every point a in
(c,d).

22.1. Other notations

One can substitute z = a + h in the limit and let h — 0 instead of x — a. This
gives the formula
/ T f(a+h)_f(a)
(16) f'(a) = Jim HEER =D,
Often you will find this equation written with z instead of a and Az instead of h, which

makes it look like this: ot Ax) — f(x)
! . T ) — xT
Fiw)= Alal:IEO Az '
The interpretation is the same as in equation from The numerator f(z + Az) —
f(x) represents the amount by which the function value of f changes if one increases its
argument x by a (small) amount Az. If you write y = f(z) then we can call the increase
in f
Ay = f(z + Az) — f(z),
so that the derivative f'(z) is
/ . Ay
File) = Alalcg() Az’
GOTTFRIED WILHELM VON LEIBNIZ, one of the inventors of calculus, came up with the
idea that one should write this limit as
dy . Ay
do A% Ay
the idea being that after letting Ax go to zero it didn’t vanish, but instead became an
infinitely small quantity which Leibniz called “dx.” The result of increasing = by this
infinitely small quantity dz is that y = f(z) increased by another infinitely small quantity


http://www.gap-system.org/~history/Biographies/Leibniz.html
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dy. The ratio of these two infinitely small quantities is what we call the derivative of
y = f(x).

There are no “infinitely small real numbers,” and this makes Leibniz’ notation difficult
to justify. In the 20th century mathematicians have managed to create a consistent theory
of “infinitesimals” which allows you to compute with “dr and dy” as Leibniz and his
contemporaries would have done. This theory is called “non standard analysis.” We
won’t mention it any furtherﬁ Nonetheless, even though we won’t use infinitely small
numbers, Leibniz’ notation is very useful and we will use it.

23. Direct computation of derivatives

23.1. Example — The derivative of f(z) = 2 is f'(z) = 2z

We have done this computation before in §8] The result was

2 2
o @~ f@) @)
h—0 h h—0 h

fl(a) = = lim (22 + h) = 22.

Leibniz would have written

%a:: =2z
23.2. The derivative of g(z) =z is g’ (z) = 1
Indeed, one has
(o) = i, SEERIED = iy (S — i =

In Leibniz’ notation:
dz
e
This is an example where Leibniz’ notation is most misleading, because if you divide dx
by dz then you should of course get 1. Nonetheless, this is not what is going on. The
dx

expression 7 is not really a fraction since there are no two “infinitely small” quantities

dx which we are dividing.

23.3. The derivative of any constant function is zero

Let k(z) = ¢ be a constant function. Then we have

K (z) = hmw — lim%:}llin%o:().

h—0 h )
Leibniz would have said that if ¢ is a constant, then

de _
de

3But if you want to read more on this you should see Keisler’s calculus text at
http://www.math.wisc.edu/~keisler/calc.html
I would not recommend using Keisler’s text and this text at the same time, but if you like math you
should remember that it exists, and look at it (later, say, after you pass 221.)


http://www.math.wisc.edu/~keisler/calc.html
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23.4. Derivative of z" forn =1,2,3,...

To differentiate f(x) = 2™ one proceeds as follows:

f'(a) = lim f(z) — f(a) = lim il an.
zsa T —a T—a T —a

We need to simplify the fraction (z" —a™)/(z — a). For n = 2 we have

z? —a?
— =z +a.
T—a
For n =1,2,3,... the geometric sum formula tells us that
(17) r —a _ P I T e 0. R TR
T —a

If you don’t remember the geometric sum formula, then you could also just verify by
carefully multiplying both sides with  — a. For instance, when n = 3 you would get

rx (@ +za+ta®) = ¥ +az® +d’x
—ax (2® +ra+a?) = —az® —a’z —ad®
(z—a) x (x> +azx+a?) = 2° —a®

With formula in hand we can now easily find the derivative of z™:

’ . x"—a”
f(a) = lim ——
r—a Tr—a
. 1 —2 -3 2 —2 1
:hm{x" +2" fa+z" a "+ - Fza" " +a” }
Tr—a
1 2 3 2 2 1
=a" " +a" a+a" Ca"+--F+aad"" 4+ a"

Here there are n terms, and they all are equal to a™ ', so the final result is
f'(a) =na"".
One could also write this as f'(z) = nz" ™", or, in Leibniz’ notation

n
dx _ nzn7 1
dx

This formula turns out to be true in general, but here we have only proved it for the case
in which n is a positive integer.

23.5. Differentiable implies Continuous

Theorem 23.1. If a function f is differentiable at some a in its domain, then f is also
continuous at a.

Proof. We are given that
)~ S

r—a Tr—a

exists, and we must show that

lim /(x) = /().

r—a
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This follows from the following computation
lim f(z) = lim (f(2) = (a) + f(a)) (algebra)
i £@) = (@)

r—a Tr—a

= {lim M} - lim (z — a) + lim f(a) (Limit Properties)

“(x —a) + f(a) (more algebra)

=f'(a) 0+ f(a) (f'(a) exists)
= f(a).

23.6. Some non-differentiable functions

23.6.1. A graph with a corner. Consider the function

T for z > 0,
—x for x <O.

f(@) = |z —{

This function is continuous at all x, but it is not differentiable at x = 0.

To see this try to compute the derivative at 0,

L e
170 = iy 5 =5 =t 2 =l s ).

We know this limit does not exist (see

If you look at the graph of f(z) = |x| then you see what is wrong: the graph has a
corner at the origin and it is not clear which line, if any, deserves to be called the tangent
to the graph at the origin.

y = |z

tangent?

tangent?

tangent?

tangent?

Figure 10. The graph of y = |z| has no tangent at the origin.
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y =+l

Figure 11. Tangent to the graph of y = \x|1/2 at the origin

23.6.2. A graph with a cusp. Another example of a function without a derivative at = 0

f(@) =]zl

When you try to compute the derivative you get this limit

f'(0) = lim Vial =7

x—0 €T

VA R |

lim = lim —,

e\0 T N0 /T
which does not exist (it is “4-00”). Likewise, the limit from the left also does not exist
(tis “—o0). Nonetheless, a drawing for the graph of f suggests an obvious tangent to
the graph at # = 0, namely, the y-axis. That observation does not give us a derivative,

because the y-axis is vertical and hence has no slope.

The limit from the right is

23.6.3. A graph with absolutely no tangents anywhere. The previous two examples were
about functions which did not have a derivative at x = 0. In both examples the point
x = 0 was the only point where the function failed to have a derivative. It is easy to give
examples of functions which are not differentiable at more than one value of x, but here
I would like to show you a function f which doesn’t have a derivative anywhere in its
domain.

(t)

Figure 12. A one-dimensional Brownian motion

To keep things short I won’t write a formula for the function, and merely show you a
graph (see Figure ) In this graph you see a typical path of a Brownian motion, i.e. ¢ is
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time, and z(t) is the position of a particle which undergoes a Brownian motion — come to
lecture for further explanation (see also the article on wikipedia).

To see a similar graph check the Dow Jones or Nasdaq in the upper left hand corner
of the web page at http://finance.yahoo.com in the afternoon on any weekday.

23.1 - Compute the derivative of the following functions
f(z) =2° — 2z g(z) = % k(z) =2® — 17z
x

2
u(w) = 142

using either or .

23.2 — Which of the following functions is differentiable at x = 0?7

f@)=alzl,  g@)=2Vzl,  h(z)=x+]al.

v(z) = w(z) =

1
Jz

23.8 — For which value(s) is the function defined by

(@) ar+b forx <O
x) =
z—2% forz>0

differentiable at x = 07
23.4 — For which value(s) is the function defined by
2
ax for x < 2
f(@) =
z+b forx>2
differentiable at x = 07

23.5 — True or false: 1If a function f is continuous at some x = a then it must also be
differentiable at z = a?

23.6 — True or false: If a function f is differentiable at some z = a then it must also be
continuous at x = a?

24. The Differentiation Rules

You could go on and compute more derivatives from the definition. Each time you
would have to compute a new limit, and hope that there is some trick that allows you
to find that limit. This is fortunately not necessary. It turns out that if you know a few
basic derivatives (such as dz"/dz = nz" ') the you can find derivatives of arbitrarily
complicated functions by breaking them into smaller pieces. In this section we’ll look at
rules which tell you how to differentiate a function which is either the sum, difference,
product or quotient of two other functions.

The situation is analogous to that of the “limit-properties” (P1)...(Ps) from the pre-
vious chapter which allowed us to compute limits without always having to go back to the
epsilon-delta definition.


http://finance.yahoo.com
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24.1. Sum, product and quotient rules

In the following ¢ and n are constants, u and v are functions of z, and ' denotes
differentiation. The Differentiation Rules in function notation, and Leibniz notation, are

Constant rule: d=0 de =0
dx
. r_ / du +v o du dv
Sum rule: (uxv) =u £v e dmidx
. r_ / duv _ du dv
Product rule: (u-v) =u  -v+u-v e + uo
g Udu udv
. w\’ uv—u-v v e “dr
Quotient rule: (5) = o=

Note that we already proved the Constant Rule in example We will now prove
the sum, product and quotient rules.

24.2. Proof of the Sum Rule

Suppose that f(z) = u(z) + v(z) for all z where u and v are differentiable. Then

f(x) = f(a)

f'(a) = Jim == — (definition of f')
= lim (u(z) + v(w)i - C(Lu<a) +v(a)) (use f = utv)
= lim (“(“’; — Z(“) + ”("2 = Z(“)) (algebra)
i M) ) |, l0) o) it proprts)
- Z'(a) +/(a) (definition of u’, v')

24.3. Proof of the Product Rule

Let f(z) = u(z)v(z). To find the derivative we must express the change of f in terms
of the changes of v and v

f(@) = f(a) = u(x)v(z) -
(z)

= u(z)v(z) —

Now divide by x — a and let z —

i F@ = 1@) _ o 0(@) —v(a) | u(@) — ufa)

r—a Tr—a T—a Tr—a xr—a

(use the limit properties)
_( w(@) —v(a)y | [y ul@) - ula)
= (Jim u(e) (Jim =5 =25 + (Jim =5 =25 v(a)
= u(a)v'(a) + v (a)v(a),
as claimed. In this last step we have used that
u(z) — u(a) (x) —v(a) _

lim =u'(a) and lim Y =v(a)
Tr—a Tr—a r—a Tr—a
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and also that
lim u(z) = u(a)

This last limit follows from the fact that u is continuous, which in turn follows from the
fact that u is differentiable.

24.4. Proof of the Quotient Rule

We can break the proof into two parts. First we do the special case where f(z) = 1/v(z),

and then we use the product rule to differentiate
_u(z) 1

So let f(x) = 1/v(x). We can express the change in f in terms of the change in v
_ 11 v(z) —v(a)
@ =IO =56 " 5@~ et
Dividing by = — a we get
fl@)=fla) _ 1 v(@)—v(a)

z—a  v(x)ve) =z-—a

Now we want to take the limit x — a. We are given the v is differentiable, so it must also
be continuous and hence
lim v(z) = v(a).

Therefore we find
L@ ) 1 (@) —ve) v
t—a T —a z—av(x)v(a) z—a T—a v(a)?

That completes the first step of the proof. In the second step we use the product rule to
differentiate f = u/v

7= (%) = we DY (LY S v
v v v v v v2 v2
24.5. A shorter, but not quite perfect derivation of the Quotient Rule

The Quotient Rule can be derived from the Product Rule as follows: if w = u/v then
(18) w-v=u

By the product rule we have
w’-v—t—wm/:u',
so that
;v —wed W = (ufv)v W v -
w = = = .
v v v2

Unlike the proof in §24.4] above, this argument does not prove that w is differentiable if u
and v are. It only says that if the derivative exists then it must be what the Quotient

Rule says it is.

The trick which is used here, is a special case of a method called “implicit differentia-
tion.” We have an equation which the quotient w satisfies, and from by differentiating
this equation we find w’.

24.6. Differentiating a constant multiple of a function

Note that the rule
(cu)" = cu’

follows from the Constant Rule and the Product Rule.
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24.7. Picture of the Product Rule

If w and v are quantities which depend on z, and if increasing x by Az causes u and v

to change by Au and Awv, then the product of v and v will change by
(19) A(uv) = (u+ Au)(v + Av) — uv = uAv + vAu + Aulv.
If w and v are differentiable functions of x, then the changes Au and Av will be of the
same order of magnitude as Az, and thus one expects AuAv to be much smaller. One
therefore ignores the last term in , and thus arrives at

A(uv) = uAv 4+ vAu.
Leibniz would now divide by Az and replace A’s by d’s to get the product rule:

A(uv) Av Au

Ar Az TUAs
°
Av uAv AulAv
v uv vAu
o o
u Au

Figure 13. The Product Rule: how much does the area of a rectangle change if
its sides u and v are increased by Au and Av?

25. Differentiating powers of functions

25.1. Product rule with more than one factor

If a function is given as the product of n functions, i.e.
f(@) = wi(z) Xua(z) X -+ X un(2),
then you can differentiate it by applying the product rule n — 1 times (there are n factors,
so there are n — 1 multiplications.)

After the first step you would get
f’ = UII(UQ .. ~un) +u1(uz . ‘«un)/.
In the second step you apply the product rule to (uzus - --u,)’. This yields
f =ulug - un + [u§u3 Uy + uz(us - ~~un)/]
= ulUg - Up F UITUGUS - - Up + U1UQ(U3 . ~un)/.
Continuing this way one finds after n — 1 applications of the product rule that

(20) (w1 un) = wluz - Up + wrthuz U e ULULUS U,
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25.2. The Power rule

If all n factors in the previous paragraph are the same, so that the function f is the
n*™ power of some other function,

fz) = (u(@))",
then all terms in the right hand side of are the same, and, since there are n of them,
one gets
f(@) = nu" (@) (x),
or, in Leibniz’ notation,
du” L _qdu

21 —_ .
(21) dx e dx

25.3. The Power Rule for Negative Integer Exponents

We have just proved the power rule assuming n is a positive integer. The rule
actually holds for all real exponents n, but the proof is harder.

Here we prove the Power Rule for negative exponents using the Quotient Rule. Suppose

n = —m where m is a positive integer. Then the Quotient Rule tells us that
_ 1\ qr (@™
W = () = (L) e W
um (um)Q

Since m is a positive integer, we can use (1)), so (u™) = mu™ ', and hence

ny\/ mum71 . ul —m—1 / n—1_1

(W) = ——p— = —mu cu=nu" .

U m

25.4. The Power Rule for Rational Exponents

So far we have proved that the power law holds if the exponent n is an integer.

We will now see how you can show that the power law holds even if the exponent
n is any fraction, n = p/q. The following derivation contains the trick called implicit
differentiation which we will study in more detail in chapter ?7.

So let n = p/q where p and ¢ are integers and consider the function

w(z) = u(z)?/9.

Assuming that both u and w are differentiable functions, we will show that

! —Bu;t%_lu'x
(22) w(w)fq() (z)

Raising both sides to the gth power gives
w(z)? = u(z)?.

Here the exponents p and ¢ are integers, so we may apply the Power Rule to both sides.

We get
q—1 7 _ p—1
quw w = pu u .

Dividing both sides by qw?™! and substituting u?/? for w gives

p—1 / p—1 / p—1 /
r_ pu R 4 R 40 "U,_B.u(p/q),l.u,

qwq_l - qup(q—l)/q B qup—(P/Q) q

which is the Power Rule for n = p/q.

This proof is flawed because we did not show that w(z) = u(x)?/? is differentiable: we
only showed what the derivative should be, if it exists.
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25.5. Derivative of ™ for integer n

If you choose the function u(z) in the Power Rule to be u(x) = x, then v'(z) = 1, and
hence the derivative of f(z) = u(z)" = z" is
(@) =nu(@)" "/ (2) =nz™ " 1 =na" "

We already knew this of course.

25.6. Example — differentiate a polynomial

Using the Differentiation Rules you can easily differentiate any polynomial and hence
any rational function. For example, using the Sum Rule, the Power Rule with u(z) = =z,
the rule (cu)’ = cu’, the derivative of the polynomial

flz)=2z" —a® + 7
is
f(x) = 82® — 342,

25.7. Example — differentiate a rational function

By the Quotient Rule the derivative of the function

_ 2zt — 2% 47
9@ =5
is
, (8% — 32)(1 +2) — (22 — 2®* + 7)2z
g (z) = T+ 292
. 62° — z* 4 823 — 322 — 14z
(14 22)2

If you compare this example with the previous then you see that polynomials simplify
when you differentiate them while rational functions become more complicated.

25.8. Derivative of the square root

The derivative of f(z) = /z = /% is
Flz) = 11:1/271 _ 11’71/2 11

2 2 T 2xl/2 T 2z

where we used the power rule with n = 1/2 and u(z) = x.

Exercises

25.1 — Let f(z) = (2® + 1)(2® + 3). Find f'(z) in two ways:
(a) by multiplying and then differentiating,
(b) by using the product rule.

Are your answers the same?
25.2 - Let f(x) = (1+22)*. Find f’(x) in two ways, first by expanding to get an expression
for f(x) as a polynomial in z and then differentiating, and then by using the power rule.
Are the answers the same?

25.83 — Prove the statement in §24.6| i.e. show that (cu)’ = c(u’) follows from the product
rule.
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25.4 — Compute the derivatives of the following functions (try to simplify your answers)

T —2 1

(@) f(z) =241+ (z+1)° (b) f(q;):x4+1 (c) f(x):(1+z)—l
5 _axr+b _ 1

@ f@)=Vi-a @ /@) =500 O @)= i

® f@)=17 7 ) f@)= 12 @) @)= et vE

) e)= 1 () 965) = /1= W) )= o+ o

25.5 Using derivatives to approximate numbers.
(a) Find the derivative of f(z) = z*/3.
(b) Use (i) to estimate the number
127%/% — 125%/3
2

approximately without a calculator. Your answer should have the form p/q where p and
q are integers. [Hint: Note that 5° = 125 and take a good look at equation ]

(c) Approximate in the same way the numbers /143 and /145 (Hint: 12 x 12 = 144).

25.6 Making the product and quotient rules look nicer. Instead of looking at the derivative
of a function you can look at the ratio of its derivative to the function itself, i.e. you can
compute f'/f. This quantity is called the logarithmic derivative of the function f for
reasons that will become clear later this semester.

(a) Compute the logarithmic derivative of these functions (i.e. find f'(z)/f(z))
fl@)=x g9(z) = 3z h(z) = 2*
k(z) = —a? {(x) = 2007z> m(z) = z°°"

(b) Show that for any pair of functions u and v one has

(wo)" W
=24
uv u v
(wfo) _w o
w/v  u v
n\’/ /
(") _ o
un U
25.7 - (a) Find f'(z) and ¢'(z) if
14 2° 2zt +7
f(x)—my g9(z) 1+ 22

Note that f(z) = 1/g(z).

(b) Is it true that f'(z) = 1/¢'(z)?

(c) Is it true that f(z) = g~ *(x)?

(d) Is it true that f(z) = g(z)™'?

25.8 — (a) Let (t) = (1 —t3)/(1 +#3), y(t) = 2t/(1 + *) and u(t) = y(t)/z(t). Find
dz/dt, dy/dt.

(b) Now that you've done (i) there are two different ways of finding du/d¢t. What are
they, and use one of both to find du/dt.
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26. Higher Derivatives
26.1. The derivative is a function

If the derivative f’(a) of some function f exists for all @ in the domain of f, then
we have a new function: namely, for each number in the domain of f we compute the
derivative of f at that number. This function is called the derivative function of f,
and it is denoted by f’. Now that we have agreed that the derivative of a function is a
function, we can repeat the process and try to differentiate the derivative. The result, if
it exists, is called the second derivative of f. It is denoted f”. The derivative of the
second derivative is called the third derivative, written f"’, and so on.

The nth derivative of f is denoted f*). Thus
R I S L AL A L PP
Leibniz’ notation for the nth derivative of y = f(x) is

dy _
dzn

™ ().

26.2. Operator notation

A common variation on Leibniz’ notation for derivatives is the so-called operator
notation, as in

d(l'?’ — l’) d 3 2
— = —(2" —z)=3z" - 1.
dx dx S v
For higher derivatives one can write

Py (4N
dz?2 ~ \dzx y

Be careful to distinguish the second derivative from the square of the first derivative.
Usually
2 2
Y L (W)
dx? dx

Exercises
26.1 — The equation

()

holds for all values of x (except x = =%1), so you should get the same answer if you
differentiate both sides. Check this.

2r _ 1 1
22—1 41 =x-—1

Compute the third derivative of f(z) = 2z/(z* — 1) by using either the left or right
hand side (your choice) of (7).

26.2 — Compute the first, second and third derivatives of the following functions

f(@) = (@+1)* g(z) = (=" +1)*



60

26.3 - Find the derivatives of 10*" order of the functions

fl@) =2 +a° gl) =1

26.4 - Find f'(x), f"(z) and f® (z) if

- 2 6 24 120 720°

1
x+2°

I

26.5 - (a) Find the 12 derivative of the function f(z) =

1
(b) Find the n'" order derivative of f(z) = - (i.e. find a formula for f(™ (z) which is

+2
valid for all n =0,1,2,3...).
x

Find the n™ order derivative of g(z) = :
(c) Find the n'" order derivative of g(z) 2132

26.6 About notation
(a) Find dy/dx and d*y/dz? if y = z/(z + 2). Hint: See previous problem.
(b) Find du/dt and d*u/dt* if w = t/(t + 2). Hint: See previous problem.

. d T d? T . .
(c) Find T (m> and e (m> Hint: See previous problem.

. d x d 1
(d) Find . <$+2>L:1 and T (71 +2).

26.7 - Find d*y/dz? and (dy/dz)? if y = 2®.

27. Differentiating Trigonometric functions

The trigonometric functions Sine, Cosine and Tangent are differentiable, and their

derivatives are given by the following formulas
dsinx cos dcosx s dtanx 1
— T = —sinx = .
dx ’ dx ’ dx cos?x

Note the minus sign in the derivative of the cosine!

(23)

Proof. By definition one has

sin’(z) = lim sin(z + h) — sm(x).
h—0 h

To simplify the numerator we use the trigonometric addition formula
sin(a + 8) = sinacos 8 + cos asin 3.
with @ = x and 8 = h, which results in
sin(x + h) —sin(z) _ sin(z) cos(h) + cos(x) sin(h) — sin(x)

h h
= cos(z) sin(h) + sin(z) 7(:05(};) —1
Hence by the formulas
lim M =1 and lim cos(h) = 1 =0

h—0 h h—0 h
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from Section 1] we have

Cr sin(h) = . cos(h) — 1
sin’(z) = flblino cos(z) ) + sin(x) —

=cos(z) -1 +sin(z) -0
= cos(x).
A similar computation leads to the stated derivative of cos x.

To find the derivative of tanx we apply the quotient rule to

sinz_ f(z)

tanxz = cosz 9(z)
We get
/ cos(x) sin’(x) — sin(x) cos’(x)  cos®(z) + sin?(z) 1
tan'(z) = = =
cos?(x) cos?(x) cos?(x)
as claimed. ]

Exercises

27.1 — Find the derivatives of the following functions (try to simplify your answers)

(a) f(z) =sin(z) + cos(z) (b) f(z) = 2sin(x) — 3cos(x)
(c) f(z) = 3sin(z) + 2 cos(z) (d) f(z) = zsin(z) + cos(z)
(e) f(x) =wcos(z) - sina () fla) =122

(8) f(z)= cos’(x) (h) f(z)=V1-sin’z

(i) fo) =\ T ) cotle) = 222,

27.2 — Can you find a and b so that the function

cosx forx < %
f(z) = .
a+bx forxz> 7
is differentiable at © = 7/47
27.8 — Can you find a and b so that the function
tanx forz < %
f(z) = .
a+bx forz> %

is differentiable at © = 7/47

27.4 —1If f is a given function, and you have another function g which satisfies g(z) =
f(z)+12 for all z, then f and g have the same derivatives. Prove this. [Hint: it’s a short
proof — use the differentiation rules.]

27.5 — Show that the functions

f(z) =sin’z and g(z) = — cos® z

have the same derivative by computing f’(z) and ¢’(z).

With hindsight this was to be expected — why?
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28. The Chain Rule
28.1. Composition of functions

Given two functions f and g, one can define a new function called the composition of
f and g. The notation for the composition is f o g, and it is defined by the formula

foglz) = f(g()).

The domain of the composition is the set of all numbers = for which this formula gives
you something well-defined.

For instance, if f(z) = 2 + 2 and g(z) = 2z + 1 then
foglx)=f(2z+1) = 2z +1)* + 2z + 1)
and go f(x) = g(ac2 +z) = 20 +z)+1

Note that f og and go f are not the same fucntion in this example (they hardly ever are
the same).

If you think of functions as expressing dependence of one quantity on another, then the
composition of functions arises as follows. If a quantity z is a function of another quantity
y, and if y itself depends on x, then z depends on z via y.

To get f o g from the previous example, we could say z = f(y) and y = g(x), so that
z=f(y)=y*+yand y =2z + 1.
Give x one can compute y, and from y one can then compute z. The result will be
2=y’ +y=2e+1)"+ (2c+1),
in other notation,

z=f() =f(9(x)) = fog(x).

One says that the composition of f and g is the result of subsituting g in f.

28.2. A real world example

A biologist is studying growth of yeast-cells. Assuming that a yeast-cell is spherical
one can say how large it is by specifying its radius R. For a growing cell this radius will
change with time ¢. The volume of the cell is a function of its radius, since the volume of
a sphere of radius r is given by

V= %7”"3.
We now have two functions, the first f turns tells you the radius R of the cell at time ¢,

R = f(t)
and the second tells you the volume of the cell given its radius
V =g(r).
The volume of the cell at time ¢ is then given by
V=g(f(t) =g0f(1),

i.e. the function which tells you the volume of the cell at time ¢ is the composition of first
f and then g.
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28.3. Statement of the Chain Rule

The chain rule tells you how to find the derivative of the composition f o g of two
functions f and g provided you now how to differentiate the two functions f and g.

Theorem 28.1 (Chain Rule). If f and g are differentiable, so is the composition fog
The derivative of f o g is given by
(fog)(z)=f'(9(z)) ¢'(2).

When written in Leibniz’ notation the chain rule looks particularly easy. Suppose that
y =g(z) and z = f(y), then z = f o g(x), and the derivative of z with respect to x is the
derivative of the function f o g. The derivative of z with respect to y is the derivative of
the function f, and the derivative of y with respect to x is the derivative of the function

g. In short,
dz _ ’ % Y @ o
7z = (Fo9) (), a7 (y) and - =g'(2)
so that the chain rule says
dz dz dy

First proof of the chain rule (using Leibniz’ notation). We first consider difference quo-
tients instead of derivatives, i.e. using the same notation as above, we consider the effect
of an increase of x by an amount Az on the quantity z.

If z increases by Az, then y = g(x) will increase by
Ay = g(z + Az) — g(z),
and z = f(y) will increase by

Az = fly+Ay) = fy).
The ratio of the increase in z = f(g(x)) to the increase in x is
Az Az Ay
Az~ Ay Az
In contrast to dx, dy and dz in equation , the Az, etc. here are finite quantities, so
this equation is just algebra: you can cancel the two Ays. If you let the increase Ax go

to zero, then the increase Ay will also go to zero, and the difference quotients converge to

the derivatives,
Az dz Az dz % @

_— s — _— s — —
Az dz’ Ay dy’ Ax dz
which immediately leads to Leibniz’ form of the quotient rule. O

Proof of the chain rule. We verify the formula in Theorem [28.1] at some arbitrary value
T = a, i.e. we will show that

(fog)(a) = f'(9(a)) g'(a).
By definition the left hand side is
(fog)/(a) — lim (fog)(x) — (fog)(a’) = lim f(g(x)) — f(g(a))

T—a r —a T—a r—a

The two derivatives on the right hand side are given by
’ — i g(ll»‘) — g(a)
g'(a) = lim ==—"=
e 7) ~ (g(a))
: Yy) —Jygla
f'(g(a)) = lim 22
(9(a)) = lim o)
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Since g is a differentiable function it must also be a continuous function, and hence
limz—q g(z) = g(a). So we can substitute y = g(z) in the limit defining f’(g(a))
- o))  tim L) = F6(@) _ - Fa(a) = Fgla)
v—a y—g(a) e—a  g(x) —g(a)
Put all this together and you get
(fog)(a) = lim

r—a xr—a

= lim

(9(a)) |

a—a g(x) —g(a) z—a
(g(
(a)

= lim
e—a  g(z) —g(a

= f'(9(a)) - ¢'(a)

which is what we were supposed to prove — the proof seems complete.

There is one flaw in this proof, namely, we have divided by g(x) — g(a), which is not
allowed when g(z) — g(a) = 0. This flaw can be fixed but we will not go into the details
hereE| Od

28.4. First example

We go back to the functions
z=fy) =y +yandy=g(z) =22 +1
from the beginning of this section. The composition of these two functions is
z=flg(x)) = 2z +1)> + 2z + 1) = 42° + 62 + 2.

We can compute the derivative of this composed function, i.e. the derivative of z with
respect to = in two ways. First, you simply differentiate the last formula we have:

dz  d(4z® 4 6z + 2)

(26) e e =8z + 6.
The other approach is to use the chain rule:
dz _ d(y*+v)
— =22 =2 1
dy dy y+1
and
dy _d(2zx+1) _ 9
dr — dx T
Hence, by the chain rule one has
(27) dz_dzd£:(2y+1).2:4y+2.

dz ~ cTy dx
The two answers and should be the same. Once you remember that y = 2z + 1
you see that this is indeed true:

y=2r+1 = 4y+2=42z+1)+2=8z+6.

The two computations of dz/dz therefore lead to the same answer. In this example there
was no clear advantage in using the chain rule. The chain rule becomes useful when the
functions f and g become more complicated.

4 Briefly, you have to show that the function

_ U - Fe@)} /- 9@) y#a
hlw) = {f’(g(a)) y=a

is continuous.
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28.5. Example where you really need the Chain Rule

We know what the derivative of sinxz with respect to z is, but none of the rules we
have found so far tell us how to differentiate f(z) = sin(2z).

The function f(z) = sin2z is the composition of two simpler functions, namely
f(z) = g(h(z)) where g(u) = sinu and h(z) = 2z.
We know how to differentiate each of the two functions g and h:
g'(u) = cosu, h'(z)=2.
Therefore the chain rule implies that

f(z) = ¢’ (h(z))h (x) = cos(2z) - 2 = 2 cos 2z.

Leibniz would have decomposed the relation y = sin 2x between y and x as
y =sinu, u=2x
and then computed the derivative of sin 2x with respect to x as follows

dsin2x u—20 dsinu  dsinu du cosu -2 =2cos?2
= _ L au w2 = x.
dz dx du dx

28.6. The Power Rule and the Chain Rule

The Power Rule, which says that for any function f and any rational number n one

has i

- (f@)") =nf(2)" " f(2),
is a special case of the Chain Rule, for one can regard y = f(x)" as the composition of
two functions

y=g(u), u=f(z)

where g(u) = u™. Since g'(u) = nu™"" the Chain Rule implies that

e du | du

de ~ du dx dz’
Setting u = f(z) and fil—; = f'(z) then gives you the Power Rule.

28.7. The volume of a growing yeast cell

Consider the “real world example” from §28.2| again. There we considered a growing
spherical yeast cell of radius

r= f(t).
The volume of this cell is A 4
V= gwrs = gﬂ'f(t)s.

We can regard this as the composition of two functions, V = g(r) = 3mr® and r = f(t).

According to the chain rule the rate of change of the volume with time is now
av._ dV dr
dt  dr dt
i.e. it is the product of the rate of change of the volume with the radius of the cell and
the rate of change of the cell’s radius with time. From

dv d%ﬂ'?“s 2
2 _ =4
dr dr o
we see that
dV 5 dr
— =A4ar° —

dr dt’



66

For instance, if the radius of the cell is growing at 0.5um/sec, and if its radius is 7 = 3.0um,
then the volume is growing at a rate of

% = 47(3.0pm)? x 0.5um/sec ~ 57um? /sec.

28.8. A more complicated example

Suppose you needed to find the derivative of

voe+1

y=hia) = L

Vx+1+1)2

We can write this function as a composition of two simpler functions, namely,

y=f(u), u=g),
with

fluw) = (OFIE and g(z) = Va + 1.

The derivatives of f and g are

f,()_1-(u+1)2—u-2(u+1)_u—|—1—2_ w—1
e (u+ 1)3 Tt T wr

and
1

9@ = 3Tt

Hence the derivative of the composition is

d Vo +1 *'u'm*u_l ‘ 1
%{<¢m+1>2}‘f”g”‘<u+1>3 WaTl

The result should be a function of x, and we achieve this by replacing all u’s with u =

v+ 1:

B (z) =

i{ V41 }_ ve+1-1 1
de | (Ve +1+1)2 (We+1+1)3 2z +1
The last step (where you replace u by its definition in terms of x) is important because

the problem was presented to you with only = and y as variables while u was a variable
you introduced yourself to do the problem.

Sometimes it is possible to apply the Chain Rule without introducing new letters, and
you will simply think “the derivative is the derivative of the outside with respect to the
inside times the derivative of the inside.” For instance, to compute

d4+ 7+ 3
dx
you could set u = 7 + 23, and compute
d44+ V7423  dd+/u du
dx T du dz’

Instead of writing all this explicitly, you could think of u = 7+ as the function “inside the
square root,” and think of 4+ +/u as “the outside function.” You would then immediately

write
d 1 2
— (4 +T7T+23) = ——e - 37",
dx( ) 2V7 + 23
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28.9. The Chain Rule and composing more than two functions

Often we have to apply the Chain Rule more than once to compute a derivative. Thus
ify = f(u), u=g(v), and v = h(xz) we have

@_@ du dv

der  du dv dz’
In functional notation this is
(fogoh)(z) = f(g(h(z)) - g'(h(x)) - B ().
Note that each of the three derivatives on the right is evaluated at a different point. Thus
if b = h(a) and ¢ = g(b) the Chain Rule is
ay
dx

du
. dv

dv

_ Y i
wep dT

T du

Tr=a

u= Tr=a

For example, if y = then y = 1/(1 +u) where v = 14++/v and v = 9+ 2% so

1
T+ vora
dyidy.du dv 1

1
- @w _ S o
dr  du dv dx (1+w)? 2o “

SO
dy
dx

. Qu
dv

dv

_dy .
dxr

T du

r=4 u=6 v=25 r=4

Exercises

28.1 — Let y = +/1+ 22 and find dy/dz using the Chain Rule. Say what plays the role of
y = f(u) and u = g(x).

28.2 - Repeat the previous exercise with y = (14 /1 + z)?.

28.3 — Alice and Bob differentiated y = v/1 + 23 with respect to x differently. Alice wrote

y = v/u and u = 1 + 2® while Bob wrote y = v/I + v and v = z°. Assuming neither one
made a mistake, did they get the same answer?

28.4 ~Lety=u®+1and u=3z+7. Findd—i and dy

—=. Express the former in terms of
d du

x and the latter in terms of wu.

28.5 — Suppose that f(z) = V&, 9(z) = 1+ 2% v(z) = f 0 g(x), w(z) = g o f(z). Find
formulas for v(z), w(z), v'(x), and w’(z).

28.6 — Compute the following derivatives

(a) f(z) =sin2z — cos3x (b) f(z) =sin g
(¢) f(x) = sin(cos3z) d) flz)= 511;23:

(e) f(x)=tan+/1+ a2 (f) f(z) = cos® z — cos z°.

28.7 — Suppose that f(x) = 2% 4+ 1, g(z) =  + 5, and

v=fog, w=gof, p=fg  q=g-f
Find v(z), w(z), p(z), and ¢(x).
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28.8 — Suppose that the functions f and g and their derivatives with respect to x have
the following values at x = 0 and « = 1.

[z [ J(@) [ g(2) [ ['(2) | g'(=) ]
o] 1 | 1 5 | 1/3
1] 3 | 4 | -1/3]8/3

Define

v(z) = flg(x),  wlx)=g(f(x), pl)=[f(=@)g), a@=)=g()f().
Evaluate v(0), w(0), p(0), ¢(0), v'(0) and w’(0), p’(0), ¢'(0). If there is insufficient infor-
mation to answer the question, so indicate.

28.9 — A differentiable function f satisfies f(3) =5, f(9) =7, f'(3) = 11 and f'(9) = 13.
Find an equation for the tangent line to the curve y = f(z?) at the point (x,y) = (3,7).
28.10 — There is a function f whose second derivative satisfies

(t) f(z) = —64f(2).

(a) One such function is f(z) = sinax, provided you choose the right constant a: Which
value should a have?

(b) Can you find other functions f that satisfy (})

28.11 — A cubical sponge is absorbing water, which causes it to expand. Its side at time
t is S(t). Its volume is V().

(a) What is the relation between S(t) and V(¢) (i.e. can you find a function f so that
V(t) = f(5()))?
(b) Describe the meaning of the derivatives S’(¢) and V’(¢) in one plain english sen-

tence each. If we measure lengths in inches and time in minutes, then what units do
t,S(t),V(t), S (t) and V'(t) have?

(c) What is the relation between S’(¢) and V' (¢)?

(d) At the moment that the sponge’s volume is 8 cubic inches, it is absorbing water at a
rate of 2 cubic inch per minute. How fast is its side S(t) growing?
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29. Implicit differentiation
29.1. The recipe

Recall that an implicitely defined function is a function y = f(x) which is defined by
an equation of the form

We call this equation the defining equation for the function y = f(z). To find y = f(z)

for a given value of x you must solve the defining equation F'(z,y) = 0 for y.

Here is a recipe for computing the derivative of an implicitely defined function.

(1) Differentiate the equation F(z,y) = 0; you may need the chain rule to deal with
the occurences of y in F(z,y);
(2) You can rearrange the terms in the result of step 1 so as to get an equation of the

form
dy
L H -
Gla,y) 5L+ Hizy) =0,
where G and H are expressions containing x and y but not the derivative.
(3) Solve the equation in step 2 for Z—y:
T
dy _  H(z,y)
28 A
(28) dr =~ Glay)

(4) If you also have an explicit description of the function (i.e. a formula expressing
y = f(x) in terms of z) then you can substitute y = f(x) in the expression
to get a formula for dy/dz in terms of x only.

Often no explicit formula for y is available and you can’t take this last step.
In that case is as far as you can go.

Observe that by following this procedure you will get a formula for the derivative Z—Z which
contains both x and y.

29.2. Dealing with equations of the form Fi(x,y) = Fa(z,y)

If the implicit definition of the function is not of the form F(z,y) = 0 but rather of
the form Fi(z,y) = F2(z,y) then you move all terms to the left hand side, and proceed
as above. E.g. to deal with a function y = f(x) which satisfies

vV +az=ay
you rewrite this equation as
y2 +z—zy=0
and set F(x,y) = y> + 2 — zy.

29.3. Example — Derivative of v/1 — z*

Consider the function
flz)=+v1-z%, —-1<z<1.

We will compute its derivative in two ways: first the direct method, and then using the
method f implicit differentiation (i.e. the recipe above).



F(x,y):x4+y4—1

G(z,y) = 4°
H(z,y) = 42°
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The direct approach goes like this:

, d(1 -z
fw =00
ay—3/4d(1 —z*
=11 -ot) o)
= - ") (s
1‘3
7(1—1’4)3/4

To find the derivative using implicit differentiation we must first find a nice implicit
description of the function. For instance, we could decide to get rid of all roots or fractional
exponents in the function and point out that y = v/1 — x# satisfies the equation y* = 1—z*.
So our implicit description of the function y = f(z) = v/1 — 2% is

x4—|—y4—1:0.

Differentiate both sides with respect to z (and remember that y = f(x), so y here is a
function of x), and you get

de*  dy* dl 3 3dy

dm+dm dx 0:>x+ydm 0
This last equation can be solved for dy/dx:

dy x>

de ~  y*
This is a nice and short form of the derivative, but it contains y as well as x. To express
dy/dx in terms of x only, and remove the y dependency we use y = v/1 — 2%. The result

is
dy z° _ z°

P = == = T q

29.4. Another example

Let f be a function defined by
y=f(z) < 2y+siny=ux, ie. 2y +siny—z =0.
For instance, if ¢ = 27 then y = w, i.e. f(2m) = 7.

To find the derivative dy/dz we differentiate the defining equation

d2y +siny —z) d0 dy dy dr dy _
. = :>2dx+cosydm dx—0:>(2+cosy)dm 1=0.
Solve for g—g and you get
1 1
(=)

T 2+cosy 2+ cos f(z)’
If we were asked to find f'(27) then, since we know f(27) = 7, we could answer

1 1
‘er) = = =1,
1 (2m) 24cosm 2-1
If we were asked f’(m/2), then all we would be able to say is
1
4 —
Fim/2) = 2+ cos f(m/2)

To say more we would first have to find y = f(7/2), which one does by solving

2y +siny = g
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29.5. Derivatives of Arc Sine and Arc Tangent

Recall that

y =arcsinz <= x=sinyand — 5 <y < 7,

and
=arctanxy <= r=tanyand — § <y < 3.
Theorem 29.1.

darcsinz 1
dz o V1—22
darctanz 1
dx T 1422

Proof. If y = arcsinx then x = siny. Differentiate this relation
dr _ dsiny
der ~ dx

and apply the chain rule. You get

d
1= (cosy) d—z,

and hence

dy 1

dz ~ cosy’
How do we get rid of the y on the right hand side? We know z = siny, and also —3 <
y < 5. Therefore

siny 4+ cos®y =1 = cosy = +1/1 —sin®y = ++/1 — z2.

Since —5 < y < 5 we know that cosy > 0, so we must choose the positive square root.

This leaves us with cosy = v/1 — z2, and hence

dy 1
dr ~— 1—2z2
The derivative of arctanx is found in the same way, and you should really do this

yourself. 0

Exercises on implicit differentiation

29.1 - Find the derivative f'(z) if y = f(x) satisfies

(a) wy = % (b) sin(zy) = }

© o1, =1 () +y=ay

(e (y—1)*+x=0 ) y+1)*+y—z=0
(8) (y—x)’+2=0 (h) (y+2)*+2y—2=0
() (- 1)°+2=0 G) (VP +1)*—z=0
(k) 2’ + 2y +y° =3 (1) sinz +siny =1

(m) sinz +ay+y° =7 (n) tanz +tany =1

For each of these problems state what the expressions F(z,y), G(z,y) and H(z,y) from
the recipe in the beginning of this section are.

If you can find an explicit description of the function y = f(x), say what it is.
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29.2 - For each of the following explicitly defined functions find an implicit definition
which does not involve taking roots. Then use this description to find the derivative

dy/da.
(@ y=flz)=Vvli—= (b) y=f(z) = vz + a2
(y=flz)=v1-Vz d)y=f(z)= Yz -z
() y=f(z) = \/V2z +1— a2 () y=flz) = ¥z + 22
() y=fla)=Vz—V2r+1 (h) y = f(z) = /&

29.3 (Inverse trig review) — Simplify the following expressions, and indicate for which
values of = (or 6, or ...) your simplification is valid. In case of doubt, try plotting the
function on a graphing calculator.

(a) sinarcsinz (b) tanarctan z

)

(c) cosarcsinz (d) tanarcsin@
)
)

)
(e)
(g)

arctan(tan 0) (f) arcsin(sin®)

cot arctan (h) cotarcsinx

29.4 — Now that you know the derivatives of arcsin and arctan, you can find the derivatives
of the following functions. What are they?

(a) f(z) = arcsin(2z)

(c) f(x) = arctan(sin x)

(e) f(z)

(arcsin z) 2

(8) f(z) = VI~ (arcsmz)?

Exercises on rates of change

(b) f(x) = arcsin/z

(d) f(z) =sinarctanx

1

6 f(=) = 1+ (arctan x)?
arctan
(h) f(z) = Arcsinz

29.5 — A 10 foot long pole has one end (B) on the floor and another (A) against a wall.

pole of length 10 ft

e
b(t)

If the bottom of the pole is 8 feet away from the wall, and if it is sliding away from the
wall at 7 feet per second, then with what speed is the top (A) going down?

29.6 — A pole 10 feet long rests against a vertical wall. If the bottom of the pole slides
away from the wall at a speed of 2 ft/s, how fast is the angle between the top of the pole
and the wall changing when the angle is 7/4 radians?



73

29.7 — A pole 13 meters long is leaning against a wall. The bottom of the pole is pulled
along the ground away from the wall at the rate of 2 m/s. How fast is its height on the
wall decreasing when the foot of the pole is 5 m away from the wall?

29.8 — A television camera is positioned 4000 ft from the base of a rocket launching pad.
A rocket rises vertically and its speed is 600 ft/s when it has risen 3000 feet.

(a) How fast is the distance from the television camera to the rocket changing at that
moment?

(b) How fast is the camera’s angle of elevation changing at that same moment? (Assume
that the television camera points toward the rocket.)

29.9 — A 2-foot tall dog is walking away from a streetlight which is on a 10-foot pole. At
a certain moment, the tip of the dogs shadow is moving away from the streetlight at 5
feet per second. How fast is the dog walking at that moment?

29.10 — An isosceles triangle is changing its shape: the lengths of the two equal sides
remain fixed at 2 inch, but the angle 6(t) between them changes.

Let A(t) be the area of the triangle at time ¢. If the area increases at a constant rate
of 0.5inch? /sec, then how fast is the angle increasing or decreasing when 6 = 60°?

29.11 — A point P is moving in the first quadrant of the plane. Its motion is parallel to
the z-axis; its distance to the z-axis is always 10 (feet). Its velocity is 3 feet per second to
the left. We write 0 for the angle between the positive z-axis and the line segment from
the origin to P.

(a) Make a drawing of the point P.
(b) Where is the point when 6 = 7/3?

(c) Compute the rate of change of the angle 6 at the moment that § = Z.

29.12 — The point @ is moving on the line y = = with velocity 3 m/sec. Find the rate of
change of the following quantities at the moment in which @ is at the point (1,1):

(a) the distance from @ to the origin,
(b) the distance from @ to the point R(2,0),
(c) the angle ZORQ where R is again the point R(2,0).

2

29.18 — A point P is sliding on the parabola with equation y = z*. Its xz-coordinate is

increasing at a constant rate of 2 feet/minute.
Find the rate of change of the following quantities at the moment that P is at (3,9):
(a) the distance from P to the origin,

(b) the area of the rectangle whose lower left corner is the origin and whose upper right
corner is P,

(c) the slope of the tangent to the parabola at @,

(d) the angle ZOPQ where @ is the point (0, 3).
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29.14 — A certain amount of gas is trapped in a cylinder with a piston. The ideal gas
law from thermodynamics says that if the cylinder is not heated, and if the piston moves
slowly, then one has

pV =CT
where p is the pressure in the gas, V' is its volume, T its temperature (in degrees Kelvin)
and C is a constant depending on the amount of gas trapped in the cylinder.

(a) If the pressure is 10psi (pounds per square inch), if the volume is 25inch®, and if the
piston is moving so that the gas volume is expanding at a rate of 2inch® per minute, then
what is the rate of change of the pressure?

(b) The ideal gas law turns out to be only approximately true. A more accurate description
of gases is given by van der Waals’ equation of state, which says that

a

(p+3z)(V-b=C
where a, b, C' are constants depending on the temperature and the amount and type of gas
in the cylinder.

Suppose that the cylinder contains fictitious gas for which one has a = 12 and b = 3.
Suppose that at some moment the volume of gas is 12in?, the pressure is 25psi and suppose
the gas is expanding at 2 inch® per minute. Then how fast is the pressure changing?
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V. Graph Sketching and Max-Min Problems

The signs of the first and second derivatives of a function tell us something about the
shape of its graph. In this chapter we learn how to find that information.

30. Tangent and Normal lines to a graph

The slope of the tangent the tangent to the graph of f at the point (a, f(a)) is

(29) m = f'(a)
and hence the equation for the tangent is
(30) y = f(a) + f'(a)(z - a).

The slope of the normal line to the graph is —1/m and thus one could write the equation
for the normal as

T—a
(31) y=fla) — ——.
f'(a)

When f’(a) = 0 the tangent is horizontal, and hence the normal is vertical. In this case
the equation for the normal cannot be written as in , but instead one gets the simpler

equation

y = f(a).
Both cases are covered by this form of the equation for the normal
(32) =a+ f'(a)(f(a) — ).

Both and are formulas that you shouldn’t try to remember. It is easier to
remember that if the slope of the tangent is m = f/(a), then the slope of the normal is
—1/m.

I

Figure 14. Why the slope of the normal is —1/(the slope of the tangent).
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31. The intermediate value theorem

You could say that a function is continuous if you can draw its graph with out taking
your pencil off the paper. A more precise version is the intermediate value theorem:

Theorem 31.1. If f is a continuous function on an interval a < x < b, and if y is some
number between f(a) and f(b), then there is a number ¢ with a < ¢ < b such that f(c) = y.

Here “y between f(a) and f(b)” means that f(a) < y < f(b) if f(a) < f(b), and
f(0) <y < fla) if f(b) < f(a).

Example — Square root of 2

Consider the function f(z) = z2. Since f(1) < 2 and f(2) = 4 > 2 the intermediate
value theorem with a =1, b = 2, y = 2 tells us that there is a number ¢ between 1 and 2
such that f(c) = 2, i.e. for which ¢* = 2. So the theorem tells us that the square root of
2 exists.

us

Example — The equation 0 + sinf = 7

Consider the function f(z) = z +sinz. It is a continuous function at all z, so from
f(0) = 0 and f(m) = 7 it follows that there is a number 6 between 0 and 7 such that
f(0) = 7/2. In other words, the equation

(33) 0+ sinf = g

has a solution 6 with 0 < # < w/2. Unlike the previous example, where we knew the
solution was v/2, there is no simple formula for the solution to .

Example — Solving 1/x = 0

If we apply the intermediate value theorem to the function f(xz) = 1/z on the interval
[a,b] = [—1,1], then we see that for any y between f(a) = f(—1) = —1land f(b) = f(1) =1
there is a number c in the interval [—1, 1] such that 1/c = y. For instance, we could choose
y = 0 (that’s between —1 and +1), and conclude that there is some ¢ with —1 < ¢ <1
and 1/c = 0.

But there is no such ¢, because 1/c is never zero! So we have done something wrong,
and the mistake we made is that we overlooked that our function f(z) = 1/z is not defined
on the whole interval —1 < x < 1 because it is not defined at x = 0. The moral: always
check the hypotheses of a theorem before you use it!

32. Finding sign changes of a function

The intermediate value theorem implies the following very useful fact.

Theorem 32.1. If f is continuous function on some interval a < x < b, and if f(z) #0
for all x in this interval, then f(x) is either positive for all a < x < b or else it is negative
foralla < x <b.

Proof. The theorem says that there can’t be two numbers a < z1 < z2 < bsuch that f(z1)
and f(z2) have opposite signs. If there were two such numbers then the intermediate value
theorem would imply that somewhere between x1 and z2 there was a ¢ with f(c¢) = 0.
But we are assuming that f(c) # 0 whenever a < ¢ < b. O
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32.1. Example

Consider
f(@) = (@ - 3)(@ — 1)’ (22 +1)°.
The zeros of f (i.e. the solutions of f(z) = 0) are
1
-=,1,3.
2 ) ) 3
Theorem tells us that f(z) must have the same sign for all  between these zeros.
We can find those signs by computing f(z) for one = from each interval between two
consecutive zeros. We find

FED) = ((27(=3)* >0 =  f(@)>0fora< 1
J0) = (-3)(-1’(1)* <0 —  fa)<0for ~L<a<1
F2) = (“DARE) <0 = fla)<0for1<z<3

S = MEPO >0 —  f@)>0fora >3,

When the given function is factored into simple functions, as in this example, there is
a different way of finding out where f is positive, and where f is negative. For each of
the factors © — 3, (z — 1)? and (2z + 1)3 it is easy to determine the sign, for any given x.
These signs can only change at a zero of the factor. Thus we have

e 1 — 3 is positive for > 3 and negative for x < 3;
e (z —1)? is always positive (except at z = 1);

e (22 +1)® is positive for z > —1 and negative for z < —1.

Multiplying these signs we get the same conclusions as above. We can summarize this
computation in the following diagram:

- - - - - - - - - ot x-3
~
|
I
+ o+ o+ o+ 4+ + o+ o+ o+ o+ o+ 2
o ; (-1)
! |
- - ! |
M T (2X+1)3
~ | |
I ' !
T
o+ N o+ o+ + )
-1/2 1 3

33. Increasing and decreasing functions

Here are four very similar definitions — look closely to see how they differ.

e A function is called increasing if a < b implies f(a) < f(b) for all numbers a and
b in the domain of f.

o A function is called decreasing if a < b implies f(a) > f(b) for all numbers a and
b in the domain of f.

e The function f is called non-increasing if a < b implies f(a) < f(b) for all
numbers ¢ and b in the domain of f.

e The function f is called non-decreasing if a < b implies f(b) > f(b) for all
numbers a and b in the domain of f.
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You can summarize these definitions as follows:
fis ... if for all ¢ and b one has...

Increasing: a <b = f(a) < f(b)

Decreasing: a <b = f(a) > f(b)
Non-increasing: a <b = f(a) > f(b)
Non-decreasing: a <b = f(a) < f(b)

The sign of the derivaitve of f tells you if f is increasing or not. More precisely:
Theorem 33.1. If a function is non-decreasing on an interval a < z < b then f'(z) >0
for all x in that interval.

If a function is non-increasing on an interval a < x < b then f'(z) <0 for all x in that
interval.

For instance, if f is non-decreasing, then for any given x and any positive Ax one has
f(x 4+ Az) > f(z) and hence

flz+ Ax) — f(z)

> 0.
Az =0

now let Az \, 0 and you find that

Py tim T@ AT~ @)

> 0.
AzN\0 Ax -

What about the converse, i.e. if you know the sign of f’ then what can you say about
f7 For this we have the following

Theorem 33.2. Suppose f is a differentiable function on an interval (a,b).
If f'(z) > 0 for all a < x < b, then f is increasing.
If /() <0 for alla < x < b, then f is decreasing.

Figure 15. According to the Mean Value Theorem there always is some number
¢ between a and b such that the tangent to the graph of f is parallel to the line
segment connecting the two points (a, f(a)) and (b, f(b)). This is true for any
choice of a and b; ¢ depends on a and b of course.

The proof is based on the Mean Value theorem which also finds use in many other
situations:



34. Examples

34.1. Example:

79

Theorem 33.3 (The Mean Value Theorem). If f is a differentiable function on the
interval a < x < b, then there is some number ¢, with a < ¢ < b such that

Flg =10

Proof of theorem[33.9 We show that f’(z) > 0 for all z implies that f is increasing. Let
x1 < x2 be two numbers between a and b. Then the Mean Value Theorem implies that
there is some ¢ between x; and x2 such that

Floy = L@2) = @)

T2 — I

flax2) = f(z1) = f'(c) (w2 — x1).

Since we know that f'(c) > 0 and z2 — z1 > 0 it follows that f(z2) — f(z1) > 0, i.e.
f(z2) > f(z1). O

Armed with these theorems we can now split the graph of any function into increasing
and decreasing parts simply by computing the derivative f’(z) and finding out where
f'(z) > 0 and where f'(z) < 0 — i.e. we apply the method form the previous section to f’
rather than f.

the parabola y = 2

The familiar graph of f(z) = 2 consists of two parts, one decreasing and one increasing.
You can see this from the derivative which is

fi
F) =20 >0 forxz>0
<0 forx<O.

Therefore the function f(z) = 2 is

decreasing for z < 0
increasing for = > 0.

Figure 16. Increasing and decreasing branches of the parabola



34.2. Example:

34.3. Graph of
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the hyperbola y = 1/x
The derivative of the function f(z) =1/z =z is

flz) = ——

a2
which is always negative. You would therefore think that this function is decreasing, or
at least non-increasing: if @ < b then 1/a > 1/b. But this isn’t true if you take a = —1
and b= 1:

a=-1<1=b, butlz—1<1:1!!
a b

The problem is that we used theorem but it you carefully read that theorem then you
see that it applies to functions that are defined on an interval. The function in this
example, f(z) = 1/z, is not defined on the interval —1 < z < 1 because it isn’t defined at
2 = 0. That’s why you can’t conclude that the f(z) = 1/z is increasing from = = —1 to
= +1.

On the other hand, the function is defined and differentiable on the interval 0 < z < oo,
so theorem tells us that f(z) = 1/ is decreasing for = > 0. This means, that as long
as x is positive, increasing x will decrease 1/x.

Figure 17. The graph of y = 1/x consists of two decreasing pieces.

a cubic function

Consider the function

Its derivative is
f(x) =32 — 1.

We try to find out where f’ is positive, and where it is negative by factoring f’(x)

F@) =3 = 1) =3+ 1) (e - 1)
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f(x) >0 for z < —é\/g
f'(z) <0 for —%\/§<x<%\/§
f'(z) >0 for z > %\/g

Therefore the function f is

increasing on (—oo, —%\/g)
decreasing on (—%\/57 %\/3)

increasing on (1\/§, oo)

3

At the two points x = :I:%\@ one has f’(z) = 0 so there the tangent will be horizontal.
This leads us to the following picture of the graph of f:

fi(z)>0

f'(z) <0 f'(z) >0

_ _1
T=-3V3

=13

Figure 18. The graph of f(z) = 2% — x.

34.4. A function whose tangent turns up and down infinitely often near the origin

We end with a weird example.

Somewhere in the mathematician’s zoo of curious

functions the following will be on exhibit. Consider the function

flz) = g +2° sing.

For x = 0 this formula is undefined, and we are free to define f(0) = 0. This makes
the function continuous at = 0. In fact, this function is differentiable at x = 0, with

derivative given by

£ (0) = lim il

z) — £(0)

N | =

't .o
= lim = + xsin —
2 x

xz—0

z—0

(To find the limit apply the sandwich theorem to —|z| < zsin T < |z].)
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Figure 19. Positive derivative at a point (x = 0) does not mean that the function
is “increasing near that point.” The slopes at the intersection points alternate
1

between 5 — 7 and % + 7.

So the slope of the tangent to the graph at the origin is positive (%), and one would
think that the function should be increasing near x = 0 (i.e. bigger x gives bigger f(z).)
The point of this example is that this turns out not to be true.

To explain why not, we must compute the derivative of this function for x # 0. It is
given by

1
fl(z)=Z - 7 cos = + 2z sin —.
x x

2
Now consider the sequence of intersection points Pi, Ps,... of the graph with the line
y = x/2. They are
1
Pk(xk7yk)7 Tk = E? Yk :f(xk)

For larger and larger k the points Pi tend to the origin (the z coordinate is % which goes
to 0 as k — o0). The slope of the tangent at Py is given by

(an) = = — moos —— 42 gin
f(:vk)—2 Wcosl/k+2ksml/k

1 2
=3 —mcoskm + Esinlwr

2

—1 7~ —2.64159265358979... for k even
% + 7~ +3.64159265358979 . . . for k odd

In other words, along the sequence of points Py the slope of the tangent flip-flops between

% — 7 and % + 7, i.e. between a positive and a negative number.

In particular, the slope of the tangent at the odd intersection points is negative, and
so you would expect the function to be decreasing there. In other words we see that even
though the derivative at © = 0 of this function is positive, there are points on
the graph arbitrarily close to the origin where the tangent has negative slope.
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35. Maxima and Minima

A function has a global mazimum at some «a in its domain if f(z) < f(a) for all other
z in the domain of f. Global maxima are sometimes also called “absolute maxima.”

A function has a local mazximum at some a in its domain if there is a small § > 0
such that f(z) < f(a) for all z with a — 6 < < a + § which lie in the domain of f.
Every global maximum is a local maximum, but a local maximum doesn’t have to be
a global maximum.

abs max

loc max

loc max
loc min

le)

IS}
= S

abs min

Figure 20. A function defined on an interval [a, b] with one interior absolute min-

imum, another interior local minimum, an interior local maximum, and two local
maxima on the boundary, one of which is in fact an absolute maximum.

35.1. Where to find local maxima and minima

Any x value for which f'(z) = 0 is called a stationary point for the function f.
Theorem 35.1. Suppose f is a differentiable function on some interval [a, b].

Every local mazximum or minimum of f is either one of the end points of the interval
[a,b], or else it is a stationary point for the function f.

Proof. Suppose that f has a local maximum at x and suppose that = is not a or b. By
assumption the left and right hand limits

oy flz+ Az) — f(x) N s
fix)= L\lglcrgo B e— and f'(z) = lim
both exist and they are equal.

Azx\0

f(z + Az) — f(z)
Az
Since f has a local maximum at = we have f(z + Az) — f(z) <0if = < Az < 4. In
the first limit we also have Az < 0, so that
L flat Ax) — ()

<0
Az 0 Az -
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Hence f'(z) < 0.
In the second limit we have Az > 0, so

lim LEFA2) — @) S
AzN\0 Ax

which implies f'(z) > 0.

Thus we have shown that f'(z) <0 and f'(z) > 0 at the same time. This can only be
true if f'(z) = 0. O

35.2. How to tell if a stationary point is a maximum, a minimum, or neither

If f'(¢) = 0 then c is a stationary point (by definition), and it might be local maximum
or a local minimum. You can tell what kind of stationary point c¢ is by looking at the
signs of f'(z) for = near c.

Theorem 35.2. If in some small interval (c — 6, ¢+ &) you have f'(z) < 0 for x < c and
f'(z) > 0 for x > c then f has a local mazimum at T = c.

If in some small interval (c — §,c+ ) you have f'(z) < 0 for x < c and f'(z) > 0 for
x > ¢ then f has a local mazimum at x = c.

The reason is simple: if f increases to the left of ¢ and decreases to the right of ¢ then
it has a maximum at c¢. More precisely:

if f’(x) > 0 for = between c—¢ and ¢, then f is increasing for c—6 < z < ¢
and therefore f(z) < f(c) for x between ¢ — ¢ and c.

If in addition f’(x) < 0 for £ > c then f is decreasing for = between c
and ¢+ 4, so that f(z) < f(c) for those .

Combine these two facts and you get f(z) < f(c) forc—6 < z < c+9.

35.3. Example — local maxima and minima of f(z) = 2® —

In §34.3| we had found that the function f(z) = 2® — z is decreasing when —co < = <
—1/3, and also when %,/3 < 2 < oo, while it is increasing when —3/3 < z < /3. It
follows that the function has a local minimum at x = —1./3, and a local maximum at

1

Neither the local maximum nor the local minimum are global max or min since

lim f(z) =4oc0 and lim f(z) = —o0.

35.4. A stationary point that is neither a maximum nor a minimum

If you look for stationary points of the
function f(z) = z® you find that there’s
only one, namely x = 0. The derivative
f'(z) = 322 does not change sign at z = 0,
so the test in Theorem does not tell us
anything.

And in fact, z = 0 is neither a local maxi-
mum nor a local minimum since f(z) < f(0)
for £ < 0 and f(z) > 0 for z > 0.
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36. Must there always be a maximum?

Theorem is very useful since it tells you how to find (local) maxima and minima.
The following theorem is also useful, but in a different way. It doesn’t say how to find
maxima or minima, but it tells you that they do exist, and hence that you are not wasting
your time trying to find a maximum or minimum.

Theorem 36.1. Let f be continuous function defined on the closed interval a < x < b.
Then f attains its maximum and also its minimum somewhere in this interval. In other
words there exist real numbers ¢ and d such that

fle) < f(z) < f(d)
whenever a < x < b.
The proof of this theorem requires a more careful definition of the real numbers than

we have given in Chapter 1, and we will take the theorem for granted.

37. Examples — functions with and without maxima or minima

In the following three example we explore what can happen if some of the hypotheses
in Theorem [36.1] are not met.

Question: Does the function

r for0<z<1
f) = {O for x = 1.

have a maximum on the interval 0 < x <17

=
—~
[
N
Il
o

R P

Figure 21. A function without a maximum

Answer: No. What would the maximal value be? Since
lim f(z) = lim o =1

The maximal value cannot be less than 1. On the other hand the function is never larger
than 1. So if there were a number «a in the interval [0, 1] such that f(a) was the maximal
value of f, then we would have f(a) = 1. If you now search the interval for numbers a
with f(a) = 1, then you notice that such an a does not exist. Conclusion: this function
does not attain its maximum on the interval [0, 1].
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What about Theorem [36.1 That theorem only applies to continuous functions, and
the function f in this example is not continuous at x = 1. For at x = 1 one has

F(1) =0 1= lim f(o).

So all it takes for the Theorem to fail is that the function f be discontinuous at just one
point.

Question: Does the function

have a maximum or minimum?

Answer: The function has a maximum at x = 1, but it has no minimum.

Concerning the maximum: if x > 1 then f(z) = 1/x < 1, while f(1) = 1. Hence
f(z) < f(1) for all z in the interval [1,00) and that is why f attains its maximum at
=1

1 |--- max

min?

1
1
Figure 22. f(z) = 1/ has a maximum but no minimum on the interval 1 < z < oo.

If we look for a minimal value of f then we note that f(z) > 0 for all  in the interval
[1,00), and also that

lim f(z) =0,
Tr— 00
so that ¢f f attains a minimum at some a with 1 < a < oo, then the minimal value f(a)

must be zero. However, the equation f(a) = 0 has no solution — f does not attain its
minimum.

Why does Theorem [36.1] not apply? In this example the function f is continuous on the
whole interval [1,00), but this interval is not a closed interval, i.e. it is not of the form
[a,b] (it does not include its endpoints).

38. General method for sketching the graph of a function

Given a differentiable function f defined on some interval a < x < b, you can find the
increasing and decreasing parts of the graph, as well as all the local maxima and minima
by following this procedure:

(1) find all solutions of f'(z) = 0 in the interval [a, b]: these are called the critical or
stationary points for f.

(2) find the sign of f'(z) at all other points

(3) each stationary point at which f’(z) actually changes sign is a local maximum or
local minimum. Compute the function value f(z) at each stationary point.

(4) compute the function values at the endpoints of the interval, i.e. compute f(a)
and f(b).

(5) the absolute maximum is attained at the stationary point or the boundary point
with the highest function value; the absolute minimum occurs at the boundary
or stationary point with the smallest function value.
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If the interval is unbounded, i.e. if the function is defined for —oo < & < oo then you can’t
compute the values f(a) and f(b), but instead you should compute limgy— 40 f(2).

38.1. Example — the graph of a rational function
Let’s “sketch the graph” of the function
z(1 —x)

@)=
By looking at the signs of numerator and denominator we see that

flz)>0for0<z <1
f(z) <0 for z < 0 and also for z > 1.

We compute the derivative of f
1— 2z — 22
fl@)=——"—5.
(1+a?)
Hence f'(z) = 0 holds if and only if
1-2c—2>=0

and the solutions to this quadratic equation are —1 £+ /2. These two roots will appear
several times and it will shorten our formulas if we abbreviate

A=-1—+/2and B=-1+4,/2.
To see if the derivative changes sign we factor the numerator and denominator. The
denominator is always positive, and the numerator is
2 -2 4+1=—(z"+22—-1)=—(z — A)(z — B).

Therefore
<0 forz< A
f){>0 forA<z<B
<0 forz>B

It follows that f is decreasing on the interval (—oo, A), increasing on the interval (A, B)
and decreasing again on the interval (B, co). Therefore

A is a local minimum, and B is a local maximum.

Are these global maxima and minima?

abs. max.

____________________ (e

abs. min.

Figure 23. The graph of f(z) = (z — 22)/(1 + z?)
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Since we are dealing with an unbounded interval we must compute the limits of f(z)
as © — oo. You find

lim f(z) = lim_f(z) = 1.
Since f is decreasing between —oo and A, it follows that
fA) < f(z) < —lfor —oco <z <A
Similarly, f is decreasing from B to 400, so
-1 < f(z) < f(=1++/2) for B <z < oo.
Between the two stationary points the function is increasing, so
F(=1=v2) < f(@) < f(B) for A<z < B.

From this it follows that f(x) is the smallest it can be when z = A = —1 — /2 and at its
largest when x = B = —1 4 4/2: the local maximum and minimum which we found are in
fact a global maximum and minimum.

39. Convexity, Concavity and the Second Derivative

By definition, a function f is convex on some interval a < x < b if the line segment
connecting any pair of points on the graph lies above the piece of the graph between those
two points.

The function is called concave if the line segment connecting any pair of points on the
graph lies below the piece of the graph between those two points.

A point on the graph of f where f”(x) changes sign is called an inflection point.

convex not convex

Figure 24. If a graph is convex then all chords lie above the graph. If it is not
convex then some chords will cross the graph or lie below it.

Instead of “convex” and “concave” one often says ”curved upwards” or ”curved down-
wards.”
You can use the second derivative to tell if a function is concave or convex.

Theorem 39.1. A function f is conver on some interval a < x < b if and only if
() >0 for all z on that interval.

Theorem 39.2. A function f is convex on some interval a < x < b if and only if the
derivative f'(x) is a nondecreasing function on that interval.

A proof using the Mean Value Theorem will be given in class.
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f(z)>0
() <0

Figure 25. At an inflection point the tangent crosses the graph.

39.1. Example — the cubic function f(z) = 2* — x

The second derivative of the function f(z) = 2 — = is

f’(z) =6z

which is positive for z > 0 and negative for z < 0. Hence, in the graph in §34.3] the origin
is an inflection point, and the piece of the graph where z > 0 is convex, while the piece
where x < 0 is concave.

39.2. The second derivative test

In §35-2] we saw how you can tell if a stationary point is a local maximum or minimum
by looking at the sign changes of f’(z). There is another way of distinguishing between
local maxima and minima which involves computing the second derivative.

Theorem 39.3. If ¢ is a stationary point for a function f, and if f"'(c) < 0 then f has
a local mazimum at x = c.

If f(c) > 0 then f has a local minimum at c.

The theorem doesn’t say what happens when f”(c) = 0. In that case you must go back
to checking the signs of the first derivative near the stationary point.

The basic reason why this theorem is true is that if c is a stationary point with f”(c) > 0
then “f’(z) is increasing near x = ¢” and hence f'(x) < 0 for z < ¢ and f'(z) > 0 for
x > c. So the function f is decreasing for < ¢ and increasing for « > ¢, and therefore it
reaches a local minimum at x = c.

39.3. Example — that cubic function again

Consider the function f(z) = 2® — z from and §39.1 We had found that this
function has two stationary points, namely at =z = :I:%\/3‘ By looking at the sign of
f'(z) = 3z*> — 1 we concluded that —$/3 is a local maximum while +1./3 is a local
minimum. Instead of looking at f’(z) we could also have computed f”(z) at z = £3./3
and applied the second derivative test. Here is how it goes:

Since f”(z) = 6x we have
f(=3v3) = =23 < 0and f"(5/3) =23 >0.

Therefore f has a local maximum at f%\/?) and a local minimum at %\/3
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39.4. When the second derivative test doesn’t work

Usually the second derivative test will work, but sometimes a stationary point ¢ has
f"(c) = 0. In this case the second derivative test gives no information at all. The figure
below shows you the graphs of three functions, all three of which have a stationary point
at x = 0. In all three cases the second derivative vanishes at x = 0 so the second derivative
test says nothing. As you can see, the stationary point can be a local maximum, a local
minimum, or neither.

H
A

Figure 26. Three functions for which the second derivative test doesn’t work.

40. Proofs of some of the theorems
40.1. Proof of the Mean Value Theorem

Let m be the slope of the chord connecting the points (a, f(a)) and (b, f(b)), i.e.
1) - fla)
b—a '
and consider the function
g9(z) = f(z) — f(a) —m(z —a).
This function is continuous (since f is continuous), and g attains its maximum and mini-
mum at two numbers Cmin and Cmax.

There are now two possibilities: either at least one of ¢min Or Cmax iS an interior point,
or else both cmin and cmax are endpoints of the interval a < x < b.

Consider the first case: one of these two numbers is an interior point, i.e. if a < ¢min < b
or a < Cmax < b, then the derivative of g must vanish at cmin Or Cmax. If one has
gl(cmin) = 0, then one has

0= g'(cmin) = f'(Cmin) — m,i.e. m = ' (Cmin)-

The definition of m implies that one gets

’ . _ f(b) - f(a)
f (len) = b—a .
If ¢'(cmax) = 0 then one gets m = f’(cmax) and hence
/ _ f®) - f(a)
Sleman) =25 =

We are left with the remaining case, in which both ¢min and cmax are end points. To
deal with this case note that at the endpoints one has

g(a) =0 and g(b) = 0.
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Thus the maximal and minimal values of g are both zero! This means that g(z) = 0 for
all z, and thus that g’(z) = 0 for all z. Therefore we get f'(xz) = m for all z, and not just
for some c.

40.2. Proof of Theorem[33.1]

If f is a non-increasing function and if it is differentiable at some interior point a, then
we must show that f'(a) > 0.

Since f is non-decreasing, one has f(z) > f(a) for all x > a. Hence one also has
T—a
for all z > a. Let z \, a, and you get
f'(a) = lim M > 0.

N\ a Tr—a -

40.3. Proof of Theorem|[33.2

Exercises

Suppose f is a differentiable function on an interval a < x < b, and suppose that
f'(z) > 0 on that interval. We must show that f is non-decreasing on that interval, i.e.
we have to show that if 1 < z2 are two numbers in the interval (a, b), then f(z1) > f(z2).
To prove this we use the Mean Value Theorem: given x1 and x2 the Mean Value Theorem
hands us a number ¢ with 1 < ¢ < x2, and

oy = L@ = S@),

T2 — T1

We don’t know where c is exactly, but it doesn’t matter because we do know that wherever
c is we have f’(c) > 0. Hence

f(@2) — f(z1) > 0.
T2 — T1
Multiply with 22 — z1 (which we are allowed to do since x2 > x1 so 2 — z1 > 0) and you
get

f(z2) = f(x1) 20,

as claimed.

40.1 — Find equations for the tangent and normal lines

to the curve ... at the point...
y=42/(1+2°) (1,2)
y=8/(4+z%) (2,1)
y? =2z + a° (2,2)
zy =3 (1,3)

0.2 — Does the curve y = 2* — 2% + 2 have any horizontal tangents? If so, where?

B

40.3 — At some point (a, f(a)) on the graph of f(z) = —1 + 2z — 2? the tangent to this
graph goes through the origin. Which point is it?




40.4 - (a) What does the Intermediate Value Theorem say?

(b) What does the Mean Value Theorem say?

(¢) If f(a) =0 and f(b) =0 then there is a c between a and b such that f'(c) = 0.
Show that this follows from the Mean Value Theorem. (Help! A proof! Relax: this one is
not difficult. Make a drawing of the situation, then read the Mean Value Theorem again.)

(d) What is a stationary point?
(e) How can you tell if a local maximum is a global maximum?
(f) What is an inflection point?

(g) Give an example of a function for which f”(0) = 0 even though the graph of does not
have an inflection point at z = 0.

(h) Draw four graphs of functions, one for each of the following four combinations

f/>0and f’ >0 f >0and f' <0
f <0and f' >0 f'<0and f' <0

0.5 — Sketch the graph of the following functions. You should

(1) find where f, f' and f” are positive or negative
(2) find all stationary points
(3) decide which stationary points are local maxima or minima
(4) decide which local max/minima are in fact global max/minima
(5) find all inflection points
(6) find “horizontal asymptotes,

priate.

7 i.e. compute the limits limg—,+o0 f(z) when appro-

(a) y = 2® + 227 (b) y = 2° — 42°
(c) y=a" + 27z (d) y=a* — 27z
(e) y=a*+22° -3 (f) y=a* — 52 +4
(g) y =a° + 16z (h) y = 2° — 16z
W@ N o
(M) y=—" W=ty

2 1+2°
k )y =
®v=110 Dv=T7
(m :x‘|'l (n :a:—l

x x
(o) y=a+22" + =z (p)y=2a+22" -2
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40.6 — The following functions are periodic, i.e. they satisfy f(z 4+ L) = f(z) for all z,
where the constant L is called the period of the function. The graph of a periodic function
repeats itself indefinitely to the left and to the right. It therefore has infinitely many
(local) minima and maxima, and infinitely many inflections points. Sketch the graphs of
the following functions as in the previous problem, but only list those “interesting points”
that lie in the interval 0 < z < 2m.

(a) y=sinz (b) y =sinz + cosz
(c) y =sinz +sin’ z (d) y = 2sinz + sin® z
(e) y = 4sinz +sin’ (f) y =2cosx +cos’ x
4 . 2
_ h 94
(8) y= 2t sing (h) y ( —‘,—blnx)

40.7 - Find the domain and sketch the graphs of each of the following functions

(a) y = arcsinz (b) y = arctanz (c) y =2arctanz — x

(d) y = arctan(z?) (e) y = 3arcsin(z) — bz (f) y = 6arcsin(z) — 10z
40.8 — In the following two problems it is not possible to solve the equation f'(z) =0,
but you can tell something from the second derivative.
(a) Show that the function f(z) = zarctanz is convex. Then sketch the graph of f.
(b) Show that the function g(z) = zarcsinx is convex. Then sketch the graph of g.

40.9 — For each of the following functions use the derivative to decide if they are increasing,
decreasing or neither on the indicated intervals

(@) f(2) = {73 10 < 2 < oo
o) 1) = 5 < <o
(© f@) = 5 0<a<t
(@) f(a) = 252 0<z<oo

3 —x
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41. Optimization Problems

Often a problem can be phrased as
For which value of x in the interval a < x < b is f(x) the largest?

In other words you are given a function f on an interval [a, b] and you must find all global
maxima of f on this interval.

If the function is continuous then according to theorem [36.1] there always is at least
one z in the interval [a, b] which maximizes f(x).

If f is differentiable then we know what to do: any local maximum is either a stationary
point or one of the end points a and b. Therefore you can find the global maxima by
following this recipe:

(1) Find all stationary points of f;

(2) Compute f(z) at each stationary point you found in step (1);

(3) Compute f(a) and f(b);

(4) The global maxima are those stationary- or endpoints from steps (2) and (3)
which have the largest function value.

Usually there is only one global maximum, but sometimes there can be more.

If you have to minimize rather than maximize a function, then you must look for global
minima. The same recipe works (of course you should look for the smallest function value
instead of the largest in step 4.)

The difficulty in optimization problems frequently lies not with the calculus part, but
rather with setting up the problem. Choosing which quantity to call x and finding the
function f is half the job.

41.1. Example — The rectangle with largest area and given perimeter

Which rectangle has the largest area, among all those rectangles for which the total
length of the sides is 17

Solution. If the sides of the rectangle have lengths  and y, then the total length of the
sides is
L=zx+4zs+y+y=20x+y)
and the area of the rectangle is
A=uxy.
So are asked to find the largest possible value of A = zy provided 2(x +y) = 1. The
lengths of the sides can also not be negative, so z and y must satisfy = > 0, y > 0.

We now want to turn this problem into a question of the form “maximize a function
over some interval.” The quantity which we are asked to maximize is A, but it depends
on two variables x and y instead of just one variable. However, the variables x and y are
not independent since we are only allowed to consider rectangles with L = 1. From this
equation we get

L=1 = y= % —x.
Hence we must find the maximum of the quantity
A=xy= x(% - x)
The values of & which we are allowed to consider are only limited by the requirements
rz>0and y >0,ie z< % So we end up with this problem:

Find the mazimum of the function f(z) = m(l - :c) on the interval 0 < z <

1
2 2"



41.2. Exercises
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Before we start computing anything we note that the function f is a polynomial so that
it is differentiable, and hence continuous, and also that the interval 0 < x < % is closed.
Therefore the theory guarantees that there is a maximum and our recipe will show us
where it is.

The derivative is given by
f/(x) = % - 21:7
and hence the only stationary point is z = i. The function value at this point is
1y 101 1y _ 1
f)=1G-1) = 1%

At the endpoints one has x =0 or x = %, which corresponds to a rectangle one of whose
sides has length zero. The area of such rectangles is zero, and so this is not the maximal

value we are looking for.

We conclude that the largest area is attained by the rectangle whose sides have lengths

)

N

-1 -1 _1_
r=g,andy=45— ;=

i.e. by a square with sides %.

41.1 — By definition, the perimeter of a rectangle is the sum of the lengths of its four
sides. Which rectangle, of all those whose perimeter is 1, has the smallest area? Which
one has the largest area?

41.2 — Which rectangle of area 100in? minimizes its height plus two times its length?

41.3 — You have 1 yard of string from which you make a circular wedge with radius R
and opening angle . Which choice of 8 and R will give you the wedge with the largest
area? Which choice leads to the smallest area?

[A circular wedge is the figure consisting of two radii of a circle and the arc connecting
them. So the yard of string is used to form the two radii and the arc.]

41.4 — A rounded rectangle is a rectangle of width W and height H, with two half circles
on the left and right sides glued on (so the circles have diameter H.) Which rounded
rectangle with area 10in® has the smallest perimeter?

41.5 — (a) You have a sheet of metal with area 100 in® from which you are to make a
cylindrical soup can. If r is the radius of the can and h its height, then which h and r will
give you the can with the largest volume?

(b) If instead of making a plain cylinder you replaced the flat top and bottom of the
cylinder with two spherical caps, then (using the same 100in? os sheet metal), then which
choice of radius and height of the cylinder give you the container with the largest volume?

(c) Suppose you only replace the top of the cylinder with a spherical cap, and leave the
bottom flat, then which choice of height and radius of the cylinder result in the largest
volume?

41.6 — A triangle has one vertex at the origin O(0,0), another at the point A(2a,0) and

the third at (a,a/(14a?)). What are the largest and smallest areas this triangle can have
if0<a<o0?
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41.7 — According to tradition Dido was the founder and first Queen of Carthage. When
she arrived on the north coast of Africa (~800BC) the locals allowed her to take as much
land as could be enclosed with the hide of one ox. She cut the hide into thin strips and
put these together to form a length of 100 yardsﬂ

Q

water

(a) If Dido wanted a rectangular region, then how wide should she choose it to enclose as
much area as possible (the coastal edge of the boundary doesn’t count, so in this problem
the length AB + BC' + C'D is 100 yards.)

(b) If Dido chose a region in the shape of an isosceles triangle PQR, then how wide should
she make it to maximize its area (again, don’t include the coast in the perimiter: PQ+QR
is 100 yards long, and PQ = QR.)

41.8 — The product of two numbers x,y is 16. We know x > 1 and y > 1. What is the
greatest possible sum of the two numbers?

41.9 — What are the smallest and largest values that (sinz)(siny) can have if c +y =7
and if  and y are both nonnegative?

41.10 — What are the smallest and largest values that (cosx)(cosy) can have if x+y = 5
and if z and y are both nonnegative?

41.11 — (a) What are the smallest and largest values that tan z+tany can have if z+y = 7
and if  and y are both nonnegative?
(b) What are the smallest and largest values that tanz + 2tany can have if z +y = 3

and if  and y are both nonnegative?

41.12 — The cost per hour of fuel to run a locomotive is v* /25 dollars, where v is speed
(in miles per hour), and other costs are $100 per hour regardless of speed. What is the
speed that minimizes cost per mile ?

41.18 — Josh is in need of coffee. He has a circular filter with 3 inch radius. He cuts out a
wedge and glues the two edges AC and BC together to make a conical filter to hold the
ground coffee. The volume V of the coffee cone depends the angle 6 of the piece of filter
paper Josh made.

5] made that number up. For the rest start at http://en.wikipedia.org/wiki/Dido


http://en.wikipedia.org/wiki/Dido
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(a) Find the volume in terms of the angle 6. (Hint: how long is the circular arc AB on
the left? How long is the circular top of the cone on the right? If you know that you can
find the radius AD = BD of the top of the cone, and also the height C'D of the cone.)

(b) Which angle § maximizes the volume V'?
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VI. Exponentials and Logarithms

In this chapter we first recall some facts about exponentials (z¥ with x > 0 and y
arbitrary): they should be familiar from algebra, or “precalculus.” What is new is perhaps
the definition of ¥ when y is not a fraction: e.g., 25/ is the 4th root of the third power
of 2 (v/23), but what is 2v2?

Then we ask “what is the derivative of f(z) = a®?” The answer leads us to the famous
number e ~ 2.718 281 828 459 045 235 360 287 471 352 662 497 757 247 09369995 - - - .

Finally, we compute the derivative of f(z) = log, x, and we look at things that “grow
exponentially.”

42. Exponents

Here we go over the definition of ¥ when x and y are arbitrary real numbers, with

z > 0.
For any real number z and any positive integer n = 1,2,3,... one defines
n times
n ,—/\ﬁ
"I: = x . "E ----- x
and, if x # 0,
_n 1
= —.
xn

One defines z° = 1 for any z # 0.

To define z7/? for a general fraction % one must assume that the number x is positive.

One then defines
(34) 2P/ = xp.

This does not tell us how to define x* is the exponent a is not a fraction. One can define
x® for irrational numbers a by taking limits. For example, to define 2\/2, we look at the
sequence of numbers you get by truncating the decimal expansion of /2, i.e.

_ _ __ 14 _ _ 141 _ _ 1414
ay = 1, az=14= 10° az =141 = 100 ag =1.414 = 1000’

Each a., is a fraction, so that we know what 29" is, e.g. 2%¢ = /21414, Qur definition
of 2V2 then is
2V2 = lim 29",

n—oo

i.e. we define 2v? as the limit of the sequence of numbers
27 1[)/2147 100/21417 1000/214147 L.
(See table[2])

Here one ought to prove that this limit exists, and that its value does not depend on
the particular choice of numbers a,, tending to a. We will not go into these details in this
course.

It is shown in precalculus texts that the exponential functions satisfy the following
properties:

(35) ZCa.’L'b — xa+b7 A ma—b’ (:l?a)b _ xab
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T 2%
1.0000000000 | 2.000000000000
1.4000000000 | 2.639015821546
1.4100000000 | 2.657371628193
1.4140000000 | 2.664749650184
1.4142000000 | 2.665119088532
1.4142100000 | 2.665137561794
1.4142130000 | 2.665143103798
1.4142135000 | 2.665144027466

Table 2. Approximating 2V2. Note that as z gets closer to /2 the quantity 2%
appears to converge to some number. This limit is our definition of 2V2.

provided a and b are fractions. One can show that these properties still hold if a and b
are real numbers (not necessarily fractions.) Again, we won’t go through the proofs here.

Now instead of considering x* as a function of x we can pick a positive number a and
consider the function f(z) = a”. This function is defined for all real numbers z (as long
as the base a is positive.).

42.1. The trouble with powers of negative numbers

The cube root of a negative number is well defined. For instance {/—8 = —2 because
(—2)® = —8. In view of the definition of zP/9 we can write this as

1/3 s/;i\/*__

But there is a problem: since % = 1 you would think that (—8)%/6 = (—8)'/%. However
our definition tells us that

8)*/° = {/(~8)? = V464 = +2.
Another example:
(_4)1/2 = /=4 is not defined
but, even though % = %7

2/4 F = /416 = 2 is defined.

There are two ways out of this mess:

(1) avoid taking fractional powers of negative numbers

(2) when you compute zP/9 first simplify the fraction by removing common divisors
of p and q.

The safest is just not to take fractional powers of negative numbers.

Given that fractional powers of negative numbers cause all these headaches it is not

surprising that we didn’t try to define x® for negative x if a is irrational. For example,
(—8)™ is not deﬁnecﬂ

SThere is a definition of (—8)™ which uses complex numbers. You will see this next semester if you
take math 222.



43. Logarithms

Briefly, y = log, « is the inverse function to y = ¢®. This means that, by definition,
y=log, v < x=ad".

In other words, log, = is the answer to the question “for which number y does one have
x = a¥?” The number log, = is called the logarithm with base a of x. In this definition
both a and x must be positive.

For instance,
28=8, 2Y2=y2 27'= %

S0
1 1
log, 8 =3, log,(v/2) = 2 log, 3= -1
Also:
log,(—3) doesn’t exist
because there is no number y for which 2¥ = —3 (2¥ is always positive) and

log_5 2 doesn’t exist either

because y = log_; 2 would have to be some real number which satisfies (—3)Y = 2, and
we don’t take non-integer powers of negative numbers.

44. Properties of logarithms

In general one has

log, ©

log, a” =z, and a = .

There is a subtle difference between these formulas: the first one holds for all real numbers
x, but the second only holds for x > 0, since log, z doesn’t make sense for z < 0.

Again, one finds the following formulas in precalculus texts:

log, zy = log, = + log, y
T
loga Z = ]‘Oga T — loga Yy

(36) log, z¥ = ylog, =
log, @ = log,
log, a

They follow from .

45. Graphs of exponential functions and logarithms

Figure [27] shows the graphs of some exponential functions y = a® with different values
of a, and figure shows the graphs of y = log, z, y = logs z, log, )5z, log1/3(x) and
y = log,, z. Can you tell which is which? (Yes, you can.)

From algebra/precalc recall:

’If a > 1 then f(z) = a” is an increasing function. ‘

and

’ If 0 < a <1 then f(x) =a” is a decreasing function. ‘

In other words, for a > 1 it follows from z1 < w2 that a®' < a®2; if 0 < a < 1, then
x1 < T2 implies a®* > a”2.
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-3 -2 -1

0 1 2 3

Figure 27. The graphs of y = 2%,3%,(1/2)*,(0.1)* and y = (4/5)*.

~

[9)}

Figure 28. Graphs of some logarithms

46. The derivative of o and the definition of e

To begin, we try to differentiate the function y = 2%:

a2
dx

2:6+Aac _ 210
= 1. —
Ao Ax
2:62Aac _ 9z
Ao Az
Ax 1
= lim 2°
Ao Az
287 _ 1
=27 lim
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So if we assume that the limit
li 2% -1 c
m —F—— =
Az—0 Al‘

exists then we have
a2

37 — =(C2".
(37) o
On your calculator you can compute QAZOZl for smaller and smaller values of Ax, which

leads you to suspect that the limit actually exists, and that C' =~ 0.693 147 .... One can
in fact prove that the limit exists, but we will not do this here.

Once we know we can compute the derivative of a” for any other positive number
a. To do this we write a = 2'°52% and hence

az _ (2log2 a)m _ 2z-10g2 a.

By the chain rule we therefore get

da® _ d2:c-10g2 a

dx dx
—C 2w-log2 a

dz -log, a
dx
= (Clog, a) 21082
= (Clog,a) a®.
So the derivative of a” is just some constant times a”, the constant being C'log, a. This is
essentially our formula for the derivative of a”, but one can make the formula look nicer
by introducing a special number, namely, we define
e 2Az -1
e=2 where C' = lim ———.
Az—0  Ax
One has
e~ 2.718 281 818 459 - - -
This number is special because if you set a = e, then
1
Clog,a = Clog, e = Clog, 2"/ = C- rehn 1,
and therefore the derivative of the function y = e” is

“_
de ~—

(38)

Read that again: the function e® is its own derivative!
The logarithm with base e is called the Natural Logarithm, and is written
Inz = log, x.

Thus we have

(39) e =g Ine” ==z

where the second formula holds for all real numbers x but the first one only makes sense
for z > 0.

For any positive number a we have ¢ = €%, and also
T _ 6w Ina

a

By the chain rule you then get

da” _ a®“lna
de ’

(40)




47. Derivatives of Logarithms
Since the natural logarithm is the inverse function of f(x) = e® we can find its derivative
by implicit differentiation. Here is the computation (which you should do yourself)
The function f(z) = log, x satisfies
@ = 4
Differentiate both sides, and use the chain rule on the left,
(na)a’ @ f/(z) = 1.

Then solve for f'(z) to get
1
! j—
Fw) = (Ina)af=)"

Finally we remember that af® = 2 which gives us the derivative of a®

da® 1
dr  xlna’
In particular, the natural logarithm has a very simple derivative, namely, since Ine = 1
we have
dlnz 1
41 —
(41) dx x

48. Limits involving exponentials and logarithms

Theorem 48.1. Let r be any real number. Then, if a > 1,
lim z"a™" =0,

i.€.

This theorem says that any exponential will beat any power of x as x — oo. For
instance, as x — oo both 2% and (1.001)* go to infinity, but

xlOOO

lim ———— =
A oo
S0, in the long run, for very large z, 1.001” will be much larger than 10007.

T

Proof when a = e. We want to show lim, ... "¢~ % = 0. To do this consider the function

f(z) = z" e, Tts derivative is
f(z)= % =((r+1az" - :cTH)e*I =(r+1—z)z"e ”.
Therefore f'(z) < 0 for & > r + 1, i.e. f(z) is decreasing for & > r + 1. It follows that
fl@)< f(r+1)forallxz >r+1,ie.
e < (r+1)" e " for x>+ 1
Divide by z, abbreviate A = (r 4+ 1) e~ "*Y and we get

T _—T

A
O<ze <;forall:c>r+1.

The Sandwich Theorem implies that lim, .o z"e¢~® = 0, which is what we had promised
to show.

0
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Here are some related limits:

x

a>1 = lim = =co (D.N.E.)
rz—oo T
m>0 — lim 2% _g

r—o0 ™

m>0 — lirr%)xmlnx:O
xr—

The second limit says that even though Ilnx becomes infinitely large as © — oo, it is
always much less than any power ™ with m > 0 real. To prove it you set z = e’ and
then t = s/m, which leads to

The third limit follows from the second by substituting z = 1/y and using ln% =—Inx.

49. Exponential growth and decay

A quantity X which depends on time ¢ is said to grow or decay exponentially if it is
given by

(42) X(t) = Xoe™.

The constant X is the value of X (t) at time ¢t = 0 (sometimes called “the initial value of
X77).

The derivative of an exponentially growing quantity, i.e. its rate of change with time,

is given by X’(t) = Xo ke** so that
dX (t)

43 =kX(1).
(43) 0 — kX1
In words, for an exponentially growing quantity the rate of change is always proportional to
the quantity itself. The proportionality constant is k and is sometimes called “the relative
growth rate.”

This property of exponential functions completely describes them, by which I mean
that any function which satisfies automatically satisfies ‘ To see that this is true,
suppose you have a function X (¢) for which X'(¢) = kX (¢) holds at all times ¢. Then

dX (t)e *t de ™ dX(t) _j
SANE X (t Rkl )
dt O~F & ¢
—kX(t)e * + X' (t)e M

= (X'(t) — kX (t))e "

It follows that X (t)e " does not depend on ¢. At ¢t = 0 one has
X(t)e " = X(0)e’ = Xo
and therefore we have
X(t)e ¥ = Xy for all ¢.
Multiply with e** and we end up with

X(t) = Xoe.



49.1. Half time and doubling time

If X(t) = Xoe" then one has
X(t+T) = Xoe" " = Xoe'ef” = T X (1).
In words, after time T goes by an exponentially growing (decaying) quantity changes by

a factor e*T. If k > 0, so that the quantity is actually growing, then one calls

o In2

k
the doubling time for X because X (t) changes by a factor eFT = "2 = 2 every T time
units: X (¢) doubles every T time units.

If £ < 0 then X(t) is decaying and one calls
In2
T=—-
—k
1

the half life because X (t) is reduced by a factor T = e n2 = 5 every T time units.
49.2. Determining Xy and k

The general exponential growth/decay function (42)) contains only two constants, Xo
and k, and if you know the values of X (¢) at two different times then you can compute
these constants.

Suppose that you know
X1 = X(tl) and Xz = X(tz).

Then we have
Xoet = X7 and X, = Xoe*'2

in which t1,t2, X1, X2 are given and k and Xy are unknown. One first finds k& from

Kty
% = ;2;@ A N % =k(t—1—1t2)
which implies
k‘ _ ln X1 — ln XQ
t1 —t2
Once you have computed k you can find Xo from
X X
Xo = ektll = eki'

(both expressions should give the same result.)

Exercises

49.1 — Sketch the graphs of the following functions.

(a) y=e" (b) y=e*

(c) y=e"+e > (d) y=e>" —4e”
e” 2e”

(e) y:1+ef” (f) y:m

(8) y=we " (h) y=ae */*

(i) y=a’e""? G) y=e"" -z

Hint for some of these: if you have to solve something like €® — 3¢3® 4 ¢® = 0, then call
w = €%, and you get a polynomial equation for w, namely w* — 3w® + w = 0.



49.2 — Sketch the graphs of the following functions.

() y=Inva (b) y=Int

(€) y=anz (d)y:% (0<z<oo,z#1)
() y=(nz)* (z>0) ) y=22 (>0

(8) y=lny/1 0 (bl <) () y=1n(1+2)

(i) y:ln(x2—3x+2) (z > 2) (J) y=Incosz (|z| < 3)

49.3 — The function f(x) = e’ plays a central in statistics and its graph is called the
bell curve (because of its shape). Sketch the graph of f.

49.4 — Sketch the part of the graph of the function

f@)=e"

8l

with z > 0.
Find the limits @)
. X .

;1{% o and ZILH;O f(x)
where n can be any positive integer (hint: substitute z = ...7)
49.5 — A damped oscillation is a function of the form

f(x) = e *Fcosbx or f(z) =e “*sinbx

where a and b are constants.

Sketch the graph of f(z) = e”“sin 10z (i.e. find zeroes, local max and mins, inflection
points) and draw (with pencil on paper) the piece of the graph with 0 < z < 27.

49.6 — Find the inflection points on the graph of f(z) = (14 z)Inz (z > 0).
49.7 - (a) If x is large, which is bigger: 2% or ??
(b) The graphs of f(z) = 2® and g(z) = 2% intersect at = = 2 (since 2% = 2%). How many

more intersections do these graphs have (with —oco < z < 00)?

49.8 — Find the following limits

e® —1 e — P
(a) an;o er +1 (b) IILH;O et +x
x T 2
. . e —x
(c) zh—{go 3 — 2% () zll»nolo e2r e~ 7
z _ —x/2 \/7%
. e e . Tr+e
() Jim — 6 Jim
VT
(g) lim c = (h) lim In(142z)—Inz
T—00 er r—00
(i) lim lln :BQ 6) liH%):clnac
r—oo INT xr—
Inz Inz

lim ———
vl VT +Inzx

49.9 — Find the tenth derivative of xe®.
9.10

lim ——
zli% \/E—i—lnx

4 — For which real number x is 2 — 3" the largest?



CZZ ) dzm , and % Hint: z® = ¢”.

9.12 About logarithmic differentiation:

49.11 - Find

(a) Let y = (z + 1)*(z + 3)*(z +5)% and v = Iny. Find du/dz. Hint: Use the fact
that In converts multiplication to addition before you differentiate. It will simplify the
calculation.

(b) Check that the derivative of Inu(z) is the logarithmic derivative of the function u (as
defined in the exercises following §25, chapter 4.)

49.13 — After 3 days a sample of radon-222 decayed to 58% of its original amount.
(a) What is the half life of radon-2227
(b) How long would it take the sample to decay to 10% of its original amount?

49.14 — Polonium-210 has a half life of 140 days.

a) If a sample has a mass of 200 mg find a formula for the mass that remains after ¢ days.
b) Find the mass after 100 days.
c)
d

When will the mass be reduced to 10 mg?
) Sketch the graph of the mass as a function of time.

PRy

S

9.15 — Current agricultural experts believe that the world’s farms can feed about 10
billion people. The 1950 world population was 2.517 billion and the 1992 world population
was 5.4 billion. When can we expect to run out of food?

49.16 — The Archer Daniel Midlands company runs two ads on Sunday mornings. One
says that “when this baby is old enough to vote, the world will have one billion new mouths
to feed” and the other says “in thirty six years, the world will have to set eight billion
places at the table.” What does ADM think the population of the world is at present?
How fast does ADM think the population is increasing? Use units of billions of people so
you can write 8 instead of 8,000, 000,000. (Hint: 36 = 2 x 18.)

49.17 — The population of California grows exponentially at an instantaneous rate of 2%
per year. The population of California on January 1, 2000 was 20,000,000.

(a) Write a formula for the population N(t) of California ¢ years after January 1, 2000.

(b) Each Californian consumes pizzas at the rate of 70 pizzas per year. At what rate is
California consuming pizzas t years after 19907

(c) How many pizzas were consumed in California from January 1, 2005 to January 1,
20097

49.18 — The population of the country of Slobia grows exponentially.

(a) If its population in the year 1980 was 1,980,000 and its population in the year 1990
was 1,990,000, what is its population in the year 20007

(b) How long will it take the population to double? (Your answer may be expressed in
terms of exponentials and natural logarithms.)

49.19 — The hyperbolic functions are defined by

xT —x xr —XT :
. e’ —e e’ +e sinh x
s1nhm:T, coshm:T, tanhx =

(a) Prove the following identities

coshz’

2 .12
cosh®z —sinh“x =1
2 .12
cosh 2x = cosh” z + sinh” x

sinh 2z = 2sinh x cosh .



(b) Show that

dsinh x dcosh x . dtanh x 1
o coshz, = sinh z, =

dx cosh?z’
(c) Sketch the graphs of the three hyperbolic functions.




VIl. The Integral

In this chapter we define the integral of a function on some interval [a,b]. The most
common interpretation of the integral is in terms of the area under the graph of the given
function, so that is where we begin.

50. Area under a Graph

a b
Let f be a function which is defined on some interval a < z < b and assume it is
positive, i.e. assume that its graph lies above the = axis. How large is the area of the

region caught between the x axis, the graph of y = f(x) and the vertical lines y = a and
y=>5?

One can try to compute this area by approximating the region with many thin rect-
angles. To do this you choose a partition of the interval [a,b], i.e. you pick numbers
T < -+ < x, with

a=20<T1<T2< < Tp_1<xp=>=

These numbers split the interval [a, b] into n sub-intervals
[xo,z1], [z1,22], ..., [Tn-1,2n]
whose lengths are
Ary =21 — 20, Ax2=2T2—21, ..., AXp =2Tp — Tn_1.

In each interval we choose a point cg, i.e. in the first interval we choose xo < ¢1 < x1, in
the second interval we choose x1 < c2 < x2, ..., and in the last interval we choose some
number T,_1 < ¢, < x,,. See figure

We then define n rectangles: the base of the Eth rectangle is the interval [zx_1,zk] on
the x-axis, while its height is f(cx) (here k can be any integer from 1 to n.)

The area of the k' rectangle is of course the product of its height and width, i.e. its
area is f(cx)Axr. Adding these we see that the total area of the rectangles is

(44) R = f(c1)Az1 + f(c2)Aza + -+ + f(cn)Axy.
This kind of sum is called a Riemann sum.

If the partition is sufficiently fine then one would expect this sum, i.e. the total area
of all rectangles to be a good approximation of the area of the region under the graph.
Replacing the partition by a finer partition, with more division points, should improve
the approximation. So you would expect the area to be the limit of Riemann-sums like
R “as the partition becomes finer and finer.” A precise formulation of the definition goes
like this:



110

A

I Sy S

C1 C2 C3 C4 Cc7
a=x9 X1 To €3 T4 Ts Te b= a7
Figure 29. Forming a Riemann sum
S
/ ™
N
AN
N
a b

Figure 30. Refining the partition.

Definition. 50.1. If f is a function defined on an interval [a,b], then we say that

[ sz =1

i.e. the integral of “f(x) from x = a to b” equals I, if for every e > 0 one can find a 6 > 0
such that

fler)Azr + f(e2)Axa + -+ f(en)Axn —I| <€

holds for every partition all of whose intervals have length Axi < 9.
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51. When f changes its sign

If the function f is not necessarily positive everywhere in the interval a < x < b, then
we still define the integral in exactly the same way: as a limit of Riemann sums whose
mesh size becomes smaller and smaller. However the interpretation of the integral as “the
area of the region between the graph and the z-axis” has a twist to it.

Figure 31. lllustrating a Riemann sum for a function whose sign changes

Let f be some function on an interval a < x < b, and form the Riemann sum
R = f(c1)Azi + f(e2)Aza + -+ + f(en)Azy
that goes with some partition, and some choice of ck.

When f can be positive or negative, then the terms in the Riemann sum can also
be positive or negative. If f(cx) > 0 then the quantity f(cx)Azy is the area of the
corresponding rectangle, but if f(ckx) < 0 then f(ckx)Axy is a negative number, namely
minus the area of the corresponding rectangle. The Riemann sum is therefore the area of
the rectangles above the z-axis minus the area below the axis and above the graph.

Taking the limit over finer and finer partitions, we conclude that

b Fz)dz = area above the x-axis, below the graph
“ " mainus the area below the z-axis, above the graph.

52. The Fundamental Theorem of Calculus

Definition. 52.1. A function F is called an antiderivative of f on the interval [a,b] if
one has F'(z) = f(z) for all x with a < x < b.

For instance, F'(z) = 127 is an antiderivative of f(z) = z, but so is G(z) = 2%+ 2008.
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Theorem 52.2. If f is a function whose integral f;f(x)d:r exists, and if F' is an anti-
derivative of f on the interval [a,b], then one has

b
(45) / f(z)dz = F(b) — F(a).

(a proof was given in lecture.)

Because of this theorem the expression on the right appears so often that various
abbreviations have been invented. We will abbreviate

F(b)— F(a) ¥ [F(2)]’_ = [F(z)]".

r=a a

52.1. Terminology

In the integral

/ab f(x) dx

the numbers a and b are called the bounds of the integral, the function f(x) which is being
integrated is called the integrand, and the variable x is integration variable.

The integration variable is a dummy variable. If you systematically replace it with
another variable, the resulting integral will still be the same. For instance,

1
2 _ 1,371 _ 1
/ otdr = [32°] _ =3,
0
and if you replace x by ¢ you still get
! 2 371

_J1 _1
/Oso do = [3¢°] _o = 3-

Another way to appreciate that the integration variable is a dummy variable is to look at
the Fundamental Theorem again:

b
/ (@) do = F(b) — F(a).

The right hand side tells you that the value of the integral depends on a and b, and does
not anything to do with the variable x.

Exercises

52.1 - Find an antiderivative F(z) for each of the following functions f(z). Finding
antiderivatives involves a fair amount of guess work, but with experience it gets easier to



113

guess antiderivatives.

(a) flx)=2zx+1 (b) f(x)=1-3z
(©) fl@)=2"—a+11 (d) f(z) =a" —2’
222 a2t 1
(e) f(x)zl‘f'f‘*‘?‘*‘?‘*‘z () flz)=—
(8) f(r)=¢" (h) f(r)="2
(i) flx) = 6) f@)= 5
e’ —e * 1
() f@) = W @)=y
e 4e” 0 2) — 1
(0) f(z) =sinz () f2) = 1
(@) f(z) =cosz (r) f(z) =cos2z
(s) f(z) =sin(z —7/3) (t) f(z) =sinz + sin 2z
(W) f() = sin(z) + V) f@)=20(1+2°)

In each of the following exercises you should compute the area of the indicated region,
and also of the smallest enclosing rectangle with horizontal and vertical sides.

Before computing anything draw the region.

52.2 — The region between the vertical lines z = 0 and x = 1, and between the x-axis and
the graph of y = 3.

52.3 — The region between the vertical lines x = 0 and x = 1, and between the z-axis and
the graph of y = 2™ (here n > 0, draw for n = %, 1,2,3,4).

52.4 — The region above the graph of y = \/x, below the line y = 2, and between the
vertical lines x = 0, x = 4.

3

52.5 — The region above the z-axis and below the graph of f(z) = 2 — 2.

2 4
4x* — x”.

52.6 — The region above the z-axis and below the graph of f(x)

52.7 - The region above the z-axis and below the graph of f(z) =1 — z*.

52.8 — The region above the z-axis, below the graph of f(z) = sinz, and between z = 0
and x = 7.

52.9 - The region above the z-axis, below the graph of f(z) = 1/(1+2?) (a curve known
as Maria Agnesi’s witch), and between z = 0 and = = 1.

52.10 — The region between the graph of y = 1/x and the z-axis, and between = = a and
x =b (here 0 < a < b are constants, e.g. choose a = 1 and b = /2 if you have something
against either letter a or b.)

52.11 — The region above the z-axis and below the graph of
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52.12 — Compute
1
/ V1 —22dx
0

without find an antiderivative for v/1 — 22 (you can find such an antiderivative, but it’s
not easy. This integral is the area of some region: which region is it, and what is that
area?)

52.13 — Compute

(a) /01/2de (b) /_1 Il —zldz  (c) /_l

1 1

|2 — z|dx

without finding antiderivatives.

53. The indefinite integral

The fundamental theorem tells us that in order to compute the integral of some function
f over an interval [a, b] you should first find an antiderivative F' of f. In practice, much
of the effort required to find an integral goes into finding the antiderivative. In order to
simplify the computation of the integral

b
(46) / f(z)dz = F(b) - F(a)

the following notation is commonly used for the antiderivative:

(47) F(m):/f(m)dx

1
/m2 dm:§x3, /sin5xdx:—%

The integral which appears here does not have the integration bounds a and b. It is
called an indefinite integral, as opposed to the integral in which is called a definite
integral. You use the indefinite integral if you expect the computation of the antiderivative
to be a lengthy affair, and you do not want to write the integration bounds a and b all
the time.

For instance,

cosbx, etc...

It is important to distinguish between the two kinds of integrals. Here is a list of

differences:

INDEFINITE INTEGRAL DEFINITE INTEGRAL

J f(z)dz is a function of x. ff f(z)dx is a number.

ff f(z)dr was defined in terms of Rie-

By definition [ f(z)dz is any function
of © whose derivative is f(x).

x is not a dummy variable, for example,
J2zdx = 2*+C and [ 2tdt = t*+C are
functions of diffferent variables, so they
are not equal.

mann sums and can be interpreted as
“area under the graph of y = f(x)”, at
least when f(z) > 0.

r is a dummy variable, for example,

fol 2zdx = 1, and fol 2tdt 1, so
1 1

fo 2xdr = fo 2tdt.
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53.1. You can always check the answer

Suppose you want to find an antiderivative of a given function f(z) and after a long
and messy computation which you don’t really trust you get an “answer”, F(z). You can
then throw away the dubious computation and differentiate the F(z) you had found. If
F’(x) turns out to be equal to f(z), then your F(z) is indeed an antiderivative and your
computation isn’t important anymore.

For example, suppose that we want to find [ Inz dz. My cousin Louie says it might be
F(z) =zlnx — x. Let’s see if he’s right:

%(mlnxfx) :m~%+1-lnx71:lnm.
Who knows how Louie thought of thisﬂ but it doesn’t matter: he’s right! We now know
that [Inzdr =zlnz —z+C.

53.2. About “+C”

Let f(z) be a function defined on some interval a < z < b. If F(x) is an antiderivative
of f(x) on this interval, then for any constant C' the function F(z) = F(z)+ C will also be
an antiderivative of f(z). So one given function f(x) has many different antiderivatives,
obtained by adding different constants to one given antiderivative.

Theorem 53.1. If Fi(z) and F>(x) are antiderivatives of the same function f(x) on some
interval a < x < b, then there is a constant C such that Fy(z) = Fa(z) + C.

Proof. Consider the difference G(z) = Fi(z) — Fao(z). Then G'(z) = Fi(z) — F3(z) =
f(x) — f(z) = 0, so that G(z) must be constant. Hence Fi(z) — F2(z) = C for some
constant. O

It follows that there is some ambiguity in the notation [ f(z)dz. Two functions Fi(z)
and F3(z) can both equal [ f(z)dz without equaling each other. When this happens,
they (Fy and F3) differ by a constant. This can sometimes lead to confusing situations,
e.g. you can check that

. .2
/QSlnmcosmdm:sm T

. 2
/251nmcosmdm:fcos T

are both correct. (Just differentiate the two functions sin? 2 and — cos®z!) These two
answers look different until you realize that because of the trig identity sin® « +cos?z = 1
they really only differ by a constant: sin?z = —cos®z + 1.

To avoid this kind of confusion we will from
now on never forget to include the “arbitrary
constant +C” in our answer when we compute
an antiderivative.

"He took math 222 and learned to integrate by parts.
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53.3. Standard Integrals

Here is a list of the standard integrals everyone should know.

/f(x) de =F(z)+C

wn+1
/m"dx:n+1+c for all n # —1
1
/ = de =ln|z|+C (Note the absolute values)
/ez de =¢e"4+C
/am de=2 +C (don’t memorize: use a® = *™)
Ina

/sin;r:d:r = —cosz + C
/cos:vd:v =sinz +C
/tanx dx = —1In|cosz|+C (Note the absolute values)
/ 1 dx = arctanz + C
14+ 22 o
/ o dr = arcsinz + C'
Vi—az o
The following integral is also useful, but not as important as the ones above:
/ dx 1. 14sinz

T T
=—-In— +C for — — —.
cosx 2n1—sinw+ or 2<x<2

All of these integrals should be familiar from the differentiation rules we have learned so
far, except for for the integrals of tan x and of ﬁ You can check those by differentiation
(using In ¢ = Ina — Inb simplifies things a bit).

54. Properties of the Integral

Just as we had a list of properties for the limits and derivatives of sums and products
of functions, the integral has similar properties.

Suppose we have two functions f(x) and g(x) with antiderivatives F'(z) and G(z),
respectively. Then we know that

L{F@) + @)} = F'(2) + G (@) = [(@) + g(a),
in words, F + G is an antiderivative of f + g, which we can write as
(48) /{f(r) tg(@)} da = /f(r) dz + /g(m) dz.
Similarly, & (cF(z)) = cF’(z) = cf(z) implies that
(49) /cf(x) dz = c/f(:c) dz

if ¢ is a constant.
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These properties imply analogous properties for the definite integral. For any pair of
functions on an interval [a, b] one has

(50) lﬁf@)+gmﬂmr:Lbﬂxwx+/fwxmL

and for any function f and constant c¢ one has
b b
(51) / cf(z)de = c/ f(x)dx.

Definite integrals have one other property for which there is no analog in indefinite
integrals: if you split the interval of integration into two parts, then the integral over
the whole is the sum of the integrals over the parts. The following theorem says it more
precisely.

Theorem 54.1. Given a < ¢ < b, and a function on the interval [a,b] then
b c b

(52) / flz)dz = / f(z)dz +/ f(z)dz.

Proof. Let F be an antiderivative of f. Then

/cf(:c)dx = F(c¢) — F(a) and / f(z)dz = F(b) — F(a),

so that
[ 1@y = rw) - ria)
’ =F(b) — F(c)+ F(c) — F(a)
= Cf(:c)dach /bf(m)dx.
a c -
So far we have always assumed theat a < b in all indefinitie integrals f; .... The

fundamental theorem suggests that when b < a, we should define the integral as

b a
(53) / f(@)de = F(b) — Fla) = —(F(a) — F(b)) = - /b (@)da.

0 1
/ xd:v:f/ xd:v:f%.
1 0

55. The definite integral as a function of its integration bounds

I:/ t2 dt.
0

What does I depend on? To see this, you calculate the integral and you find

1431 1,3 103 _ 1,3
I—[St]o—sx 307 = 32"

For instance,

Consider the expression

So the integral depends on z. It does not depend on ¢, since ¢ is a “dummy variable” (see
§52.1) where we already discussed this point.)

In this way you can use integrals to define new functions. For instance, we could define

I(z) = / t2dt,
0
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which would be a roundabout way of defining the function I(x) = 2/3. Again, since t is
a dummy variable we can replace it by any other variable we like. Thus

I(w):/ozana

defines the same function (namely, I(z) = +2°).

The previous example does not define a new function (I(z) = 2*/3). An example of a
new function defined by an integral is the “error-function” from statistics. It is given by

of 2 z 42
(54) erf(x) def —/ e " dt,
V7 Jo

so erf(x) is the area of the shaded region in ﬁgure The integral in cannot be com-

T

Figure 32. Definition of the Error function.

puted in terms of the standard functions (square and higher roots, sine, cosine, exponential
and logarithms). Since the integral in (54) occurs very often in statistics (in relation with
the so-called normal distribution) it has been given a name, namely, “erf(x)”.

How do you differentiate a function that is defined by an integral? The answer is simple,
for if f(x) = F’'(x) then the fundamental theorem says that

/I f(t) dt = F(x) — F(a),
and therefore )
o / F(t) dt = L {F (@) - F@)} = F'(z) = [(2)
& [ 1w a= s,

A similar calculation gives you

2 / £(t) dt = —f(@).

So what is the derivative of the error function? We have
d (2 T2
f'(z) = 7{7 / t dt}
erf’(z) &\ vz, e
2 d

x .2
= —— dt
/T dz /0 ¢
2 e

= —=€

N3



119

56. Method of substitution

The chain rule says that

so that

56.1. Example

Consider the function f(x) = 2z sin(z® + 3). It does not appear in the list of standard
antiderivatives we know by heart. But we do notic that 2z = %(302 + 3). So let’s call
G(z) = 2* + 3, and F(u) = — cosu, then

F(G(x)) = — cos(z® + 3)

and IF(C
F/(G@) @
so that
(55) /21: sin(z” + 3) dz = — cos(z” 4 3) + C.

56.2. Leibniz’' notation for substitution

The most transparent way of computing an integral by substitution is by following
Leibniz and introduce new variables. Thus to do the integral

[ #6@)6 @) ds
where f(u) = F'(u), we introduce the substitution v = G(z), and agree to write
du = dG(z) = G'(z) dz.
Then we get
/f(G(a:))G'(m) dr = /f(u) du = F(u) + C.
At the end of the integration we must remember that u really stands for G(z), so that
/f(G(z))G’(x) de = F(u) + C = F(G(@)) + C.
As an example, let’s do the integral using Leibniz’ notation. We want to find
/Zx sin(z® 4 3) dz

and decide to substitute z = x? + 3 (the substitution variable doesn’t always have to be
called v). Then we compute

dz = d(IE2 +3) = 2zdx and sin(z® 4 3) = sin 2,
so that

/2wsin(x2 +3)dz = /sinzdz =—cosz+C.

Finally we get rid of the substitution variable z, and we find

/2x sin(z? 4 3) dz = — cos(2® + 3) + C.

8 You will start noticing things like this after doing several examples.
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When we do integrals in this calculus class, we always get rid of the substitution variable
because it is a variable we invented, and which does not appear in the original problem.
But if you are doing an integral which appears in some longer discussion of a real-life (or
real-lab) situation, then it may be that the substitution variable actually has a meaning
(e.g. “the effective stoichiometric modality of CQF self-inhibition”) in which case you may
want to skip the last step and leave the integral in terms of the (meaningful) substitution
variable.

56.3. Substitution for definite integrals

For definite integrals the chain rule

%(F(G(w))) =F'(G(2)G'(z) = [(G(2))G (2)

implies

~—

[ HE@)G @) dz = FGO) - FG).

which you can also write as

b G(b)
(56) /7ﬂmmdmm=/ f(u) du.

=G(a)

56.4. Example of substitution in a definite integral

Let’s compute

1
T
—d
/0 1+22 "

using the substitution v = G(z) = 1 4+ 2?. Since du = 2z dz, the associated indefinite
integral is

To find the definite integral you must compute the new integration bounds G(0) and G(1)
(see equation ) If 2 runs between x = 0 and © = 1, then v = G(z) = 1 + x? runs
between u =14 0% =1 and u = 1 + 1% = 2, so the definite integral we must compute is

o 21
Y de=1 = d
(57) /0 T2 % 2/1 T

which is in our list of memorable integrals. So we find

1 2
x 1 2
de=1[ Zdu=11 =1In2.
/0 1+ZL‘2 v 21 u v 2[nu]1 2 n

Sometimes the integrals in are written as

1 2
/ de:%/ ldu,
1201+.132 u=1 U

to emphasize (and remind yourself) to which variable the bounds in the integral refer.




Exercises

56.1 — Compute these derivatives

) L[

dz J,

© £
ds J, 14 x2

(e) i /sin 0 dx
de J, 1—z2

(1+¢%)" at
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d 1
— 1

(b) . [L nzdz
d 2z

(d) P /z s2ds

t2

d 2z
(£) 5/0 e““dx

56.2 — Compute the second derivative of the error function. How many inflection points

does the graph of the error function have?

’ Compute (some of) the following integmls‘

56.8 - /{fo’ -2 Tz
+3/x —5+4e” + 7"} dx

ﬂf/(m/a—&—a/x—i—xa—i—am—i—ax)dac
3 7
mf/{f—x/?u 7=
—6e” + 1} dx
566 - [ {2 +(3)"} do
4
@7/ (32 — 5) dw
—2
4
@—/ 2 da (hm...)
1

4
56.9 7/ t2 dt "
1

4
56.10 7/ x 2 dt
1
1
7/ (1 — 2z — 32%) dz
0

2
56.12 —/ (52% — 4 + 3) dx
1

0
56.13 — / (5y* — 6y> + 14) dy

-3

1
56.1 — / (y° —2y° + 3y) dy
0
4
56.15 — | axdx
0
1
56.16 7/ 23" dx
0

56.20

56.21

56.22

56.23

56.28

56.29

56.50

56.51

[ v
[t v
7/12(x+1/3:)2d:c

[ VT
7/171(1:_1)(3“2)%
7/14(\/5—2/\/i)dt
L)

7/0(1:+1)3dx

-1

-2 4
7/ x2 ldx
_5 2241

e 2
7/x+x+1dx
1

T

[ (g

7lwaﬁ+%adx
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Sx—1 : 2
56.32 — = dx 56.45 — |z — x°| dx
1 x? —1
/3 2
56.33 7/ sint dt 56.46 7/ (z — 2|z|) dz
/4 - Ja
/2 2
56.3/ 7/ (cos@ + 2sin ) d 55,47,/ (2% — |z — 1|) dz
0 0
/2 2
56.35 7/ (cos 6 + sin 20) dO 56.48 —/ f(z) dz where
0 - 0
T 4 : <
56.367/ tanmdx Fo) = a:5 Tf()_;c<1,
27/3 COST 2, if1<z<2.
/2 t I
56.87 7/ L 56.49 7/ f(z) dx where
——  J.s3 sinz L
V3 x if —7<2x<0
6 ) = I = =
M*/l 1+$2dx /(@) {sinm, ifo<z <.
0.5 56.50 - C %
56.39 —/ % o
—x
o 1:/ 22(1 4 2%)° da
56.40 7/ 1/z) dx 0
4 (1/z) in two different ways:
L (a) Expand (1+22)3, multiply with 2z, and
56.41 */1 8e” dx integrate each term.
n93 (b) Use the substitution u = 1 + 2.
56.42 */8 2" dt 56.51 — Compute
—€ _ 2\ n
56.437/ §daz In—/Zx(1+m) dx.
24T s
3 ! 2
56.52 —If f'(z) =z —1/z* and f(1) =1/2
56.44 —/ z? — 1| da
2044~ | "= 1] find f(z).

56.53 — Sketch the graph of the curve y = v/x 4+ 1 and determine the area of the region
enclosed by the curve, the z-axis and the lines z = 0, z = 4.

56.5/ — Find the area under the curve y = /62 + 4 and above the z-axis between x = 0
and x = 2. Draw a sketch of the curve.

56.55 — Graph the curve y = 2v/1 — 22, x € [0,1], and find the area enclosed between the
curve and the z-axis. (Don’t evaluate the integral, but compare with the area under the

graph of y = /1 — 22.)

56.56 — Determine the area under the curve y = v/a? — z2 and between the lines © = 0
and = = a.

56.57 — Graph the curve y = 24/9 — 22 and determine the area enclosed between the curve
and the z-axis.

56.58 — Graph the area between the curve y? = 4z and the line z = 3. Find the area of
this region.

56.59 — Find the area bounded by the curve y = 4 — 22 and the lines y = 0 and y = 3.
56.60 — Find the area enclosed between the curve y = sin 2z, 0 < 2 < 7/4 and the axes.

56.61 — Find the area enclosed between the curve y = cos2z, 0 < x < 7/4 and the axes.
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56.62 — Graph y? + 1 = x, and find the area enclosed by the curve and the line 2 = 2.
56.63 — Find the area of the region bounded by the parabola y? = 42 and the line y = 2z.
56.64 — Find the area bounded by the curve y = (2 — ) and the line x = 2y.

56.65 — Find the area bounded by the curve z? = 4y and the line z = 4y — 2.

56.66 — Calculate the area of the region bounded by the parabolas y = z2 and = = 3%

56.67 — Find the area of the region included between the parabola y? = z and the line
r+y =2

56.68 — Find the area of the region bounded by the curves y = /z and y = x.

56.69 — Here are the graphs of a function

f(z), its derivative f’(x) and an antideriva-

tive F(x) of f(x). . /\
Unfortunately the graphs are not la- /K T

beled. Identify which graph is which. !

Explain your answer. \

56.70 — Below is the graph of a function y = f(x)

A
J

y=fx)

i

Q- — — — — —

»
© >
a c x
Which among the following statements true?
(b) F(a) =F(c) ? True/False  Reason:
(c) F(b)=07 True/False  Reason:
(d) F(b) > F(c) ? True/False  Reason:
(

e) The graph of y = F(x) has two inflection points? True/False Reason:
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56.71
56.72

56.73

56.75
56.76
56.77

56.78

56.79

g

’ Use a substitution to evaluate the following integrals.

sin 2x

——dx
v 1+ cos2x

™

~

/4

3

sin? 0 cos 0 d6

56.80

56.81

56.82

56.83

56.86 —

56.87 —

56.88 —

3
7/ L ,dr

5 Tlnr

sin 2z

- —d
/1+Cos2x v
_/ sin?m du

1+ sinx

1
7/ zV1—22dz

In 23:

£(1426%)'0de

- Ja

@
e

e
mar- [
/ sin p(cos 20)" dp
o
[

w\
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VIIl. Applications of the integral

The integral appears as the answer to many different questions. In this chapter we will
describe a number of “things which are an integral.” In each example there is a quantity
we want to compute, and which we can approximate through Riemann-sums. After letting
the partition become arbitrarily fine we then find that the quantity we are looking for is
given by an integral. The derivations are an important part of the subject.

57. Areas between graphs

Exercises

Suppose you have two functions f and g on an interval [a,b], one of which is always
larger than the other, i.e. for which you know that f(z) < g(z) for all z in the interval
[a,b]. Then the area of the region between the graphs of the two functions is

(58) Area :/ (9(z) — f(z))d.

To get this formula you approximate the region by a large number of thin rectangles.

I
i
/ a Tik_1 Tk b \

Choose a partition a = z¢o < z1 < -+ < z, = b of the interval [a, b]; choose a number ¢
in each interval [x—1,x]; form the rectangles

ap1 <z <wk,  fla) <y <gle)
The area of this rectangle is
width x height = Az X (g(ck) — f(ck))-
Hence the combined area of the rectangles is
R = (g(er) = fler)Azs + -+ + (g(ea) = flen)) Azn

which is just the Riemann-sum for the integral

b
1= [ (o)~ f@)iz.

So, since the area of the region between the graphs of f and g is the limit of the combined
areas of the rectangles, and since this combined area is equal to the Riemann sum R,
which converges to the integral I The area between the graphs of f and g is exactly the
integral I.
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57.1 - Find the area of the region bounded

by the parabola 3?> = 4z and the line y =
2x.

57.2 — Find the area bounded by the curve
y = z(2 — z) and the line z = 2y.

57.83 — Find the area bounded by the curve
z? = 4y and the line z = 4y — 2.

57.4 — Calculate the area of the region

bounded by the parabolas y = 2 and = =
Y.

57.5 — Find the area of the region included
between the parabola y? = z and the line
r+y=2.

57.6 — Find the area of the region bounded
by the curves y = /7 and y = x.

57.7 — Use integration to find the area of
the triangular region bounded by the lines
y=2x+1,y=3xr+1and z =4.

57.8 — Find the area bounded by the
parabola z? — 2 = y and the line z +y = 0.

57.9 — Where do the graphs of f(z) = z?
and g(x) = 3/(2 + x?) intersect? Find the
area of the region which lies above the graph
of g and below the graph of g.

58. Cavalieri’s principle and volumes of solids

(Hint: if you need to integrate 1/(2+4z?)
you could substitute z = uv/2.)

57.10 — Graph the curve y = (1/2)2® + 1
and the straight line y = z 4+ 1 and find the
area between the curve and the line.

57.11 — Find the area of the region between

the parabolas y? = z and z? = 16y.

57.12 — Find the area of the region en-

closed by the parabola y*> = 4az and the
line y = mx.

57.13 - Find a so that the curves y = z?
and y = acosz intersect at the points

(z,y) = (%,’1’—;). Then find the area be-
tween these curves.

57.14 — Write a definite integral whose
value is the area of the region between the
two circles z2 +y* = 1 and (z—1)?+¢* = 1.
Find this area. If you cannot evaluate the
integral by calculus you may use geometry
to find the area. Hint: The part of a circle
cut off by a line is a circular sector with a
triangle removed.

You can use integration to derive the formulas for volumes of spheres, cylinder, cones,
and many many more solid objects in a systematic way. In this section we’ll see the

“method of slicing.”

58.1. Example — Volume of a pyramid

As an example let’s compute the volume of a pyramid whose base is a square of side
1, and whose height is 1. Our strategy will be to divide the pyramid into thin horizontal
slices whose volumes we can compute, and to add the volumes of the slices to get the

volume of the pyramid.

To construct the slices we choose a partition of the (height) interval [0,1] into N

subintervals, i.e. we pick numbers

O=xzo<x1 <22< - -<zaZN-1<2N=1,

and as usual we set Axr = xx — Trr—1, we define the mesh size of the partition to be the
largest of the Axy,.

The k* slice consists of those points on the pyramid whose height is between xj_1
and zi. The intersection of the pyramid with the plane at height = is a square, and by
similarity the length of the side of this square is 1 — z. Therefore the bottom of the k™
slice is a square with side 1 — x;_1, and its top is a square with side 1 — x;. The height
of the slice is zr — 1 = Azyk.
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Figure 33. The slice at height x is a square with side 1 — x.

Thus the k*® slice contains a block of height Az whose base is a square with sides
1 — zy, and its volume must therefore be larger than (1 — xk)QA:rk. On the other hand
the k™ slice is contained in a block of the same height whose base is a square with sides
1 —z1_1. The volume of the slice is therefore not more than (1 — zx_1)?Axs. So we have

(1 — zx)* Az, < volume of k' slice < (1 — zx_1)>Azy.
Therefore there is some ¢, in the interval [zx_1, 2] such that

volume of k™ slice = (1 — ¢ )? Ay

Adding the volumes of the slices we find that the volume V of the pyramid is given by
V= (1 — 61)2A$1 + -4 (1 — CN)QALEN.

The right hand side in this equation is a Riemann sum for the integral

1
I :/ (1—z)’dx
0
and therefore we have
I = lim{(l — cl)QAxl +o4+ (1= cN)QAxN} =V.

Compute the integral and you find that the volume of the pyramid is
1

58.2. General case

The “method of slicing” which we just used to compute the volume of a pyramid works
for solids of any shape. The strategy always consists of dividing the solid into many thin
(horizontal) slices, compute their volumes, and recognize that the total volume of the
slices is a Riemann sum for some integral. That integral then is the volume of the solid.
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Figure 34. Slicing a solid to compute its volume. The volume of one slice is
approximately the product of its thickness (Az) and the area A(z) of its top.
Summing the volume A(xz)Az over all slices leads approximately to the integral

2 f(@)da.

To be more precise, let a and b be the heights of the lowest and highest points on the
solid, and let a = zo < 21 < z2 < ... < zn—_1 < N = b be a partition of the interval [a, b].
Such a partition divides the solid into N distinct slices, where slice number & consists of
all points in the solid whose height is between x;_1 and xx. The thickness of the k™ slice
s Az =xK — 1. If

A(z) = area of the intersection of the solid with the plane at height z.
then we can approximate the volume of the k*® slice by
Aler)Azy
where ¢, is any number (height) between z,_1 and x.
The total volume of all slices is therefore approximately
V = A(c1)Az1 + -+ A(en)Azn.

While this formula only holds approximately, we expect the approximation to get better
as we make the partition finer, and thus

(59) V= lim{A(cl)Axl + -4 Alen)Azy ).

On the other hand the sum on the right is a Riemann sum for the integral I = f; A(z)dz,
so the limit is exactly this integral. Therefore we have

(60) V= / bA(x)dx.

58.3. Cavalieri’s principle

The formula for the volume of a solid which we have just derived shows that the
volume only depends on the areas A(z) of the cross sections of the solid, and not on the
particular shape these cross sections may have. This observation is older than calculus
itself and goes back at least to Bonaventura Cavalieri (1598 — 1647) who said: If the
intersections of two solids with a horizontal plane always have the same area, no matter
what the height of the horizontal plane may be, then the two solids have the same volume.

This principle is often illustrated by considering a stack of coins: If you put a number
of coins on top of each other then the total volume of the coins is just the sum of the
volumes of the coins. If you change the shape of the pile by sliding the coins horizontally
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Figure 35. Cavalieri's principle. Both solids consist of a pile of horizontal slices.
The solid on the right was obtained from the solid on the left by sliding some of
the slices to the left and others to the right. This operation does not affect the
volumes of the slices, and hence both solids have the same volume.

then the volume of the pile will still be the sum of the volumes of the coins, i.e. it doesn’t
change.

58.4. Solids of revolution

In principle, formula allows you to compute the volume of any solid, provided you
can compute the areas A(z) of all cross sections. One class of solids for which the areas
of the cross sections are easy are the so-called “solids of revolution.”

Figure 36. A solid of revolution consists of all points in three-dimensional space
whose distance r to the z-axis satisfies r < f(z).

A solid of revolution is created by rotating (revolving) the graph of a positive function
around the z-axis. More precisely, let f be a function which is defined on an interval [a, b]
and which is always positive (f(z) > 0 for all z). If you now imagine the z-axis floating
in three dimensional space, then the solid of revolution obtained by rotating the graph of
f around the z-axis consists of all points in three-dimensional space with a < x < b, and
whose distance to the z-axis is no more than f(z).



Yet another way of describing the solid of revolution is to say that the solid is the union
of all discs which meet the z-axis perpendicularly and whose radius is given by r = f(x).

If we slice the solid with planes perpendicular to the z-axis, then tells us the volume
of the solid. Each slice is a disc of radius r = f(z) so that its area is A(x) = nr? = 7f(z)>.
We therefore find that

(61) V= w/ f(@)?da.

59. Examples of volumes of solids of revolution
59.1. Problem 1: Revolve R around the y-axis

Consider the solid obtained by revolving the region
R={(z,9)|0<2<2, (z-1)°<y<1}
around the y-axis.

Solution: The region we have to revolve around
the y-axis consists of all points above the parabola
1 y = (z — 1)? but below the line y = 1.

E If we intersect the solid with a plane at height

! y then we get a ring shaped region, or “annulus”,

L i.e. a large disc with a smaller disc removed. You
1 2 can see it in the figure below: if you cut the region
‘R horizontally at height y you get the line segment
AB, and if you rotate this segment around the y-axis you get the grey ring region pictured
below the graph. Call the radius of the outer circle 7oyt and the radius of the inner circle
rin. These radii are the two solutions of

y=(@1-r)’

so they are
Tinzl_\/g7 Tout:1+\/§»
The area of the cross section is therefore given by

A(y) = 7o — 7, = m(1+ \/y)2 —nm(1- \/y)2 = 47/y.

The y-values which occur in the solid are 0 < y < 1 and hence the volume of the solid

is given by
1 1 81
V:/ A(y)dy:47r/ Vydy=4m x 2 = 5
0 0

59.2. Problem 2: Revolve R around the line v = —1

Find the volume of the solid of revolution obtained by revolving the same region R
around the line z = —1.

Solution: The line x = —1 is vertical, so we slice the solid with horizontal planes.
The height of each plane will be called y.

As before the slices are ring shaped regions but the inner and outer radii are now given
by
rin:1+xin:27\/§, rout:1+mout:2+\/§~
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_ 2
SIDE VIEW: Ao y=@-1

o
e
&
NF-—————---

TOP VIEW:

Area= wrﬁut — ﬂ'rﬁ,

Figure 37. What is the volume of this bowl? Answer: 87/3.

The volume is therefore given by

1 1
V= / (71'7"(2,“ — Wr?n)dy = 7T/ 8y dy = 16%
0 0

59.3. Problem 3: Revolve R around the line y = 2
Compute the volume of the solid you get when you revolve the same region R around
the line y = 2.

Solution: This time the line around which we rotate R is horizontal, so we slice the
solid with planes perpendicular to the x-axis.
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SIDE VIEW:

Rotation axis

TOP VIEW:

2 2
Area= mriy — T,

Figure 38. What is the volume of the cake you could bake in this form? Answer:
167/3. (That's twice as much as in the bowl from Problem 1 — double your
recipel)

A typical slice is obtained by revolving the line segment AB about the line y = 2. The
result is again an annulus, and from the figure we see that the inner and outer radii of the
annulus are

Pn=1,  Tow=2—(1—x)°

The area of the slice is therefore

Al)=m{2- (1 -2} —a®=7{3-4(1 —2)> + (1 —2)*}.



2 Rotation axis

2 2
Area= Ty — T,

The z values which occur in the solid are 0 < z < 2, and so its volume is
2
71'/ {3—4(1—:2)2+(1—:v)4}dx
0

0 [31’—}— %(1—3@)3 — %(1—m)5](2)
rl5-3+1)

Vv

_ 56
=157

Figure 39. The region R revolved about the line y = 2 produces this solid. Shown
are the z-axis, y-axis (vertical) and the axis of rotation.
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60. Volumes by cylindrical shells

Instead of slicing a solid with planes
you can also try to decompose it into cylin-
drical shells. The volume of a cylinder =
of height h and radius = is 7r2h (height IC§ —
times area base). Therefore the volume of

a cylindrical shell of height A, (inner) ra-
dius r and thickness Ar is h

mh(r + Ar)? — whe?

= wh(2r + Ar)Ar
=~ 2whrAr. \@ )\
Now consider the solid you get by revolv-
ing the region
R={(z,y) [a<z<b0<y< f(x)}
around the y-axis. By partitioning the interval a < x < b into many small intervals we can
decompose the solid into many thin shells. The volume of each shell will approximately be

given by 27z f(x)Az. Adding the volumes of the shells, and taking the limit over finer and
finer partitions we arrive at the following formula for the volume of the solid of revolution:

(62) V= 271'/ zf(x) dx.

If the region R is not the region under the graph, but rather the region between the
graphs of two functions f(z) < g(z), then we get

V=2 [ a{ge) - f(@)} do.



60.1. Example — The solid obtained by rotating R about the y-axis, again

Exercises

The region R from §59.1| can also be described as
R={(z,y) |0<z <2 f(z) <y <g(a)},

where

f(z) = (z —1)% and g(z) = 1.
The volume of the solid which we already computed in §59.1]is thus given by

V:27r/01x{1—(a:—1)2}dx

2
= 27r/ {fo +2x2} dx
0

=27 [—ix‘l + %1:3]3

= 8r/3,

which coincides with the answer we found in §59.1]

60.1 — What do the dots in “lim...” in equa-
tion stand for? (i.e. what approaches
what in this limit?)

Draw and describe the solids whose
volume you are asked to compute
in the following problems:

60.2 — Find the volume enclosed by the pa-
raboloid obtained by rotating the graph of
f(z) = R\/z/H (0 < z < H) around the -
axis. Here R and H are positive constants.
Draw the solid whose volume you are asked
to compute, and indicate what R and H are
in your drawing.

60.3 — Find the volume of the solids you
get by rotating each of the following graphs
around the z-axis:

a) f(z) =2,0<x<2

(

(b) flx) = V27,0 <2 <2
(e) f(a) = (1+2%) "% Ja] <1
(d) f(z) =sinz,0<z <

(e) flz)=1—a* || <1

(f) f(z) =cosz, 0 <z <m (1)
(g) f(&)=1/cosz, 0 <z <m/4

61. Distance from velocity, velocity from acceleration

61.1. Motion along a line

60.4 — Find the volume that results by ro-

tating the semicircle y = v/ R? — 22 about
the z-axis.

60.5 — Let 7 be triangle 1 < z < 2,
0<y<3x—3.

(a) Find the volume of the solid obtained by
rotating the triangle 7 around the z-axis.
(b) Find the volume that results by rotat-
ing the triangle 7 around the y axis.

(c) Find the volume that results by rotating
the triangle 7 around the line z = —1.

(d) Find the volume that results by rotating
the triangle 7 around the line y = —1.

60.6 — (a) A spherical bowl of radius a con-
tains water to a depth A < 2a. Find the
volume of the water in the bowl. (Which
solid of revolution is implied in this prob-
lem?)

(b) Water runs into a spherical bowl of ra-
dius 5 ft at the rate of 0.2 ft*/sec. How fast
is the water level rising when the water is 4
ft deep?

If an object is moving on a straight line, and if its position at time ¢ is x(¢), then we
had defined the velocity to be v(¢) = x’(t). Therefore the position is an antiderivative of



the velocity, and the fundamental theorem of calculus says that

(63) /t "ot dt = a(ty) — a(ta),

a

or

o(ts) = 2(ta) + /ttb ot) dt.

In words, the integral of the velocity gives you the distance travelled of the object (during
the interval of integration).

Equation can also be obtained using Riemann sums. Namely, to see how far the
object moved between times t, and ¢, we choose a partition t, =to <t1 < -+ <ty = tp.
Let Ask be the distance travelled during the time interval (tx—1,%x). The length of this
time interval is Aty = tx — tx—1. During this time interval the velocity v(t) need not be
constant, but if the time interval is short enough then we can estimate the velocity by
v(ck) where ¢ is some number between ¢x—1 and t;. We then have

Ask = U(Ck)Atk
and hence the total distance travelled is the sum of the travel distances for all time intervals
tp—1 <t <tg,ie.
Distance travelled &~ Asy + -+ + Asy = v(c1)At1 + - + v(en)Atn.

The right hand side is again a Riemann sum for the integral in . As one makes the
partition finer and finer you therefore get

tp
Distance travelled = / v(t) dt.
t

a

The return of the dummy. Often you want to write a formula for z(t) = ---
rather than z(ty) = - -+ as we did in (63)), i.e. you want to say what the position is at time
t, instead of at time t,. For instance, you might want to express the fact that the position
z(t) is equal to the initial position z(0) plus the integral of the velocity from 0 to ¢. To
do this you cannot write

t
z(t) = z(0) + / v(t) dt = BAD FORMULA
0

because the variable ¢ gets used in two incompatible ways: the ¢ in z(¢) on the left, and in
the upper bound on the integral ([ “) are the same, but they are not the same as the two
t’s in v(t)dt. The latter is a dummy variable (see and §52.1). To fix this formula we
should choose a different letter or symbol for the integration variable. A common choice
in this situation is to decorate the integration variable with a prime (¢'), a tilde () or a
bar (t). So you can write

z(t) = z(0) +/0 v(t) dt

61.2. Velocity from acceleration

The acceleration of the object is by definition the rate of change of its velocity,
a(t) = U/(t)v
so you have
v(t) = v(0) + /t a(t)dt.
0

Conclusion: If you know the acceleration a(t) at all times t, and also the velocity v(0) at
time t = 0, then you can compute the velocity v(t) at all times by integrating.



61.3. Free fall in a constant gravitational field

If you drop an object then it will fall, and as it falls its velocity increases. The object’s
motion is described by the fact that its acceleration is constant. This constant is called
g and is about 9.8m/sec2 =~ 32ft/sec2. If we dsignate the upward direction as positive
then v(t) is the upward velocity of the object, and this velocity is actually decreasing.
Therefore the constant acceleration is negative: it is —g.

If you write h(t) for the height of the object at time ¢ then its velocity is v(t) = h/(¢),
and its acceleration is h”(t). Since the acceleration is constant you have the following
formula for the velocity at time ¢:

v(t) = v(0) + /Ot(—g) dt = v(0) — gt.

Here v(0) is the velocity at time ¢t = 0 (the “initial velocity”).
To get the height of the object at any time ¢ you must integrate the velocity:

t
h(t) = h(0) + / u(t) dt (Note the use of the dummy t)
0

= (o) + [ {o(0) gt} ar (use v(f) = 0(0) — g0)
(0) :
(0)

For instance, if you launch the object upwards with velocity 5ft/sec from a height of
10ft, then you have

[v(0)E — $g°]5—,
v(0)t — %th.

h(0) +
h(0) +

h(0) = 10ft, wv(0) = +5ft/sec,
and thus
h(t) =10 4 5t — 32t° /2 = 10 + 5t — 16¢>.
The object reaches its maximum height when h(t) has a maximum, which is when h/(t) =
0. To find that height you compute h'(t) = 5 — 32¢ and conclude that h(t) is maximal at
t= %sec. The maximal height is then

hamax = h(35) = 10+ 55 — 5 = 1033t
61.4. Motion in the plane — parametric curves

To describe the motion of an object in the plane you could
keep track of its x and y coordinates at all times ¢. This would
give you two functions of ¢, namely, z(t) and y(t), both of which
are defined on the same interval to < ¢t < t; which describes
the duration of the motion you are describing. In this context
a pair of functions (z(t),y(t)) is called a parametric curve.

As an example, consider the motion described by
z(t) =cost, y(t) =sint(0 <t < 2m).
In this motion the point (x(¢),y(t)) lies on the unit circle since

z(t)? +y(t)? = cos® t +sin’t = 1.

x(t)
A moving point
in the plane

As t increases from 0 to 27 the point (z(t),y(t)) goes around the unit circle exactly
once, in the counter-clockwise direction.

In another example one could consider

w(t)=t, yt)=+v1-12, (-1<t<1).



— (x(t), y(t) (1-t?)

(x(®), y(v))

=0 t=1

t=mn

~,~ - — =

t=2m

Figure 40. Two motions in the plane. On the left z(t) = cost, y(t) = sint with
0 <t < 2m, and on the right z(t) = ¢, y(t) = /(1 — t2) with —1 < ¢ < 1.

Here at all times the x and y coordinates satisfy

2(0)® +y(t)* = 1

again so that the point (z(t),y(t)) = (¢,/1 — t?) again lies on the unit circle. Unlike the
previous example we now always have y(t) > 0 (since y(¢) is the square root of something),
and unlike the previous example the motion is only defined for —1 <t < 1. As ¢t increases
from —1 to +1, z(t) = t does the same, and hence the point (z(¢),y(t)) moves along the
upper half of the unit circle from the leftmost point to the rightmost point.

61.5. The velocity of an object moving in the plane

We have seen that the velocity of an object which is moving along a line is the derivative
of its position. If the object is allowed to move in the plane, so that its motion is described
by a parametric curve (x(t), y(t)), then we can differentiate both x(t) and y(t), which gives
us '(t) and g’ (¢), and which leaves us with the following

|
|
|
|
|
o

Ay

Question: At what speed is a particle moving if it is
undergoing the motion (z(t),y(t)) (ta <t <tp) ?

To answer this question we consider a short time in-
terval (¢,¢ + At). During this time interval the particle
moves from (x(t),y(t)) to (z(t+ At), t(t + At)). Hence it
has traveled a distance

Dividing by At you get

z(t) z(t + At)

As = /(Az)? + (Ay)?
where

Az = z(t + At) — z(t), and Ay = y(t + At) — y(t).

As _ [(AxNT Ay
At At At )

for the average velocity over the time interval [¢,t + At]. Letting At — 0 you find the

velocity at time t to be

(64)

-G



61.6.

Example — the two motions on the circle from

If a point moves along a circle according to z(t) = cost, y(t) = sint (figure 40| on the
left) then
dx . dy
E:fsmt, ,E:Jrcost
v(t) = /(= cost)? + (sint)? =
The velocity of this motion is therefore always the same; the point (cost, sin¢) moves along
the unit circle with constant velocity.

In the second example in §61.4|we had z(t) = ¢, y(t) = V1 — t2, so

SO

e _ . dy _
dt — 7 dt T 12
whence
2 1
o(t) =4/12 + t

e
Therefore the point (¢,+/1 — t?) moves along the upper half of the unit circle from the left
to the right, and its velocity changes according to v = 1/v/1 — t2.

62. The length of a curve

62.1. Length of a parametric curve

Let (z(t),y(t)) be some parametric curve defined for t, < ¢t < ¢,. To find the length
of this curve you can reason as follows: The length of the curve should be the distance
travelled by the point (x(t),y(t)) as t increases from t, to t5. At each moment in time the
velocity v(t) of the point is given by (64)), and therefore the distance traveled should be

(65) . /ttb o(#) dt = /ttb VT F Y @7 dt.

Figure 41. Approximate a curve by a polygon to compute its length.

Alternatively, you can try to compute the distance travelled by means of Riemann
sums. Choose a partition t, = to < t1 < -+ < tny = tp of the interval [tq, ts]. You then get
a sequence of points Po(z(to),y(to)), Pi(z(t1),y(t1)), ..., Pn(z(tn),y(tn)), and we can
approximate the l;ength of the curve by computing the length of the polygon you get by
drawing straight line segments from Py to Pi, from P; to P2, etc. The distance between
two consecutive points Px_1 and Py is

Asp = (A:Ck)Q + (Ayk)Q

= (GR) (5" au

@' (ck)? + y'(ck)? Aty
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where we have approximated the difference quotients

AIk Ayk
Aty and Aty

by the derivatives z’(cx) and y’(ck) for some ci in the interval [tg_1,t].

The total length of the polygon is then

Va'(a)? +y'(e1)? At + -+ a2/ (e1)? +y'(c1)? Aty

This is a Riemann sum for the integral f:ﬂb V' ()2 + ¢/ (t)? dt, and hence we find (once
more) that the length of the curve is

5= /t ' V' ()2 + y'(t)? dt.

62.2. The length of the graph of a function

The graph of a function (y = f(z) with ¢ < z < b) is also a curve in the plane, and
you can ask what its length is. We will now find this length by representing the graph as
a parametric curve and applying the formula from the previous section.

The standard method of representing the graph of a function y = f(z) by a parametric
curve is to choose

z(t) =t, and y(t) = f(¢), fora <t <D.

This parametric curve traces the graph of y = f(z) from left to right as ¢ increases from
a tob.

Since z'(t) = 1 and y'(t) = f(t) we find that the length of the graph is

L= /b VIT P2 di.

The variable ¢ in this integral is a dummy variable and we can replace it with any other
variable we like, for instance, x:

b
(66) L :/ V14 f(x)? dz.

In Leibniz’ notation we have y = f(x) and f'(xz) = dy/dz so that Leibniz would have

written
b
dy .2
L= 1 —= .
/a St ()

62.3. Examples of length computations

62.3.1. Length of a circle. In we parametrized the unit circle by
z(t) = cost, y(t)=sint, (0<t<2m)

and computed /z/(¢)2 + y'(t)? = 1. Therefore our formula tells us that the length of the
unit circle is
2m 27
L:/ /()2 +y'(¢)? dt:/ 1dt =2m.
0 0

This cannot be a PROOF that the unit circle has length 27 since we have already used
that fact to define angles in radians, to define the trig functions Sine and Cosine, and to
find their derivatives. But our computation shows that the length formula is at least
consistent with what we already knew.
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62.3.2. Length of a parabola. Consider our old friend, the parabola y = z%, 0 < z < 1.
While the area under its graph was easy to compute (%3), its length turns out to be much
more complicated.

Our length formula says that the length of the parabola is given by

1 2 1
L:/O 1/1+(%)2dx:/0 V1+4a? da.

To find this integral you would have to use one of the following (not at all obvious)
substitutionﬂ

1

r=1(z- ;) (then 1 +42® = = (2 + 1/2)? so you can simplify the /)

1
4
or (if you like hyperbolic functions)

x = %sinhw (in which case /14 422 = coshw.)

62.3.3. Length of the graph of the Sine function. To compute the length of the curve given
by y =sinz, 0 < z < 7 you would have to compute this integral:

(67) L:/ 1+(d21;1;r)2 dm:/ V14 cos?z dx.
0 0

Unfortunately this is not an integral which can be computed in terms of the functions
we know in this course (it’s an “elliptic integral of the second kind.”) This happens very
often with the integrals that you run into when you try to compute the length of a curve.
In spite of the fact that we get stuck when we try to compute the integral in (67)), the
formula is not useless. For example, since —1 << cosx < 1 we know that

1<vV1+4co2z<VI+1=+2,

and therefore the length of the Sine graph is bounded by

/ldxg/ \/1+coszxda:§/ﬁdx,
0 0 0

ie.
7 <L<av2.

63. Work done by a force
63.1. Work as an integral

In Newtonian mechanics a force which acts on
an object in motion performs a certain amount of
work, i.e. it spends a certain amount of energy. If

Displacement

the force which acts is constant, then the work done Ftriction Foush
by this force is % m
Work = Force x Displacement. Fiota = Friction* Fousn

For example if you are pushing a box forward then there will be two forces acting on
the box: the force you apply, and the friction force of the floor on the box.

The amount of work you do is the product of the force you exert and the length of the
displacement. Both displacement and the force you apply are pointed towards the right,
so both are positive, and the work you do (energy you provide to the box) is positive.

The amount of work done by the friction is similarly the product of the friction force
and the displacement. Here the displacement is still to the right, but the friction force
points to the left, so it is negative. The work done by the friction force is therefore
negative. Friction extracts energy from the box.

9Many calculus textbooks will tell you to substitute & = tan @, but the resulting integral is still not
easy.
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Suppose now that the force F(t) on the box is not constant, and that its motion
is described by saying that its position at time ¢ is x(¢). The basic formula work =
force x displacement does not apply directly since it assumes that the force is constant.
To compute the work done by the varying force F(t) we choose a partition of the time
interval t, <t <t into

to=to<thi < - <tno1 <tn=1

In each short time interval tx_1 < t < ¢, we assume the force is (almost) constant and
we approximate it by F'(cg) for some tx—1 < ¢ < ti. If we also assume that the velocity
v(t) = 2'(¢) is approximately constant between times t;—1 and t; then the displacement
during this time interval will be

:C(tk) — l'(tk_l) ~ U(Ck)Atk,

where Aty = tx — ty—1. Therefore the work done by the force F' during the time interval
tk_l S t S tk is
AWk = F(Ck)’l)(ck)Atk.

Adding the work done during each time interval we get the total work done by the force
between time t, and tp:

W = F(C1)’U(C1)At1 —+ -+ F(CN)’U(CN)AtN.

Again we have a Riemann sum for an integral. If we take the limit over finer and finer
partitions we therefore find that the work done by the force F(t) on an object whose
motion is described by z(t) is

(68) W= / " Py,

a

in which v(¢) = 2’(¢) is the velocity of the object.

63.2. Kinetic energy

Newton’s famous law relating the force exerted on an object and its motion says F' =
ma, where a is the acceleration of the object, m is its mass, and F' is the combination
of all forces acting on the object. If the position of the object at time ¢ is x(¢), then its
velocity and acceleration are v(t) = z'(t) and a(t) = v'(t) = ' (¢), and thus the total force
acting on the object is

dv
F(t) =ma(t) = me
The work done by the total force is therefore

(69) W= /t " F()o(t)dt = /t bmdz(tt) o(t) dt.

Even though we have not assumed anything about the motion, so we don’t know anything
about the velocity v(t), we can still do this integral. The key is to notice that, by the
chain rule,

dv(t) B d%mv(t)2
my Y= T

(Remember that m is a constant.) This says that the quantity
K(t) = %mv(t)2
is the antiderivative we need to do the integral . We get

W:/tabmdt;—(:) v(?) dt:/tbK’(t) dt = K(t) — K(ta).

a
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In Newtonian mechanics the quantity K (t) is called the kinetic energy of the object, and
our computation shows that the amount by which the kinetic energy of an object increases
is equal to the amount of work done on the object.

64. Work done by an electric current

If at time t an electric current I(¢) (measured in Ampere)
flows through an electric circuit, and if the voltage across
this circuit is V'(¢) (measured in Volts) then the energy sup-
plied tot the circuit per second is I(¢)V (t). Therefore the
total energy supplied during a time interval top < ¢t < ¢ is
the integral =t .

Energy supplied = f:ol I(t)V (t)dt.

current

et >

(measured in Joule; the energy consumption of a circuit is voltage = V(t)
defined to be how much energy it consumes per time unit,

and the power consumption of a circuit which consumes 1 Joule per second is said to be
one Watt.)

If a certain voltage is applied to a simple circuit (like a light bulb) then the current
flowing through that circuit is determined by the resistance R of that circuit by Ohm’s

lauf"] which says
LV
=5
Ezample. If the resistance of a light bulb is R = 200f2, and if the voltage applied to it is
V(t) = 150sin 27 ft

where f = 50sec™ " is the frequency, then how much energy does the current supply to the
light bulb in one second?

1

To compute this we first find the current using Ohm'’s law,
V(t) 150 . _ .
R = 300 50 2rft = 0.75sin 2w ft. (Amp)

The energy supplied in one second is then

E= / o ItV (t)dt

I(t) =

1
:/ (150sin 27 ft) x (0.75sin 27 ft) dt
0

1
= 112.5/ sin® (27 ft) dt
0
You can do this last integral by using the double angle formula for the cosine, to rewrite
sin2(27rft) = %{1 — cos47rft} = % — %cos47rft.
Keep in mind that f = 50, and you find that the integral is
t 1

1
. . 1
/0 sin® (27 ft) dt = [5 — msmélwft]o =1,

and hence the energy supplied to the light bulb during one second is
E =112.5 x § =56.25(Joule).

Chttp://en.wikipedia.org/wiki/Ohm’ s_law


http://en.wikipedia.org/wiki/Ohm's_law

	I. Numbers, Points, Lines and Curves
	1. What is a number?
	Another reason to believe in 2
	Why are real numbers called real? 

	Exercises
	2. The real number line and intervals
	2.1. Intervals
	2.2. Set notation

	Exercises
	3. Sets of Points in the Plane
	3.1. Cartesian Coordinates
	3.2. Sets
	3.3. Lines

	Exercises
	4. Functions
	4.1. Example: Find the domain and range of f(x) = 1/x2
	4.2. Functions in ``real life''

	5. The graph of a function
	5.1. Vertical Line Property 
	5.2. Example

	6. Inverse functions and Implicit functions
	6.1. Example
	6.2. Another example: domain of an implicitly defined function
	6.3. Example: the equation alone does not determine the function
	6.4. Why use implicit functions?
	6.5. Inverse functions
	6.6. Examples
	6.7. Inverse trigonometric functions

	Exercises

	II. Derivatives (1)
	7. The tangent to a curve
	8. An example -- tangent to a parabola
	9. Instantaneous velocity
	10. Rates of change
	Exercises

	III. Limits and Continuous Functions
	11. Informal definition of limits
	11.1. Example
	11.2. Example: substituting numbers to guess a limit
	11.3. Example: Substituting numbers can suggest the wrong answer

	Exercise
	12. The formal, authoritative, definition of limit
	12.1. Show that limx33x+2=11 
	12.2. Show that limx1x2 = 1
	12.3. Show that limx41/x = 1/4

	Exercises
	13. Variations on the limit theme
	13.1. Left and right limits
	13.2. Limits at infinity. 
	13.3. Example -- Limit of 1/x 
	13.4. Example -- Limit of 1/x (again) 

	14. Properties of the Limit
	15. Examples of limit computations
	15.1. Find limx2x2
	15.2. Try the examples 11.2 and 11.3 using the limit properties
	15.3. Example -- Find limx2x 
	15.4. Example -- Find limx2x 
	15.5. Example -- The derivative of x at x=2. 
	15.6. Limit as x of rational functions
	15.7. Another example with a rational function 

	16. When limits fail to exist
	16.1. The sign function near x=0 
	16.2. The example of the backward sine
	16.3. Trying to divide by zero using a limit
	16.4. Using limit properties to show a limit does not exist
	16.5. Limits at  which don't exist

	17. What's in a name?
	18. Limits and Inequalities
	18.1. A backward cosine sandwich

	19. Continuity
	19.1. Polynomials are continuous
	19.2. Rational functions are continuous
	19.3. Some discontinuous functions
	19.4. How to make functions discontinuous
	19.5. Sandwich in a bow tie

	20. Substitution in Limits
	20.1. Compute limx3x3-3x2+2

	Exercises
	21. Two Limits in Trigonometry
	Exercises

	IV. Derivatives (2)
	22. Derivatives Defined
	22.1. Other notations

	23. Direct computation of derivatives
	23.1. Example -- The derivative of f(x)= x2 is f'(x) = 2x 
	23.2. The derivative of g(x) = x is g'(x) =1 
	23.3. The derivative of any constant function is zero 
	23.4. Derivative of xn for n=1, 2, 3, … 
	23.5. Differentiable implies Continuous
	23.6. Some non-differentiable functions

	Exercises
	24. The Differentiation Rules
	24.1. Sum, product and quotient rules
	24.2. Proof of the Sum Rule
	24.3. Proof of the Product Rule
	24.4. Proof of the Quotient Rule 
	24.5. A shorter, but not quite perfect derivation of the Quotient Rule 
	24.6. Differentiating a constant multiple of a function 
	24.7. Picture of the Product Rule

	25. Differentiating powers of functions
	25.1. Product rule with more than one factor
	25.2. The Power rule 
	25.3. The Power Rule for Negative Integer Exponents 
	25.4. The Power Rule for Rational Exponents 
	25.5. Derivative of xn for integer n 
	25.6. Example -- differentiate a polynomial 
	25.7. Example -- differentiate a rational function
	25.8. Derivative of the square root 

	Exercises
	26. Higher Derivatives
	26.1. The derivative is a function
	26.2. Operator notation

	Exercises
	27. Differentiating Trigonometric functions
	Exercises
	28. The Chain Rule
	28.1. Composition of functions
	28.2. A real world example
	28.3. Statement of the Chain Rule
	28.4. First example
	28.5. Example where you really need the Chain Rule
	28.6. The Power Rule and the Chain Rule
	28.7. The volume of a growing yeast cell
	28.8. A more complicated example
	28.9. The Chain Rule and composing more than two functions

	Exercises
	29. Implicit differentiation
	29.1. The recipe
	29.2. Dealing with equations of the form F1(x,y) = F2(x, y)
	29.3. Example -- Derivative of [4]1-x4
	29.4. Another example
	29.5. Derivatives of Arc Sine and Arc Tangent

	Exercises on implicit differentiation
	Exercises on rates of change

	V. Graph Sketching and Max-Min Problems
	30. Tangent and Normal lines to a graph
	31. The intermediate value theorem
	Example -- Square root of 2
	Example -- The equation +sin=2
	Example -- Solving 1/x=0

	32. Finding sign changes of a function
	32.1. Example

	33. Increasing and decreasing functions
	34. Examples
	34.1. Example: the parabola y=x2
	34.2. Example: the hyperbola  y=1/x 
	34.3. Graph of a cubic function
	34.4. A function whose tangent turns up and down infinitely often near the origin

	35. Maxima and Minima
	35.1. Where to find local maxima and minima
	35.2. How to tell if a stationary point is a maximum, a minimum, or neither
	35.3. Example -- local maxima and minima of f(x) = x3-x
	35.4. A stationary point that is neither a maximum nor a minimum

	36. Must there always be a maximum?
	37. Examples -- functions with and without maxima or minima
	38. General method for sketching the graph of a function
	38.1. Example -- the graph of a rational function

	39. Convexity, Concavity and the Second Derivative
	39.1. Example -- the cubic function f(x) = x3-x
	39.2. The second derivative test
	39.3. Example -- that cubic function again
	39.4. When the second derivative test doesn't work

	40. Proofs of some of the theorems
	40.1. Proof of the Mean Value Theorem
	40.2. Proof of Theorem 33.1
	40.3. Proof of Theorem 33.2

	Exercises
	41. Optimization Problems
	41.1. Example -- The rectangle with largest area and given perimeter
	41.2. Exercises


	VI. Exponentials and Logarithms
	42. Exponents
	42.1. The trouble with powers of negative numbers

	43. Logarithms
	44. Properties of logarithms
	45. Graphs of exponential functions and logarithms
	46. The derivative of ax and the definition of e
	47. Derivatives of Logarithms
	48. Limits involving exponentials and logarithms
	49. Exponential growth and decay
	49.1. Half time and doubling time
	49.2. Determining X0 and k

	Exercises

	VII. The Integral
	50. Area under a Graph
	51. When f changes its sign
	52. The Fundamental Theorem of Calculus
	52.1. Terminology

	Exercises
	53. The indefinite integral
	53.1. You can always check the answer
	53.2. About ``+C''
	53.3. Standard Integrals

	54. Properties of the Integral
	55. The definite integral as a function of its integration bounds
	56. Method of substitution
	56.1. Example
	56.2. Leibniz' notation for substitution
	56.3. Substitution for definite integrals
	56.4. Example of substitution in a definite integral

	Exercises

	VIII. Applications of the integral
	57. Areas between graphs
	Exercises
	58. Cavalieri's principle and volumes of solids
	58.1. Example -- Volume of a pyramid
	58.2. General case
	58.3. Cavalieri's principle
	58.4. Solids of revolution

	59. Examples of volumes of solids of revolution
	59.1. Problem 1: Revolve R around the y-axis 
	59.2. Problem 2: Revolve R around the line x=-1
	59.3. Problem 3: Revolve R around the line y=2

	60. Volumes by cylindrical shells
	60.1. Example -- The solid obtained by rotating R about the y-axis, again

	Exercises
	61. Distance from velocity, velocity from acceleration
	61.1. Motion along a line
	61.2. Velocity from acceleration
	61.3. Free fall in a constant gravitational field
	61.4. Motion in the plane -- parametric curves
	61.5. The velocity of an object moving in the plane
	61.6. Example -- the two motions on the circle from §61.4

	62. The length of a curve
	62.1. Length of a parametric curve
	62.2. The length of the graph of a function
	62.3. Examples of length computations

	63. Work done by a force
	63.1. Work as an integral
	63.2. Kinetic energy

	64. Work done by an electric current


