Introductory Calculus Notes

Ambar N. Sengupta

17th November, 2011



Ambar N. Sengupta 11/6/2011



Contents

(1.4 Union, Intersections, Complements| . . . . .. ... ... ...
(1.5 Integers and Rationals| . . . . . ... ... ... ... ... ..
[.6  Cartesian Products . . . . ... ... ... ... ... ...
(1.7 Mappings and Functions| . . . . . .. .. ... ... ... ...
(1.8 Sequences| . . . . . . . . ... .

(3

Suprema, Infima, Completeness|

[3.1  Upper Bounds and Lower Bounds| . . . . . .. ... ... ...
[3.2  Sup and Inf: Completeness|. . . . . . .. ... ... ... ...
[3.3 Moreon Supand Inf|. . . .. ... ...

Neighborhoods, Open Sets and Closed Sets|

(4.2 Neighborhoods| . . . . . ... ... .. ... ... ... ....
[4.3 Types of points foraset| . . . . . ... ... .. ... ... ..
[4.4  Interior, Exterior, and Boundary ot a Set| . . . . . . . ... ..
[4.5 Open Sets and Topology| . . . . . ... ... ... ... ....
4.6 Closed Sets] . . . . . . . . . .

13
13
14
15
17
17
18
19
23

25
25
26

29
29
30
31



4 Ambar N. Sengupta 11/6/2011
[4.7  Open Sets and Closed Sets| . . . . . . .. ... ... ... ... 40
M8 Closedsetsin Randin R¥ . . . ... ... ... ... ... .. 40

[> Magnitude and Distance| 41
b.1  Absolute Valuel . . . . . .. ... 41
[5.2  Inequalities and equalities| . . . . . . . . ... ... ... ... 42
b3 Distancel . . . . ... 43
[>.4  Neighborhoods and distance| . . . . . . . . .. ... ... ... 43

6 Limits | 45
(6.1 Limits, Supand Inff . . . . .. ... ... 00000 46
(6.2 Limits for 1/a| . . . . ... .. 49
6.3 A function with no imits . . . . . .. ... ... ... ... .. 51
[6.4 Limits of sequences| . . . . . . . ... ... L. 52
(6.5 Lim with supsandinfs . . . . . .. .. ... ... ... .... 54

[7 Limits: Properties | 57
(7.1 Up and down with limits[ . . . . . . . ... ... ... .. ... 57
(.2 [Limits: the standard definitionl. . . . . . .. .. ... ... .. 59
(7.3 Limits: working rules| . . . . . . . ... ... L. 61
[7.4  Limits by comparing| . . . . . . . . .. ... ... 64
(7.5 Limits of composite functions| . . . . . . . . . ... ... ... 66

[8  Trigonometric Functions| 69
[8.1 Measuring angles| . . . . . ... ... ... L. 69
[8.2  Geometric specification of sin, cos and tan| . . . . . . . .. .. 70
[8.3  Reciprocals of sin, cos, and tan| . . . . .. ... ... ... .. 74
8.4 Identities. . . . . . . . .. 74
(8.5 Inequalities|] . . . . . ... ... ... oo 7
B.6 DLimitsforsinandcos. . . . ... ... ... ... ... 78
8.7  Limits with sin(1/x) . . . .. ... ... ... 79
[8.8  Graphs of trigonometric functions| . . . . . .. ... 80
(8.9 Postcript on trigonometric functions| . . . ... ... ... .. 81

[Exercises on Limits| . . . . . . .. ..o 82

[9 Continuity| 85

9.1 Continuity at apoint| . . . . . . ... ... ... ... ..... 85




DRAFT Calculus Notes 11/17/201

9.4  Two examples using ()] .

1

[9.5  Composites of continuous

functions| . . . . .. ... ... ...

[9.6 Continuity on R* . . . .

(10 The Intermediate Value Theoreml

[10.1 Inequalities from limits| .

(10.2 Intermediate Value Theorem|. . . . . . . . ... .. ... ...

[10.4 Intermediate Value Theorem: an application| . . . . . . . . ..

[10.5 Locating roots|. . . . . .

(11 Inverse Functions|

(11.1 Inverse trigonometric func

tions| . . ... ... ... ...

[11.2 Monotone functions: terminology| . . . . . . . . . . . ... ..

[13 Tangents, Slopes and Derivatives|

[13.1 Secants and tangents| . .
13.2 Dervativel. . . . . . ..

13.7 Derivative of z=*
13.8 Derivative of ™" = 1/z"|
13.9 Derivative of x!/?

(14 Derivatives of Trigonometric Functions|

I D ol oL B

[14.2 Derivative of cos is — sin|

86
87
88
88

91
92
93
94
95
96

99
99
102
103

107
107
110
111

113
114
116
117
118
120
121
121
122
123
125
125



(15 Differentiability and Continuity|
[15.1 Differentiability implies continuity]

[16 Using the Algebra of Derivatives|
(16.1 Using the sum rule] . . . . . . ..
{16.2 Using the product rule] . . . . . .
[16.3 Using the quotient rulef . . . . . .

[17 Using the Chain Rule|
(17.1 Initiating examples| . . . . . . ..

(172 The chain rulel. . . . .. ... ..

[18 Proving the Algebra of Derivatives|

[18.3 Quotients| . . . .. ... ... ..

(19 Proving the Chain Rule|
(19.1 Why it works| . . . . . . . .. ..
19.2 Proof the chain rulel. . . . . . ..

20 Using Derivatives for Extremal
[20.1 Quadratics with calculus| . . . . .
[20.2 Quadratics by algebra] . . . . ..
20.3 Distance to alinel . . . . . . . ..
[20.4 Other geometric examples| . . . .

E - Mos [ Mina

Ambar N. Sengupta 11/6/2011

131
................ 131

133
................ 134
................ 134
................ 135

137
................ 137
................ 138

141
................ 141
................ 141
................ 143

145
................ 145
................ 146

151
................ 152
................ 153
................ 155
................ 160
................ 164

167
................ 167
................ 169



DRAFT Calculus Notes 11/17/2011 7

23 The Sign of the Derivative] 175
[23.1 Positive derivative and increasing nature| . . . . . . . . . . .. 175
[23.2 Negative derivative and decreasing nature] . . . . . . . . . .. 179
[23.3 Zero slope and constant tunctions| . . . . . . . ... ... ... 179

(24 Differentiating Inverse Functions| 181
24.1 Inverses and Derivatives| . . . . . . . . . . . .. ... ... .. 182

[256 Analyzing local extrema with higher derivatives| 185
[25.1 Local extrema and slope behavior| . . . . . . . ... ... ... 185
25.2 The second derivative test] . . . . . . . ... ... ... . ... 188

26 Exp and Log| 191
[26.1 Exp summarized, . . . . . ... ... ... L 191
[26.2 Log summarized . . . . . . ... ... Lo 193
26.3 Real Powerd . . . . . ... ... o 195
[26.4 Example Calculations|. . . . . . .. ... ... .. ... .... 197
[26.5 Proots for Exp and Logf. . . . . . . ... ... ... ... ... 198

[27 Convexity] 205
27.1 Convex and concave functions| . . . . . ... .. ... ... .. 205
[27.2 Convexity and slopel . . . . . . . ... ... ... ... .. 206
27.3 Checking convexity/concavity| . . . . . .. .. ... ... ... 208
27.4 Inequalities from convexity/concavity| . . . . . . . . ... ... 209
[27.5 Convexity and derivatives| . . . . .. .. ... ... .. .... 213
[27.6 Supporting Lines| . . . . . ... ... oo 215
R7.7 Convex combinations . . . . . . . ... ... L. 218

|[Exercises on Maxima/Minima , Mean Value Theorem, Convexity[223

28 ospital’s Rule 225
[28.1 Examples . . . . . . . ... .. 226
[28.2 Proving ['Hospital’'srule] . . . . . ... ... ... .. ... .. 228

[Exercises on 'Hosptal’srule] . . . . . .. ... ... ... ... 232

[29 Integration | 233
[29.1 From areas to integrals| . . . . . . . ... ... ... ... ... 233
[29.2 The Riemann integrall. . . . . . . ... ... .. ... ... .. 235
[29.3 Refining partitions| . . . . . . . ... ... ... ... 237

[29.4 Estimating approximation error| . . . . . . . . . ... ... .. 239




8 Ambar N. Sengupta 11/6/2011

[29.5 Continuous functions are integrablel . . . . . . . . .. ... ..
[29.6 A tunction for which the integral does not exist| . . . . . . ..
[29.7 Basic properties of the integrall. . . . . . .. ... ... .. ..

[30.2 Differentials and integrals| . . . . .. ... .. ... ... ...
[30.3 Using the fundamental theorem| . . . . . . . .. ... ... ..
[30.4 Indefinite integrals| . . . . . . ... ... 0oL
[30.5 Revisiting the exponential function| . . . . . . . ... ... ..

[31 Riemann Sum Examples|
31.1 Riemann sums for f]V e P
31.2 Riemann sums for 1/af . . . . . ... ... . L.

B1.3 Riemann sumsfor ol . . ... . . . ... ..

[32 Integration Techniques|
[32.1 Substitutionsl . . . . . .. ... oo
[32.2 Some trigonometric integrals| . . . . . . ... 0oL
[32.3 Summary ot basic trigonometric integrals| . . . . . . . .. . ..
[32.4 Using trigonometric substitutions| . . . . . . .. ... ... ..
[32.5 Integration by parts|. . . . . . ... ..o
[Exercises on the Substitution Methodl . . . . . . .. .. .. ..

[33 Paths and Length|

245
245
246
249
252
254

257
257
260
261
264
266

269
269
276
280
282
286
290

291
291
294
295
297

301



DRAF'T Calculus Notes 11/17/2011 9

Preface

These notes are being written for an introductory honors calculus class, Math
1551, at LSU in the Fall of 2011.

The approach is quite different from that of standard calculus texts. (In
fact if I had to choose a subtitle for these notes, it would be ‘An Anti-
calculus-text Book’.) We use natural, but occasionally unusual, definitions
for basic concepts such as limits and tangents. We also avoid several stranger
aspects of the universe of calculus texts, such as counterintuitive notions of
what counts as ‘local maximum’ or obsessing over ‘convex up/down’, and
stay with practice that is consistent with the way mathematicians actually
work. For most topics we show how to work with the method first and then
go deeper into proofs and finer points. We prove several results in sharper
formulations than seen in calculus texts. Among drastic departures from the
standard approaches we work with the extended real line R* = RU{—o00, 00},
and define limits in such a way that no special exceptions need to be made
for limits involving +0c0. We follow a consistent strategy of using suprema
and infima, which form a running theme through the historical development
of the real line and calculus. An entire chapter is devoted to convexity.

For various corrections and comments I thank Justin Katz.
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Introduction

There are two fundamental notions that led to the development of calculus
historically: (i) the measurement of areas of curved regions, and (ii) the study
of tangents to curves. These apparently disconnected themes, formalized
in integral calculus and differential calculus, respectively, come together in
the fundamental theorem of calculus, that makes the subject so useful and
powerful.

Lengths of line segments are measured by comparing to a chosen ‘unit’
of length. For areas the natural extension would be to measure the area of
a region by counting the number of unit squares (squares with unit-length
sides) needed to cover the region exactly. This works very well for a rectangle.
Clearly a rectangle whose sides are of length 3 units and 4 units is covered
exactly by a 3 x 4 grid of 12 unit squares. This leads naturally to

area of a rectangle = product of the lengths of its sides.

It requires only a few natural and simple steps to compute the area of a
triangle (realize it as made up of two halves of rectangles) and more generally
the area of a polygonal region.

This strategy fails when we think of a curved region, such as a disk.
There is surely no obvious way to cover a disk exactly with a finite number
of squares or pieces of squares. (Whether such slicing and reassembly of
regions is really possible, and in what sense, is a truly difficult problem.)
The solution to this problem for specific curved regions was already known
in the era of Greek mathematics. Consider non-overlapping squares lying
inside a disk. Surely the area of the disk is at least as large as the sum of
the areas of such squares:

areas of polygonal regions inside disk < area of disk.

On the other hand, if we cover the disk with squares, which spill over to the
outside of the disk, and add up the areas of these squares we obtain an over
estimate of the area of the disk:

area of disk < areas of polygonal regions covering disk.
Thus, the area of the disk ought to be

the unique value that lies between these overestimates and the
underestimates.
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This idea, of pinning down a value by realizing it as being squeezed in
between overestimates and underestimates is an enormously powerful idea,
running all through the foundations of calculus. We will use this idea persis-
tently in developing the basic notions of both integral calculus and differential
calculus.

Returning to the disk, it turns out that there is indeed such a unique
value lying between the underestimates and the overestimates. The area of
the disk scales up by a factor of 9 if the radius is scaled up by a factor of 3.
Indeed, the ratio of the area of the disk to that of the square on the radius
is the fundamental constant denoted

.

The simplest underestimate for 7 is obtained by inscribing a square in the
unit circle so that the diagonal of the square is a diameter of the circle; each
side of this square has length /2 and so its area is 2. Next, drawing a square
with width given by the diameter of the circle gives an overestimate for the
area: 22. Thus

2<m <4

Archimedes, working with a 96-sided polygon obtained the estimates:

3% <7< 3%.
Aside from such estimates a crucial point is that the overestimates and un-
derestimates can be made ‘arbitrarily’ close to each other; more precisely,
there can only be a unique number lying between the overestimates and un-
derestimates.
The value of m expressed as a decimal is:

m = 3.1415926. ..

where the dots mean that the decimal continues endlessly. What this means
exactly is that m is the least number greater than all the finite decimal ap-
proximations listed through the decimal expansion. This expression, though
quite concrete, is frustrating in that there is no direct specificaton of, say,
what the 25-th decimal entry is. More informative are formulas such as
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or the enormously efficient but mysterious Ramanujan formula

9801

™= oo (4n)!(1103+26390n) °
22370 ¢ )(r(n)4(396)4n :

What exactly these formulas mean will become clear when we have studied
limits and infinite series sums.

The number 7, originating in geometry, appears in a vast array of contexts
in physics, chemistry, engineering and statistics.

Archimedes was able to compute areas of more complex curved regions by
very careful estimations, encoded in his method of exhaustion for computing
areas. The great power of integral calculus is illustrated by the fact that it
turns the genius of Archimedes’ method into an utterly routine calculation
that a student of calculus can do in moments.



Chapter 1

Sets: Language and Notation

Set theory provides the standard foundation for nearly all of mathematics.
It is, however, an especially abstruse area in mathematics. In this chapter
we will learn some language and notation from set theory that is widely used
in mathematics.

1.1 Sets and Elements

A set, for practical purposes, is a collection of objects. These objects are
called the elements of the set. For example,

{-1,D,5,8}

is a set whose elements are —1, D, 5, and 8. This is a typical way of displaying
a set: list its elements, separated by commas, within the braces { and }.
Sometimes a set if best specified by describing its elements. For instance,

{z : x is a prime number less than 10}

is the same as the set
{2,3,5,7}.

Occasionally, we will dispense with formality and simply write the descriptive
form of the set as
{all primes less than 10}.

The notation
rey

13
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says that z is an element of y. Thus,
3€42,3,5,8}.
On the other hand 4 is not an element of {2, 3,5, 8}, and this is displayed as
4¢{2,3,5,8}.
Sets x and y are said to be equal, written

r=1y

if every element of z is an element of y and every element of y is an elements
of z; in other words, sets are equal if they have the same elements.

Both {2,3,5, B} and {B,5, B, 2,3} display exactly the same set. If we
happen to repeat elements in one display or if we display the elements in a
different order it does not change the set. As another example,

{3,5} = {5,3}.

1.2 Everything from nothing

The empty set () is the set that contains no elements at all:
0={}. (1.1)
For the empty set any statement such as
acl

is false, for () contains no element.
Notice that the set

{0}

is mot empty: it contains one element, that being (). This is a bit confusing,
so think it over. Thus:

{0} #0 (1.2)

because the set on the left contains one element whereas the set on the right
doesn’t contain any element.
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In fact, {0} has a name. It is just the mathematical definition of 1:

1% gy (1.3)
Having 1 and () we can form another set:

{0,1}.

This, of course, is 2:
2% 49,1} (1.4)

In this way we obtain the numbers
0=0,1,2,3,...,
which, together, form our first infinite set:
{0,1,2,3,...}.

Here we have identified 0 and the empty set, but conceptually one thinks of
0 as ‘the number of elements’ in the empty set rather than ().
Much more can be done. The negative numbers

—1, -2, —3,...

)

can also be constructed as sets, and then the rational numbers, such as
—13/271. In fact, virtually every object in mathematics is a set.

There is, of course, much more to numbers than simply names given to
certain sets, but we will not pursue this direction further. It is also good to
keep in mind that our notion of numbers, both for counting and for ordering
(such as listing items as first, second, third, etc.) is ancient, whereas the
formalizing of this notion within set theory is barely over a hundred years

old.

1.3 Subsets

If x and y are sets, we say that x is a subset of y if every element of x is an
element of y; we denote this by

r Cy.
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For instance,
{1,2,5,6} € {0,5,6,4,7,2,3}.

Note that every set is a subset of itself:
T Cx.
Here are a couple more simply observations:
e if x C yand y C x then x = y;
e if x CyandyC zthenx C 2.

Sometimes one gets confused between a € b and x C y. These are different
notions. For example,

3¢ {1,3,5}

but 3 is not a subset of {1,3,5}. But here is a somewhat twisted example:
for the set
a={1,{1}}
we have both
{1} € q, and {1} e a.

But this is unusual.
One can do strange things with the empty set, always using arguments
by contradiction. Here is a starter instance of this:

Proposition 1.3.1 The empty set is a subset of every set:

0 Cux for all sets x.

Proof. We argue by contradiction. Suppose z is a set and () is not a subset
of x. This would mean that () contains some element that is not in z. But )
contains no element at all. Thus we have a contradiction, and so () is in fact

a subset of z.
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1.4 Union, Intersections, Complements

The wunion of sets x and y is the set obtained by pooling together their
elements into one set. The union is denoted

zUy.

For example,
{1,3,5} U{3,5,6,7} = {1,3,5,6,7}.

One can do unions of any family of sets. For example,
{1}y u{1,2} u{1,2,3}uU...={1,2,3,...}.

The intersection of sets x and y is the set containing the elements that
are both in x and in y, and is denoted

rNy.

For example,
{1,3,5,6} N {2,4,6,3,8} = {3,6}.

The intersection can be empty of course:
{2,4,5} n{1,3,7} = 0.

If the intersection of sets x and y is empty we say that x and y are disjoint.
One can take intersections of more than two sets as well:

{1,5,3,6} N {2,3,4} N {3,8,9} = {3}.

Sometimes we are working within one fixed big set X. Then the comple-
ment of any given subset A C X is the set of elements of X not in A:

A={pe X : p¢ A}

1.5 Integers and Rationals
The numbers 0, 1,2, 3, . .. along with their negatives form the set Z of integers:

Z=1{0,1,-1,2,-2,3,-3,...}. (1.5)
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Taking ratios of integers yields the rational numbers. Thus a rational
number can be expressed as

P/q;

where p and ¢ are integers, with ¢ # 0 of course. For example, —34/15 is
rational. The set of all rational numbers is denoted

Q={p/q : pa€Z,q#0}. (1.6)

As we know there is a whole algebra for the rationals: they can be added,
substracted, multiplied, divided (not by zero). Moreover, there is an order
relation on Q, telling us which of two given rationals is bigger.

For calculus we need the set R of all real numbers. This is a much larger
set than Q, as it contains irrational numbers such as v/2 and , in addition
to all the rational numbers.

1.6 Cartesian Products

The displays {a, b} and {b,a} describe the same set, but sometimes we need
to express a appearing first followed by b. For this purpose there is the notion
of an ordered pair:

(a,b).

There are a number of ways to construct a set out of @ and b, reflecting the
distinction between them; a simple (though certainly not obvious) strategy

is to define
(a,0) = {{a},{a,b}}. (1.7)
We can check that, with this definition,
(a,b) = (¢, d) if and only if @ = ¢ and b = d.

Thus, for instance,
(1,3) # (3,1).

Next, from sets A and B we can construct the set of all ordered pairs (a, b),
drawing the first entry a from A, and the second entry b from B:

Ax B={(a,b) : a€ A, be B}. (1.8)



DRAF'T Calculus Notes 11/17/2011 19

This is called the Cartesian product of A with B. For example,
{2,5,6} x {d, g} ={(2,d),(2,9),(5,d),(5,9),(6,d), (6, 9)}.
The Cartesian product of a set A with itself is denoted A2
A? = A x A (1.9)

Thus the plane, coordinatized by real numbers, can be modeled mathemati-
cally as
R? = {(z,y) : € R,y € R}. (1.10)

1.7 Mappings and Functions
In calculus we work with functions specified by formulas such as
y=a>+2*+1.

This relation is not read as simply an equality of two quantities y and % +
2% + 1, but rather as a procedure for computing one quantity from the value
of another:

given the value z = 2 we compute y = 23 + 22 + 1 = 13.

Thus what we have here is a prescription: an input value for x leads to
an ouput value y. Of course, the letters = and y are in themselves of no
significance; the same function is specified by

s=t*+12+1.

Sometimes a function is specified not by a formula but by an explicit descrip-
tion; for example,

1 if m is a prime number;

1prime(m) = {

0 if m is not a prime number.

specifies a ‘function of m’, where m runs over the positive integers. For
example,
Loime(D) =1, and  1,me(4) = 0.
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To formalize the notion of a function as producing an output value from
an input value drawn from some given set in set language, observe that the
function is essentially known completely if we are given the value f(t) for
every relevant t; this information can be encoded by providing the set

{(¢, f(t)) : t running over a given set of interest}.

Note that to keep things unambiguous, f(t) should mean exactly one unique
value, and not multiple values. Thus, for example,

y==+Vv1—2x?

is a relation containing meaningul information but we will not use the term
‘function’ for this.

We can now turn to a formal definition that reflects this notion.

A map, mapping, or function

f:A—B

is specified by a set A, called the domain of f, a set B, called the codomain
of f, and a set Gr(f) of ordered pairs (a,b), with a« € A and b € B, such
that for each a € A there is a unique b € B for which (a,b) € Gr(f). If
(a,b) € Gr(f) we denote b by f(a):

b= f(a) means (a,b) € Gr(f).

The set Gr(f) is the graph of the mapping f.

The term function is used normally, instead of mapping, in calculus.

In order to make progress we also need to use language shortcuts. For
example, instead of saying the function, with domain and codomain the set
of real numbers and having graph

{(a,a®) : a € R},

we often simply write

the function y = 22,

it being clear, unless otherwise spelled out, that x runs over all real numbers.
Thus, when we say
the function y = x
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Figure 1.1: Graph of y = x

Y

/\ /y:x3—x2—2x+1
[V

Figure 1.2: Graph of y = 2% — 22 — 2z +1

we mean the function x whose value at any p is p itself; for instance,
x(3) =3, x(—4.75) = —4.75.

The graph of y = x is displayed visually as a straight line:

The graph of y = 23 — 22 — 22 + 1 is displayed visually as

Often in calculus, the codomain is clear from context (usually, the set
R of all real numbers) and we identify a function with its graph, ignoring
specification of the codomain.

The range of a function f is the set of all values it takes:

Range(f) = {f(a) : @ € domain of f }.
For example, for the function
y=2? for all real numbers ,

the range is the set of all non-negative real numbers

0, 00).
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For the function 1ime we considered before, the range is the set {0,1}:
Range(1pime) = {0, 1}.
Returning to our earlier example
y=+V1-2a2
observe that this is equivalent to
2+ =1
This can be viewed as its graph:
{(z,y) eR : z € R,y € R},

which is the circle of unit radius, centered at the origin (0, 0).

Figure 1.3: Graph of the circle 22 + y? = 1.
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1.8 Sequences

A function whose domain is the set
N=1{1,2,3,..}

of positive integers is called a sequence. For example,
1
fN=>R:n— —
n

is a sequence. It is conventional to use n in place of z, and write f,, in place
of f(n). In the preceding example we may describe it as

the sequence f, = 1/n,
or, more formally, as
the sequence (f,)n,>1 where f,, = 1/n,
or, most simply, as
the sequence 1/n.

Here you have to underdstand from the context that n runs over N, and we
are, strictly speaking, talking about the function that associates 1/n to every
n € N. The way to think about the sequence is to think of it as a list of its

values:
1 1 1 1

ooy oa
Sometimes there is no ‘formula’ for the n-th term; for example,

the sequence p,, = n-th prime number.

(There are infinitely many prime numbers and so this does indeed specify a
sequence. )

In some contexts it is useful to take the domain of a sequence to include
0 as well. For example, the factorials

fn=n! for all n € {0,1,2,...}
are secified by
Ol=1, 1l=1 20=12=2, 3=2.3=123,  (n+1)! =nl-(n+1).
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Chapter 2

The Extended Real Line

In this chapter extend the real line R by including a largest element oo and a
smallest element —oo. Using these makes it possible to write many theorems
in a simpler way, without having a list of qualifiers of which situations need
to be excluded.

2.1 The Real Line

The numbers 0,1,2,... arise from the notion of counting. From these it
is possible to construct negative numbers —1,—2,... and then the rational
numbers.

Geometry leads us beyond the rationals and forces us to bring in other
numbers. Consider straightline [, and on it pick a special point O and another
point U.

corresponds to the
real number OP/OU

Figure 2.1: Real numbers as ratios of segments
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Then for any point P on the line [ we can think of the geometical concept

of the ratio
OP/OU,

where we take this to be negative if P is on the opposite side of O from

U. Such ratios can be added and multiplied by using geometric construc-

tions (these geometric operations on segments were described in Euclid’s

FElements). Thus they form a system of numbers called the real numbers.
For example, if P is just the point U then the ratio

OP/OU = OU/OU

corresponds to the number 1. Similarly, we have points P for which OP/OU
is a rational such as —4/7. But there are also points P for which OP/OU
cannot be expressed as a ratio of integers.

For example, consider a right angled triangle that has two sides of length
OU. Then the diagonal is, by Pythagoras’ theorem, has the ratio to OU
given by v/2. It is a fact that /2 is not a rational number, in that there is
no rational number whose square is 2.

The rationals are dense in the real line: between any two distinct reals
there lies a rational. The irrationals are also dense in the real line: between
any two distinct reals lies an irrational.

2.2 The Extended Real Line

The extended real line is obtained by a largest element oo, and a smallest
element —oo, to the real line R:

R* =R U {—00, 00} (2.1)

Here oo and —oo are abstract elements. We extend the order relation to R
by declaring that
—00 <z <00 forall z € R (2.2)

Much of our work will be on R*, instead of just R.
We define addition on R* as follows:

r+o0 = oo=o00+x foral xeR* withaz > —oc0 (2.3)
y+ (—o0) = —oo=(—00)+y forallye R* withy <oco. (2.4)
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Note that
00 + (—00) is not defined,

which just means that there is no useful or consistent definition for it.
For multiplication we set

r-00 = oo=o00-2 forallzeR" withxz >0 (2.5)
r-(—00) = —o0=(—00)x forall ze R* withz <0. (2.6)

It is a bit dangerous to define oo - 0. However, playing it very carefully, it
turns out to be useful to set

0=0-00=0

(2.7)
(—=00)-0=0"-(—00) =0.

This convention is quite useful when we study integration theory, but it

should not be used in other parts of calculus, such as the study of limits.

A definition, aside from being an identification of a distinctive concept, is

meaningful and necessary only in so far as it is useful in formulating results.

For example, 0/0 is undefined not because somehow we have arbitrarily de-

cided not to define it, but any definition for it would be a dead end, of no

use elsewhere in mathematics.

Some familiar algebraic facts are still valid in R*:

r+y=y-+ux, r+y+2)=(x+y) + 2, (2.8)

whenever either side of these equations exist (that is we don’t have co+(—00)
appearing).
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Chapter 3

Suprema, Infima, Completeness

In this chapter we examine a fundamental property of the real line that
distinguishes it from the rationals and that makes much of calculus possible.
This property is called completeness, and roughly it means that the real line
has no ‘gaps’ or ‘holes’.

3.1 Upper Bounds and Lower Bounds

Consider a set S C R*.
A point p € R* is an upper bound of S if it lies to the right of S:

xr<p for all z € S.

For example, for the set
{3,4,6} U (8,9]

upper bounds are all numbers > 9. Note that 9 is also an upper bound.

For the entire real line R the only upper bound is co. If we had restricted
ourselves to working only with real numbers then R would not have an upper
bound.

Note that oo is an upper bound for every subset of R*.

Here is a mind twister for the empty set: 3 is an upper bound for (). As
usual, to prove this we argue by contradiction. Suppose 3 were not an upper
bound of (). This would mean that 3 is less than some z € {):

3<zx for some x € 0.
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But the empty set has no element and so no such z exists. Thus, 3 must
indeed be an upper bound for .

Is there anything special about 3 in the preceding argument? Definitely
not! Thus:

every value in [—oo, 00| is an upper bound of ).

Now we turn to the flip side of the concept of upper bound. A point
p € R* is a lower bound of S if it lies to the left of S

p<ux forall z € S.

Thus, for example, for the set
(8,9] U[11,00)

all p < 8 are lower bounds. Note that 8 is also a lower bound.

The value —oo is a lower bound for every subset of R*.

Returning to the strange case of the empty set the same logical gymnastics
show that every value in [—oo, 00| is a lower bound of ().

3.2 Sup and Inf: Completeness

Consider any S C R*.
The smallest upper bound of S, that is the least upper bound of S, is
called the supremum of S and denoted

sup S.

For example,
sup(8,9] U [11, 00) = 0.

The largest lower bound, that is the greatest lower bound, of S is called
its wnfimum and denoted

inf S.

With the example above we have

inf(8,9] U [11, 00) = 8.
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If you think about the empty set, a strange thing happens. Recall that
every value in R* is an upper bound of () and so the least upper bound is
—00:

sup ) = —oc.

Similarly,
inf ) = oco.

Thus, the supremum of the empty set is actually less than the infimum!
Here is a fundamental property of R*:

Fvery subset of R* has a supremum and an infimum. (3.1)

This is called the completeness of R*.
If we want to stay within just the set of real numbers, the statement is a
little bit more complicated so as to rule out all the infinities:

If A C R is not empty and has an upper bound then it has a supremum,
(3.2)
and an analogous statement holds for the infimum.

The completeness of R is a crucial property. It does not hold for rationals:
roughly speaking if we draw Q on a line there will be lots and lots of holes,
for instance the point where /2 would be missing. Many of the great useful
results of calculus would fail on Q just for this reason.

The completeness property can be taken to be an azxiom in one approach
to the study of the real number system. But in another, more construc-
tive ,approach, where R is constructed out of set theory, completeness is a
property that is proved as a fundamental theorem about R.

3.3 More on Sup and Inf

Consider a non-empty set S C R*. Pick some point p in S. Then any lower
bound of S is < p and every upper bound of S is > p:

any lower bound of S < p < any upper bound.

In particular,

the greatest lower bound of S < p < the least upper bound.
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Thus,
infS<p<supS forallpes.

If S contains just one point then the inf and sup coincide: for example,
inf{3} = 3 = sup{3}.
On the other hand
inf S <supS if S contains more than one point. (3.3)
Now consider another situation. Consider sets
BcCcACR".

Thus everything in B is also in A. Any upper bound of A is > all elements
of A and hence is > all elements of B. Thus:

every upper bound of A is an upper bound of B.
In particular,
the least upper bound of A is an upper bound of B.
In other words:

sup A is an upper bound of B.

So, of course,
the least upper bound of B is < sup A.

Thus,
sup B <sup A if BC A. (3.4)

Picking a smaller set decreases the supremum, where smaller means that it
is contained in the larger set. (‘Decreases’ is in a lose sense here, as it may
happen that sup A is equal to sup B.)

By a similar reasoning we have

inf A <inf B if B C A. (3.5)

Picking a smaller set increases the infimum, with qualifiers as before.



Chapter 4

Neighborhoods, Open Sets and
Closed Sets

In this chapter we study some useful concepts for studying the concept of
nearness of points in R*.

4.1 Intervals

An interval in R* is, geometrically, just a segment in the extended real line.
For example, all the points x € R* for which 1 < z < 2 is an interval. More
officially, an interval J is a non-empty subset of R* with the property that
for any two points of J all points between the two points also lie in J: if
s,t € J, with s <t,and if s <p <t thenpe J.

Let J be an interval, a its infimum and b its supremum:

a=infJ, and b=supl.

Consider any point p strictly between a and b. Since a < p, the point p is
not a lower bound and so there is a point s € J with s < p. Since b > p,
the point p is not an upper bound, and so there is a point t € J with p < t.
Thus

s <p<t.

Since s,t € J it follows that p, being between s and ¢, is also in J. The
endpoints a and b themselves might or might not be in J. Thus we have the
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following possibilities for J:

def

la,b] = {x ER*:agxgb}
[a,b)dé{ R* 1 a<z<b}
(@, L {zeR :a<a<b}
[a,)é{ eR" :a<z<b}.

(4.1)

An interval of the form [a, b] is called a closed interval, and an interval of
the form (a,b) is called an open interval. Thus a closed interval contains it

two endpoints, while an open interval contains neither endpoint.

4.2 Neighborhoods

A neighborhood of a point p € R is an interval of the form
(p—d6,p+0)
where 6 > 0 is any positive real number. For example,
(1.2,1.8)

is a neighborhood of 2.
A typical neighborhood of 0 is of the form

(_67 6)

for any positive real number e.
A neighborhood of oo in R* = R U {—o00, 00} is a ray of the form

(t,o0] ={z eR" : 2 >t}
with ¢ any real number. For example,
(5,09

is a neigborhood of oco.
A neighborhood of —oo in R* is a ray of the form

[—o00,s) ={rx e R": x < s}



DRAF'T Calculus Notes 11/17/2011 35

where s € R. An example is
[—OO, 4)

Observe that if U and V' are neighborhoods of p then U NV is also a
neighborhood of p. (In fact, for the type of neighborhoods we have been
working with, either U contains V' as a subset of vice versa, and so U NV is
just the smaller of the two neighborhoods.)

Observe also that if IV is a neighborhood of a point p, and if ¢ € N then ¢
had a neighborhood lying entirely inside N. For example, the neighborhood
(2,4) of 3 contains 2.5, and we can form the neighborhood (2, 3) of 2.5 lying
entirely inside (2,4).

Here is a simple but fundamental observation:

Distinct points of R* have disjoint neighborhoods. (4.2)

This is called the Hausdorff property of R*.
For example, 3 and 5 have the neighborhoods

(2,4) and (4.5,5.5)
The points 2 and oo have disjoint neighborhoods, such as
(—1,5) and (12, 0]

Exercise Give examples of disjoint neighborhoods of

4.3 Types of points for a set

Consider a set
S C R*.

A point p € R* is said to be an interior points of S if it has a neighborhood
U lying entirely inside S:
UcsS.



36 Ambar N. Sengupta 11/6/2011

For example, for the set
E = (—4,5]U{6,8} U9, 0],

the points —2, 3, 11 are interior points. The point co is also an interior point
of F.
A point p is an exterior point if it has a neighborhood U lying entirely
outside S:
Ucs-.

For example, for the set E above, points —5, 7, and —oo are exterior to E.
A point that is neither interior to S nor exterior to S is a boundary point
of S. Thus p is a boundary point of S if every neighborhood of p intersects

both S and S°.
In the example above, the boundary points of E are

—4,5,6, 8,9, cc.
Next consider the set
{3} U (5,00)

The boundary points are 3,5, and oco. It is important to observe that if we
work with the real line R instead of the extended line R* then we must exclude
oo as a boundary point, because it doesn’t exist as far as R is concerned.

Example For the set A = [—00,4) U {5,9} U [6,7), decide which of the following
are true and which false:
(i) —6 is an interior point (T)
(ii) 6 is an interior point (F)
(iii) 9 is a boundary point (T
(iv) 5 is an interior point (F)
Ecxerise For the set B = [—o00, —5) U {2,5,8} U [4,7), decide which of the fol-
lowing are true and which false:
(i) —6 is an interior point
(ii) —b is an interior point
(iii) 5 is a boundary point
(iv) 4 is an interior point
)

(v) 7is a boundary point.
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4.4 Interior, Exterior, and Boundary of a Set

The set of all interior points of a set S is denoted
SO

and is called the interior of S.
The set of all boundary points of S is denoted

oS

and is called the boundary of S.
The set of all points exterior to S is the exterior of S, and we shall denote
it
Sext‘

Thus, the whole extended line R* is split up into three disjoint pieces:

R* = S0UaS U S (4.3)

Recall that a point p is on the boundary of S if every neighborhood of
the point intersects both S and S¢. But this is exactly the condition for p to
be on the boundary of S¢. Thus

08 = dse. (4.4)

The interior of the entire extended line R* is all of R*. So
OR* = ().

Moreover,
oD = 0.

At another extreme of unexpected behavior is the set Q of rational num-
bers. If you take any neighborhood U of any point in R* then U contains
both rational numbers and irrational numbers. Thus, every point in R* is a
boundary point of Q:

0Q = R™.

Example For the set A = [—00,4) U {5,9} U[6,7),
(i) A =[-00,4) U (6,7)
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(i) 0A ={4,5,9,7,6}
(iii) A°=[4,5)U(5,6)U[7,9) U (9, ]
(iv) the interior of the complement A° is
(A°)° = (4,5) U (5,6) U (7,9) U (9, o0]
For the set
G = (3,00)
the boundary of GG, when viewed as a subset of R*, is
0G = {3, 0}.
But if we decide to work only inside R then the boundary of G is just {3}.
Excerise For the set B = {—4,8} U[1,7)U[9,00),
(i) B
(i) 0B =
) B
)

(iii

(iv) the interior of the complement B¢ is

(BC)O —

4.5 Open Sets and Topology

We say that a set is open if it does not contain any of its boundary points.

For example,
(2,3)U (5,9)
is open. The set
(3,4]

is not open, because it contains 4, which is a boundary point. On the other
hand
(4, 00]

is open (even though it is not what is usually called ‘an open interval’).
The entire extended line R* is open, because it has no boundary points.
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The empty set () is open, because, again, it doesn’t have any boundary
points.
Notice then that every point of an open set is an interior point. Thus, a
set S is open means that
S0 =5,

Thus for an open set S each point has a neighborhood contained entirely
inside S. In other words, S is made up of a union of neighborhoods.

Viewed in this way, it becomes clear that the union of open sets is an
open set.

It can also be verified that:

The intersection of a finite number of open sets is open.

Exerise Check that the intersection of the sets (4,00) and (—35) and (2,6) is
open.

The collection of all open subsets of R is called the topology of R.
The set of all open subsets of R* is called the topology of R*.

4.6 Closed Sets

A set S is said to be closed if it contains all its boundary points.
In other words, S is closed if

oS c S
Thus,
[4,8] U [9, 0]
is closed.
But
[4,5)

is not closed because the boundary point 5 is not in this set.
The set
3, 00)

is not closed (as a subset of R*) because the boundary point co is not inside
the set. But, viewed as a subset of R it is closed. So we need to be careful in
deciding what is close and what isn’t: a set may be closed viewed as a subset
of R but not as a subset of R*.
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The full extended line R* is closed.
The empty set () is also closed.
Note that the sets R* and () are both open and closed.

4.7 Open Sets and Closed Sets

Consider a set S C R*.
If S is open then its boundary points are all outside S:

05 C S°.

But recall that the boundary of S is the same as the boundary of the com-
plement S¢. Thus, for S to be open we must have

a(S°) c S°,

which means that S¢ contains all its boundary points. But this means that
S¢ is closed.

Thus, if a set is open then its complement is closed.

The converse is also true: if a set is closed then its complement is open.
Thus,

Theorem 4.7.1 A subset of R* is open if and only if its complement is
closed.

FEzercise. Consider the open set (1,5). Check that its complement if
closed.

FEzercise. Consider the closed set [4,00]. Show that its complement is
open.

4.8 Closed sets in R and in R*

The set
[3,00)

is closed in R, but is not closed in R*. This is because in R it has only the
boundary point 3, which it contains; in contrast, in R* the point co is also a
boundary point and is not in the set. Thus, when working with closed sets it
is important to bear in mind the distinction between being closed in R and
being closed in R*. There is no such distinction for open sets.



Chapter 5

Magnitude and Distance

5.1 Absolute Value

The absolute value or magnitude of x* € R is the measure of how large x is,
without regard to its sign; the absolute value of x is defined by

T if z > 0;
2| = . (5.1)
—z ifx <0O.

In the second line —x helps flip the sign of a negative value of = to a positive
one:

-3 = —(-3) =3,

Note that
0] =0

and
|z >0 for all z € R*.

Another observation that comes in handy occasionally is:
—|z| <z <|z| forall x € R*, (5.2)

and in fact, of course, z is equal to either |z| (if x > 0) or —|z| (if x < 0).
This gives another useful specification of |z|:

|z| is the larger of the numbers x and —zx.
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As a formula this is:
|z| = max{x, —x} for all z € R. (5.3)

In other words, |z| is z or —z, whichever is > 0.
It is clear that
| — x| = || for all x € R*. (5.4)

5.2 Inequalities and equalities

If we take two non-negative numbers, say 3 and 5 then we have
1345 =8=1[3]+15|
The same works if both numbers are negative:
[(=3) + (=9)[=8=]=3+]-5|

But if one is positive and the other negative then the sum of the absolute
values wins out over the absolute value of the sum:

5+ (=3)] =2 < |5|+]— 3|
We can summarize this in the triangle inequality for magnitudes:
|a+b] < |a] + [b], (5.5)

for all a,b € R* excluding, as always, the cases 0o 4+ (—o0) and (—o0) + oc.
Here is a proof of this: since |a + b| is the larger of a + b and —(a + b), we
just need to show that both of these are < the sum |a|+ |b|. For this observe
first that

a+b<|al + |b] because a < |a| and b < ||

and then observe that
—(a+b) = (—a)+ (=b) < |a] +|b] because —a < |a] and —b < |b].

Thus both a + b and —(a + b) are less or equal to |a| 4 |b], and so the larger
of a+band —(a+0b) is < |a| + |b|. This proves (5.5).
For multiplication we have equality of absolute values:

|ab| = |al|0] (5.6)

for all a,b € R*. You can check this by considering all possible choices of
signs for a and b.
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5.3 Distance

The distance between two real numbers a and b is the magnitude of a — b:

d(a,b) & |a—1b|. (5.7)

Here are two basic properties of distance:
d(a,a) =0 forall a € R, (5.8)

and
if d(a,b) = 0 then a = b. (5.9)

There is a third, less obvious, property that is called the triangle inequality
that is of great use:

d(a,c) < d(a,b) +d(b,c) for all a,b,c € R. (5.10)
This follows from the triangle inequality for mangitudes:
dla,c)=la—c|+]la—b+ b—c| <l|a—bl+|b—c|=d(a,b)+d(a,c).

The specific measure of distance given by (5.7)) is completely natural and
intuitive but does not extend nicely to R*. Other measures of distance can
be constructed that work on R*.

5.4 Neighborhoods and distance
Consider a point p € R and a neighborhood of p given by
(p—dp+d)={zeR :p—0d<z<p+d},

where 9 is a positive real number. Clearly this neighborhood consists exactly
of those points x whose distance from p is less than . Thus we have

p—dp+d)={zeR:|z—pl<dt={reR :dxp <d}. (511)
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Chapter 6
Limits

The concept of limit is fundamental to calculus. It is very easy to grasp
intuitively but quite difficult to pin down in a completeley precise mathe-
matical way. For example, anyone would agree that x? approaches 9 when x
approaches 3; but explaining exactly what this means is a subtle matter. In
a first run through the theory it may in fact be practical to give up on this
precise specification and just rely on intuition. But using out technology of
sup and inf makes it somewhat easy to come to grips with the exact meaning
of 22 — 4 asn x — 3.

For the discussions in this chapter and also elsewhere there is some no-
tational care that is needed in working with values f(x) of a function f.
Clearly for such quantities, the point x itself must be in the domain of f.
Consider a function f with domain S C R, and let p be a point in S. If U is
a neighborhood of p then part of U might not be inside .S, and so when we
speak of the values of f on U we need to focus on f(x) for x € UNS. For
instance, the function f given by

flx) =+x forx €]0,00)

has domain S = [0,00), and if we take p to be the point 0 then a typical
neighborhood, such as (—.01,.01) of p, falls partly outside S. Putting the
restrciction « € U NS makes it possible to talk about the value f(z).
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6.1 Limits, Sup and Inf

Consider the function g defined on all real numbers through the formula

3 ifx #£2
g@):{o itr£2.

Intuitively it is clear that as x approaches 2 the value g(x) approaches 23 = &;
note that the actual value g(2), which is given to be 0, is irrelevant to this.
We write this symbolically as

g(x) > 8 asx — 2

or, even more compactly, as

lim g(z) = 8.

r—2

We read this as “g(z) has the limit 8 as « approaches 2’.

Our goal is to pin down the exact meaning of this. For this consider the
behavior of the values g(z) when z is restricted to some neighborhood, say
(1.5,2.5) of 2, again ignoring the actual value g(2):

{9(z) : 2 € (1.5,2.5) and x # 2}.
How high does g(x) get here? Clearly it is
sup{g(z) : ¥ € (1.5,2.5) and = #2} = (2.5)% =15.625
and, on the lower side we have
inf{g(z) : z € (1.5,2.5) and =z # 2} = (1.5)° = 3.375.
There is a simpler notation for these sups and infs:

sup g(x) = 15.625
z€(1.5,2.5),z#2

inf = 3.375.
135502291
We can improve our understanding of the behavior of ¢g(z) for = approaching
2 by focusing on a smaller neighborhood of 2, say (1.9,2.1). For this we have

sup  g(x) =9.261
2€(1.9,2.1),z#2

inf g(x) = 6.859

2€(1.9,2.1),z#2
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As we have shrunk the neighborhood the supremum has decreases and the
infimum has increased. But notice that the number 8 (our suspect for the
limit) lies between the sup and the infin both cases. Indeed intuition, and in
this case easy verification, suggests that:

the limit lim, .5 g(x) always lies between the sup and inf of the
values of g(x) on neighborhoods of 2 (always excluding the value
r =2).

In fact,

lim g(z)

is the unique value that lies between the sup and inf of the values of g(x) on
all neighborhoods of 2 (always excluding the value z = 2).
This provides us with an official definition of limit:

Definition 6.1.1 Let g be a function defined on a set S C R and let p be
any point in R*. We say that g(z) approaches the limit L € R* as © — p,
writing this as

lim g(z) = L,

T—p

if L is the unique value that lies between the sups and infs of the values of g
in neighborhoods of p (excluding p itself):

inf ) < L < su T 6.1
9@ S LS s g (61)

The reason for using x € U NS is that g(x) is only be defined for = in the
set S. On eother point is that if in fact U NS contains no point other than
p then the inf and sup in are over the empty set and so can never
hold (for the left side is oo and the right side is —oco) for any value of L and
so the limit does not exist in this case. Thus there is no possibility of the
limit existing if p is not a limit point of S. It is best not to worry about these
fine points too much at this stage.

A note of caution: the above definition is not the standard one but is
equivalent to it.

Official definitions of the notion of limit are useful in proving theorems but
nearly useless in actually computing limits except for very simple functions.
We look at two such simple examples now just to make sure the definition
produces values in agreement with common sense.
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Take for a starter example, the constant function
K(z)=5 foralazeR.
We want to make sure that the official definition does imply that
lim K (z) = 5.

z—3
To check this consider any neighborhood of 3:
(3—10,34+9),
where ¢ is any positive real number. Then

sup K(x)=5
x€(3—0,3+9),2#3

because the set of values K (z) is just {5}, and also

inf K(z) = 5.
£€(3—6,3+6),0#3

Thus the only value that lies between the sup and the inf is 5 itself, and

hence
lim K(z) = 5.

r—3
Now let us move to the function

f(z) =2 forallz eR.

We would like to make sure that Definition does imply that lim, ¢ f(x)
is 6. Consider the neighborhood

(6 —19,6+0),
where ¢ is a positive real number. Then
{f(z) :x€(6—-6,6+0)}={r:2€(6—09,6+9)},

which is just the interval (6 —§,6+¢), but with the point 6 excluded. Hence
its sup is 6 + ¢ and its inf is 6 — §. What value lies between these two no
matter what ¢ is 7 Certainly it is 6:

inf ) < 6 < su ).
xe(6—5,6+6),x¢6f( ) x€(676,641r)6),x756f( )
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Hence,
lim f(x) = 6.
z—6
In fact, it is clear that
limz = p,
T—p
for every p € R*. (The case p = oo or p = —oo requires a special, but

not difficult, argument, because neighborhoods of these points look different
from the usual (p — d,p + ) form.)

Before moving on the fancier explorations here is a warning on notation.
There is nothing special about x, which we have been using in writing limits.
Instead of lim,_,, f(z) we could just as well write lim,_,,, f(y) or lim,,_,, f(w):

lim f(z) = lim f(y) = lim f(w) = lim f(blah).

T—p Yy—p wW—p blah—p

The only rule about notation is that it must be consistent: never use the
same letter to mean two different things in the same equation or statement!

6.2 Limits for 1/z

Common sense shows that
1/z — 0, as r — 00.

We will first show that .
inf — =0,
z€(t,00) T
for any positive real number t.
Since 1/x > 0 when z is positive, 0 is a lower bound for such 1/z and so
the greatest lower bound is > 0:

1
inf  —>0.

z€E(t,00) T

We need only show that this inf cannot be > 0. Denote the inf by b:

1
b= inf -—.

z€(t,00) T
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Suppose b > 0. Now

1
- <b
X

whenever = > 1/b. So if we take some real number y larger than both 1/b
and t, say y =t + 1/b, then this x is in (¢, 00) and is also > 1/b and so

1
— < b.
Y

Consequently,

1
inf — <b.
z€(t,00) T

This is impossible, since it is sayng b < b. Hence

1
inf —=0.

z€(t,00) T

This holds for all real ¢ > 0. Hence the value 0 satisfies

for all positive real ¢. (It is a tiresome check to see that it holds also for
t <0, keeing in mind that = 0 is excluded from the domain of 1/z.) Hence

1
Mz =0 02
A similar argument shows that
lim ~—0 (6.3)
Jm =0 -

There are two more limits associated with 1/x. Taking 1/x only on the
domain of positive values of x we have

1
lim — = o0, (6.4)

z—0,2>0 1

and focusing on negative values we have

lim — = —o0. (6.5)

x—0,2<0 ¢
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These are usually written as

. 1
1112[)5r o =0
T
e (6.6)
lim — = -
z—0— g

The limit of 1/x as # — 0 does not exist. You can check that in any
neghborhood of 0, excluding the value = = 0 itself, the sup of 1/x is oo
whereas the inf of 1/z is —o0o, and so there is no unique value between these
two extremes.

6.3 A function with no limits
Recall the set Q of all rational numbers:
Q = {all rationals}.
This is dense in R:
every open interval in R contains rational points.
The same is true of the irrationals:
every open interval in R contains irrational points.

Consider the indicator function of Q, taking the value 1 on rationals and

0 on irrationals:
1 ifxeqQ
lg(x) = . . (6.7)
0 ifzxé¢@Q;
If you take any p € R and any neigborhood U of p it is clear that

sup lpo(z) =1 and inf 1p(x)=0.
S Q(T) ot Q(z)

Thus there can be no unique value between these sups and infs, and so

lim,_,, 1o(x) does not exist for any p € R.
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6.4 Limits of sequences

Recall that a sequence s is a function whose domain is the set N = {1,2,3, ...}
(and occasionally, we permit 0 in the domain). The value of the function s
on the number n € N is denoted by

Sn
rather than s(n), and the function itself is generally written as

(8n)n>1

rather than s.

Our definition of the limit lim,_,, f(z) makes sense for any function f
with domain some subset S of R and with p being a limit point of S. Thus
we can apply to the case of sequences, with S being N and p = co. For a
sequence (s,),>1 we are interested in the limit

lim s,.
n—oo

For example,
1

lim — = 0.
n—oo M
It is easy to believe that
lim 2" = oo. (6.8)

n—oo

One way to prove this officially is by using the inequality
2" >n for all n € {1,2,3,...}. (6.9)

(2" is the total number of subsets that an n-element set, such as {1,2...,n},
has, and clearly this is more than n itself since each of the n elements itself

provides a subset.)
As a consequence of we have

Sometimes we work with infinite series sums: for a sequence ($,),>1 the

series sum
oo
> sn

n=1
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is defined to be

an:sl+32—|—---: lim Sy, (6.10)
! N—oo

where Sy is the N-th partial sum
SN281+"'+SN.

When working with series, very often the index 0 is allowed and one works

with sums
o

>

n=0
We will not explore these ideas much further at this point. But before moving
on let us work out one example. We will work out the value of the infinite

series sum ! ] ]

1+ 5 + 22 + 53 + -
(If you think about it, this surely should add up to 2 ... we will verify this
intuition using mathematics.)

In the summation notation this is displayed as
> 5
on’
n=0
Let us first work out the partial sum

1 1
Sy =14 =4 -4 —
N=l+ot oy
The clever trick at this stage is to multiply this by 1/2:

Ly 1 11
g =t5 4t oy o

Observe that this is very similar to Sy itself: when we subtract nearly ev-

erything cancels out:
1

9N+

1 1
(1)1 ks

1
Sn — §SN =1
Thus,
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Now we have the expression for Sy:

1 11—
1+§+---+2—N—?. (6.11)
Letting N — oo produces the infinite series sum
1+%+“‘:1i1:2' (6.12)
2

6.5 Lim with sups and infs

In this section we are going to push our grasp on sup’s and inf’s to the limit!
Consider a function f on a set S C R and a point p € R*. To avoid
unimportant technicalities let us assume that p is a limit point of S. We
know of then that
inf  f(x)< sup f(x).

x€UNS,z#p xeUNSz#p

Now consider another neighborhood V' of p. Both U and V' contain the
neighborhood
W=UnV.

Hence

inf < inf
xEUlﬂIlS,x;épf<x) - IGW}VQS,?C#Pf(x)

sup  f(z) < sup  f(x),
zeWNS,x#p zeVNS,x#p

(6.13)

because shrinking a set raises the inf and lowers the sup. As a consequence
we have

Thus the sup over any neighborhood of p is > the inf over all neighborhoods
of p.

Thus, there always exists a point that lies between the sups and infs of the
values f(x) for z in neighborhoods of p, excluding = = p. If there is a unique
such point then that point is lim,_,, f(z).

We can reformulate the relation as follows: the sup of f over any
neigborhood of p is an upper bound for the set of all the inf values of f over
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all neighborhoods of p. Hence: the sup of f over any neighborhood V' of p is
> the sup of the values inf,cpyns ozp f(z) for all neighborhoods U of p:

su inf )< su €T 6.15
Up erﬂS,x;épf( ) B xEVﬁSI‘,):E#Pf( ) ( )

where sup;; is the sup over all neighborhoods U of p. Since this holds for all
neighborhoods V' of p we then conclude that

sup inf  f(z) <inf sup f(z) (6.16)

U z€UNSz#p \4 zeVNS,z#p

where infy is the inf over all neighborhoods V' of p.

Pondering we observe that L = lim,_,, f(z) exists if and only if
the two extremes supy; infreynsezp f(2) and infy sup,eyng .z, f(2) are equal,
and this common value must be L itself.

To summarize:

Proposition 6.5.1 Let f be a function defined on a set S C R, and p a limit
point of S. Then lim,_,, f(z) exists if and only if supy infcunsozp f(z) and
infy SUP,cyng .z f(T) are equal, and then

sup inf  f(z) =lim f(z) =inf sup f(x). (6.17)

U xzeUNSz#p T—p V' zevnS,z#p
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Chapter 7

Limits: Properties

In this chapter we explore the concept of limit and get familiar with some
basic properties that make the computation of limits a routine process for
many ordinary functions.

7.1 Up and down with limits

Suppose f is a function on R and

lim f(x) = 5.

r—3
Our intuition suggests that when z is near enough 3 (excluding z = 3 itself)
the value f(x) should be > 4. Let us see how we can deduce this from the
official definition of limit.

Since f(x) — 5 as x — 3, the number 5 is the unique value that lies
between the sups and infs of the values of f(x) for z (excluding x = 3) in
any neighborhood of 3. Thus, for instance, 4 does not lie between these sups
and infs. This means that there is some neighborhood, say U, of 3 such that
4 is not between the sup and the inf of f over U, excluding f(3):

4¢ | inf f(x), sup f(z)].

xeU,x#3 z€U,z#3

Note that this interval does contain 5 because that is actually the limit. So
4 must lie below this interval:

4 < inf f(x).

zeU,x#3

57
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This means that all the values of f on the neighborhood U of 3, excluding f(3)
itself, are > 4. This is exactly what we had conjectured based on common
sense intuition about limits.

If you look over the preceding discussion you see that what makes the
argument work is simply that 4 is a value that is < than the limit 5. Thus
what we have really proved is this:

Proposition 7.1.1 Suppose f is a function on some subset S C R, and
L = lim f(x),
T—p

where p € R*. If b is any value below L, that is b < L then there is a
netghborhood U of p on which

f(z) > b forallx € UNS except possibly for x = p.

We have had to write z € UNS, and not just x € U, because f(x) might
not be defined for all x in U.

It is important not to get bogged down in the notation used: keep in
mind the essense of the idea. What we are saying is, in ordinary rough and
ready language, if f(z) — L as x — p then the values f(z) lie above b when
x is near p (but not p itself), for any given value b < L.

Of course, we can do the same for values above the limit:

Proposition 7.1.2 Suppose f is a function on some subset S C R, and
L = lim f(x),
T—p

where p € R*. If u is any value > L then there is a neighborhood U of p on
which
f(x) <u for allx € UNS except possibly for x = p.

We can even put thee two observations together:
Proposition 7.1.3 Suppose f is a function on some subset S C R, and
L = lim f(x),
T—p

where p € R*. If u is any value > L and b is any value < L then there is a
neighborhood U of p on which

b< f(x) <u for allx € UNS except possibly for x = p.
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7.2 Limits: the standard definition

Proposition can be recast and slightly broadened into the following
characterization of the notion of limit:

Proposition 7.2.1 Let f be a function on S C R and p € R*. Suppose
L = lim,,, f(z) exists . Then for any neighborhood W of L there is a
neighborhood U of p such that

flz) e W forallx € UNS, excluding x = p.

Proof. Suppose first that L is a real number, and not co or —oo. Then in
the neighborhood W there is an open interval

(b7 u)?

centered at L, where b,u € R and b < u. Then by Proposition there is
a neighborhood U of p for which

b< f(x) <wuforall z e UNS except possibly for z = p.

Thus, for all z € UN S, except x = p, the value f(z) lies in the interval (b, u)
and hence in W.

Now consider the case L = oco. A neighborhood of L then contains an
interval of the form

(b, oc],
for some real number b. By Proposition there is a neighborhood U of p
for which
f(x) > bfor all x € U NS except possibly for z = p.

Thus, for all z € U N S, except © = p, the value f(x) lies in the interval
(b, 00| and hence in W.
Lastly, consider the case L = —oo. A neighborhood of L contains an
interval of the form
[—o0, u).

By Proposition there is a neighborhood U of p for which
f(z) <wuforall z € UN S except possibly for x = p.
Thus, for all z € U NS, except x = p, the value f(z) lies in the interval

[—00,u) and hence in W.

The result can also be run in reverse:
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Proposition 7.2.2 Let f be a function on S C R and let p € R* be a limit
point of S. Suppose L € R* has the property that for any neighborhood W of
L there is a neighborhood U of p such that

flz) e W forallx € UNS, excluding x = p. (7.1)
Then L = lim,_,, f(x).

Proof. Suppose first that L is a real number, and not oo or —oo. We will
show that L is the unique value that lies between the sups and infs of f(x)
for z in all neighborhoods of p (excluding the the value at = = p). Suppose
this were not true. Suppose U is a neighborhood of p such that

meUlmnsf@?&pf(x) > L. (7.2)

Pick any real number u between these two values:

L<u< meUgléﬁpf@). (7.3)

Consider then the neighborhood of L given by
W = (b,u),

where b < L and L is the center of the interval W. Then by the condition
(7.1 there is a neighborhood U of p for which

b< f(x) <wuforall z e UNS except possibly for z = p.

But this is impossible since, by , u < f(x) for all x € U NS with
x # p (the assumtion that p is not an isolated point or an exterior point
for S guarantees that U N S actually contains a point other than p). This
contradiction shows that is false, and so

| < L.
xGUg§x¢pf(x)-_ L

By a similar argument it also follows that

L< sup  f(z)
zeUNS,x#p

Thus L lies between all the sups and infs for f as required.
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But we still need to show that L is the unique such value. Consider any
value L' # L. Suppose first L' > L. Consider a neighborhood W of L that
does not contain L’. This means that L’ is > than all the values in W. By
there is a neighborhood U of p such that f(z) € W for allz € UN S
with o # p. Hence for all such values x we have f(z) < L', and so L' does nt
lie below Sup,cynserzp f(7). Thus L' cannot be the limit of f(z) as 2 — p.
By just a similar argument no value < L could be the limit of f(z) as x — p.

The cases L = oo and L = —oo are settled by different but similar
arguments, just keeping in mind that the neighborhoods of oo and —oco are
‘one sided’ rays.

Because of the preceding two results the definition of limit has the fol-
lowing equivalent formulation (the standard one):

Definition 7.2.1 Let f be a function on a set S C R, and p be any limit
point of S. A value L € R* is said to be the limit of f(x) as x — p if for any
neighborhood W of L there is a neighborhood U of p such that f(x) € W for
all x € UNS with x # p.

7.3 Limits: working rules

It is an exhausting and largely pointless task to try to use the definition of
limit directly in computing actual limits such as

x?2—9

rx—3 :L’—3

It is far more efficient to develop some working rules, basic results, using
which more complicated limits can be reduced to simpler ones and then
these worked out directly.

There really are just two limits we have worked out directly from the
definition:

lim K =K
o (7.4)
limz=p

T—p

for all constants K € R and points p € R*.
The first computationally useful result for limits is simply that the limit
of a sum is the sum of the limits:

lim [£(2) + g(x)] = lim f(z) + lim g(a). (7.5)
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There are some qualifiers: we need to assume that the two limits on the right
exist and that the sum on the right is defined (it isn’t of the form (—o0) 4 o0
or oo + (—00)). Here is a formal statement:

Proposition 7.3.1 Suppose f and g are functions on S C R, and suppose
the limits lim,_,, f(x) and lim,_,, g(x) exist, where p is some point in R*.
Assume furthermore that

{lim f(z), lim g(2)} # {00, —oo}. (7.6)
Then lim,_,,[f(z) + g(z)] exists and

lim [f(z) 4+ g(x)] = lim f(x) + lim g(z). (7.7)

T—p T—p T—p

The point of the condition ([7.6]) is to ensure that the sum on the right in

(7.7) exists.

We will not prove this result here. Instead we march on to the next result,
focused on multiplication:

Proposition 7.3.2 Suppose f and g are functions on S C R, and p is some
point in R*. Then the limit lim,_,,[f(x)g(x)] exists and

tin [(e)g()] = (1 7)) (1ot ) 79

provided the two limits on the right and their product exist and this product
is not of the form 0 - (£o0) or (£oo) - 0. More clearly, the condition is that
the limits lim,_,, f(z) and lim,_,, g(x) ezist and

{lim f(2)., lim g(x)} # {0, 00}

nd {lim 1(2), T g(2)} # (0, o0} i

It would have been easier to state this result had we never defined 0-o0c and
oo - 0 as 0, and instead left such products as undefined. But the convention
0 - oo = 0 is very convenient for integration theory and so we hold on to it.
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Here is a quick application of the preceding rules about limits: we can
compute the limit of 22 + 3z +4 as x — 1:

lim (:152 + 3z + 4) = lim 2® + lim(3z 4+ 4)  (if this exists)
z—1 z—1 z—1

= <lim x) (lim ZL‘> + [(hm 3) (lim :1:) + }CLH} 4] (if this exists)

z—1 z—1 z—1 z—1
=1-14+[3-1+4] (and this does exist!)
= 8.
(7.10)

This is the kind of reasoning one should go through once but it is clearly so
routine that it is not worth mentioning all the steps every time. For

lim(z® 4+ 52 — 2) = 8 + 10 — 2,
r—2

not only is the result (the value of the limit) perfectly obvious from common
sense it is also perfectly obvious how to use the rules of limits to actually
prove that the limit is indeed the value stated above.

Going beyond multiplication we consider ratios. Note that a ration

a

b

is not meaningful if the denominator b is 0 or if @ and b are both £oo. It is
useful, for the purposes of the next result to define

L o0="" ifaeRr (7.11)

(0. 9] —0o0

Proposition 7.3.3 Suppose f and g are functions on S C R, and p is some

point in R*. Then the limit lim,_,, % exists and

lim f(ZE) o hmx—)p f(QZ)

w=p g(x)  lim,,, g(z)

: (7.12)

provided the two limits on the right and their ratio exist (this means that the
ratio must not look like something /0 or £oo/ £ 00).

As a simple illustration of what can go wrong in using this let us look at

o2 =9
lim .
=3 T — 3
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If we just do the ratio of the limits we end up with 0/0, and this is just a
case where the preceding result cannot be applied. Thus we need to be less
lazy and observe that

=9  (r—-3)(z+3)
r—3 r—3

=x+3,

from which it is clear that

7.4 Limits by comparing

Sometimes we can find the limit of a function by comparing it with other
functions that are easier to understand.

The so called ‘squeeze theorem’ is a case of this. Suppose f, g, and h are
functions on a set S C R and p € R* is such that

f(z) < h(x) < g(x) (7.13)

for all x in S that lie in some neighborhood U of p, excluding x = p. Assume
that lim,_,, f(x) and lim,_,, g(z) exist and are equal:

L =lim f(z) = Iim g(z).
Then h(z), squeezed in between f(z) and g(x), is forced to also approach

the same limit L.
Here is a formal statement and proof:

Proposition 7.4.1 Suppose f, g, and h are functions on a set S C R, and
p € R* is such that
f(z) < h(z) < g(x) (7.14)

for all x in S that lie in some neighborhood of p, excluding x = p. Assume
also that lim,_,, f(x) and lim,_,, g(x) exist and are equal:

L = lim f(x) = lim g(x).

T—p T—p

Then lim,_,, h(z) exists and is equal to L.
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Proof. We will use the second formulation of the definition of limit, given in
Definition [7.2.1] (Since the limit lim,_,, f(x) is assumed to exist, the point
p is a limit point of S.)

Consider any neighborhood W of L. Note that W is an interval containing
L.

Since lim,_,, g(z) = L, Deﬁnitionimplies that there is a neigborhood
Uy of p such that g(z) € W for all x € Uy N S with = # p.

Similarly, there is also a neighborhood Us of p such that g(z) € W for all
x € Uy NS with x # p. Consider then

U=U,NUs,

which is also a neighborhood of p, contained inside both U; an U,. If we take
any x € U NS, with x # p, then both g(z) and f(z) lie inside W, and so
anything between g(z)) and f(z) also lies in W. Hence

flx) e W
for all x € U NS, with x # p. This proves that
i 0) = 1.
Here is a consequence that is easier to apply sometimes:

Proposition 7.4.2 Suppose f is a function on a set S C R and p € R* is
such that

lim |f(x)] = 0.
T—p

Then
lim f(z) = 0.
T—p

Note that we cannot draw any conclusion if we known that | f(z)| — 5, some
other nonzero value, because in that case f(z) could fluctuate up and down
between 5 and —5.
Proof. Any a € R is either equal |a| or to —|a| (if @ < 0), and we can
certainly write

—la] < a < |al.

Hence

—[f(@)| < f(z) < |f ()]
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for all x in S. As  — p both |f(z)| — 0 and —|f(z)| — 0, and so, by the

‘squeeze’ theorem, f(z) — 0 as well.

Here is a quick application:

1
lim 23 sin (a: + —) =0.
x—0 xX

This follows by using the fact that |sin(-)| is < 1, which shows that

1
2% sin (x + —)' < |z,
T

to which we can apply Proposition [7.4.2]

0<

7.5 Limits of composite functions

Suppose f and g are functions. The composite f o g is specified by

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

and its domain is the set of all  for which this exists.
For example,
x> V11— a2
is the composite of the function x — 1 — 22 (for all z € R) and the function
u — y/u (for u > 0); its domain is [—1, 1].
Turning to limits, it seems clear that

if g(x) = q, as x — p, and f(v) — L, as v — q,
we should be able to conclude that
flg(x)) = L as x — p.

This is an extremely useful method and mostly we use it without even notic-
ing; for example, using the simple result

wb—1 . (w—1)(w+w+1)
w—r1 w—]_ w—1 w—l

+ lim (w® + w + 1) = 3,
w—1
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we obtain a limit that is at first less obvious:

.z — o ow—-1 1
lim = lim = -,
zr—1 I — 1 w—1 U)3 -1 3

by using the ‘substitution’ z = w?.

This type of reasoning can encounter a rare breakdown. As an extreme
example, consider the functions F' and G given by

Flo) = 1 .forv;éO;
2 ifv=0,

and G(z) = 0 for all z. Then
G(z) > 0asx —0,and F(v) » 1l asv — 0,
but F(G(x)) is stuck at the value 2 and so
F(G(z)) A 1lasxz — 0.

What has gone wrong is that we have rigged the inner function G to keep
hitting (in fact it is stuck at) the forbidden’ point v = 0 which is excluded
from consideration when defining lim, .o F'(v).

Treading around this obstacle we can formulate the composite limit very
delicately in the following result. Recall that a point p is exterior to a set B
if p has a neighborhood leying entirely outside B.

Proposition 7.5.1 Let f and g be functions, defined on subsets of R, and
suppose

lim,,, g(z) = q and lim,_,, f(v) = L.
Let S be the domain of the composite f o g. Assume that:

(i) p is a limit point of S;

(i) p is exterior to the set {x : = # p, g(x) = q} N S. (In other words, p
has a neighborhood Uy with the property that there is mo point in Uy,
other than p itself, that is both in the domain of f and were g takes the
value q.)

Then lim,_,, f(g(z)) exists and is equal to L:
lim(f og)(x) = L.

T—p
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Condition (ii) ensures that g(z) avoids the ‘forbidden’ value ¢ for all x that
are used in determining lim, ,, f(g(z)). Notice that (ii) is automatically
satisfied in the case ¢ = oo, for g, being a real valued function, never takes
the value co. Another very convenient special case is when g(z) simply does
not take the value q, except possibly when x = p.

Proof. Let us begin by recalling what it means for f(v) — L as v — ¢q. Let
W be any neighborhood of L. Then there is a neighborhood V' of ¢ such that

f(v) € W for all v € V, with v # ¢, that are in the domain of f. (7.15)
Next, since g(x) — g as © — p, there is a neighborhood U of p such that
g(x) € V for all x € U, with x # p, that are in the domain of g.  (7.16)

We will focus on the neighborhood U of p shrunk down by intersecting
with Uol
Uy =UnNUy,

which is still a neighborhood of p, of course.

Now consider any point x in Uy, with = # p, for which f(g(x)) is defined
and g(z) # ¢; we are given that such an x exists. By we have g(z) € V,
and then by , we have f(g(z)) € W.

Thus, starting with any neigborhood W of L we have produced a neigh-
borhood U; of p such that (f o g)(x) € W for all x € U; with x # p.



Chapter 8

Trigonometric Functions

We consider the trigonometric functions sin and cos. Though we don’t really
discuss completely precise mathematical definitions for these functions, we
extract enough information about them from trigonometry to be able to do
calculus with these functions. Eventually one can use the results of calculus
to construct definitions for sin and cos that don’t use geometry.

8.1 Measuring angles

What exactly is an angle? The most basic idea of an angle is that it is
specified by two rays going out of a given vertex point.

4

Figure 8.1: Angle as a pair of rays

C

This leaves open a small bit of ambiguity, as to whether we are thinking
of the ‘smaller’” angle or the remaining ‘larger’ angle.

One way to be more specific is to draw a circle, with center C' at the
vertex, and think of the angle as an arc of the circle marked off by the two
rays. To be more precise we could just think of a circle of radius 1, with

69
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he area of the shaded sector gives a
measure of the angle ZPCQ (taking the
radius C'P to be the unit of length).

Figure 8.2: Measuring angle using sectorial areas

center C' at the vertex of the two rays, and then think of the angle as a
sector marked off in the circle by the two rays.

Then the radian measure of the angle ZPC() is taken to be twice the area
of the sector PCQ.

Why twice? This is just to be consistent with historical practice and
convention. Take, as an extreme example, the full angle, so that the sector
PCQ is, in fact, the entire circular disk. The area of this disk is what is
denoted

™

and so the full circular angle has radian measure 27.
From this we can quickly see that 90°, which specifies a quarter circle,

has radian measure
1 s

1(27'(') =7

This discussion has one element of haziness: what do we mean by the
area of a curved region? For this please turn back to the Introduction.

8.2 Geometric specification of sin, cos and tan

We will describe the geometric meaning of the measure of an angle and also
that of sin# and cos 6.



DRAF'T Calculus Notes 11/17/2011 71

Regardless of how an angle might be measured, the geometric meanings
of sin, cos and tan of an acute angle are illustrated in the classical diagram
shown in Figure [8.3] If the angle is specified by a pair of rays R; and
Rs, initiating from a vertex C', we draw a circle, with center C, and take
the radius to be the unit of length. The ‘semichord’” from Ry to R; is the
segment, perpendicular to Ry, that runs from the point () where R, cuts the
circle to a point on Ry. The length of the ‘semi-chord’ is the sin of the angle.
The cos of the angle is the distance from the vertex C' to the semi-chord.
Then tan of the angle is the length of the segment tangent to the circle at @)
to a point on Rj.

tan 6
sin 6

cos

Figure 8.3: Classical definitions of sin, cos, and tan

The more cluttered Figure provides more concrete formulas and also
relates visually to the measurement of the angle 6 in terms of the area of the
sectorial region it cuts out of the circle.

The line through P perpendicular to C'Q) intersects the line C'Q) at a point
B. Let

r=CB

o (8.1)

Here we take z to be negative if B is on the opposite side of C' from P. We
take y to be negative if 0 > .
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P

. )_BP
sin Q—CP

- _cB
sin 0 cos =57

_Bp
T tan@-CB

C cos B Q

area sector CPQ = Z(CP)?0

1
2

Figure 8.4: Measuring ¢ and sin, cosf, and tan 6

The trigonometric functions are specified by:

sinfl = WB,
=0

cosé’:g—g; (8.2)
_ QB

tanf = ik

where we leave tan # undefined if § = 7/2 because in this case the denomi-
nator C'B becomes 0.
From (8.2)) it is also clear that

(8.3)

as long as 0 # 7/2.
Geometrically, to be consistent with the preceding discussion, it is sensible
to define

sin(0 = 0;
cos0 = 1; (8.4)
tan0 = 0.
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Observe also that

sinw/2 =1;
™/ (8.5)
cosm/2 =0,
and
sinm = 0;
cosm = —1; (8.6)
tanm = 0.

If the angle @ is increased to 0427 then geometrically the point () remains
where it is. Thus we can define the trigonometric functions for values outside
[0,27) by requiring that

sin(a + 27) = sina
cos(a + 2m) = cos a; (8.7)

tan(a + 27) = tana,

again as long as tan(a + 27), and hence tan a, is defined.

The above property of the trigonometric functions are summarized in
words by saying that these functions are periodic and each has period 27
(the values repeat every time a is changed to a + 27, and 27 is the least
positive value with this property).

When a € (0,7), sina is postive, and when a € (7, 27) the value sina is
negative:

0 if 0,m);
sina{ 1 ae(0,m); (8.8)
<0 iface€(m2m).

For cos it is:

>0 ifae(—n/2,7/2);
cosa {< 0 ifae(r/2,37/2). =
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8.3 Reciprocals of sin, cos, and tan

The reciprocals of sin, cos and tan also have names:

1
0 =
¢ sin 0
1
sec ) = (8.10)
cos 0
1
t0 =
€0 tan @

whenever these reciprocals are meaningful (for instance, csc0 and sec(7r/2)
undefined).

8.4 Identities

If one angle of a right-angled triangle is 6 then the other is 7/2 — 6. This
leads to the following identities:

sin(g — 9) = cos
cos(g —6) =sind (8.11)
tan(g — 9) = cot 0.

When an angle is replaced by its negative, it changes the sign of sin and
tan but not of cos:

sin(—a) = —sina;
cos(—a) = cos a; (8.12)
tan(—a) = —tana,

with the last holding if the tan values exist.
Pythagoras’ theorem implies the enormously useful identity

sin®a + cos*a = 1, (8.13)

for all @ € R. Using this we can work out the value of sin, at least up to sign,

from the value of cos:
sina = £v'1 — cos?a. (8.14)
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The only way to decide whether it is + or whether it is — is to consider the
value of a: if a € [0, 7], or differs from such a value by an integer multiple of
27, then sina is > 0.

Similar considerations hold for

cosa = £V/'1 —sin?a. (8.15)

There are several relations among these reciprocal trigonometric functions
that can be deduced from relations between sin, cos, and tan. For instance,
dividing

sin? 6 + cos? 0 = 1

by cos? § produces:

sin” 0 Ly L
cos2 0 "~ cos26’
which can be rewritten as
1 +tan® 6 = sec? (8.16)

for all 6 for which tan 6 is defined. (For § = 4+m/2 one could define tan?§ as
well as sec? fboth to be oo, and similarly for all the other trouble spots 47 /2
plus integer multiples of 27, and this would make valid for all # € R.)

Very clever geometric arguments can be used to prove the trigonometric
identities:

sin(a + b) = sina cosb + sin b cos ;
cos(a + b) = cosacosb — sin asin b; (8.17)
tana + tanb

t ) =—rooo——
an(a + ) 1 —tanatanb’

where for the last identity we require, of course, that the tan values are
actually defined.
There are some consequences of these addition formulas that are also
useful. The simplest are obtained by taking b = a in the preceding formulas.
Special cases of these are also very useful:

sin(2a) = 2sin a cos b;
- 2 o 2 . 2 o o _ 2.
cos(2a) = cos®a —sin“a = 2cos“a — 1 =1 — 2sin®q; (8.18)
2tana

tan(2a) =y a g
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as long as the tan values are defined.
Now consider

sinx — siny.
Suppose we choose a and b such that
r=a+b
y=a—>
Then
sinz — siny = sin(a + b) — sin(a — b)
= (sinacosb + sinbcosa) — (sinacosb — sinbcos a)

= 2sin a cosb.

(8.19)

(8.20)

Now we need to substitute in the values of a and b in terms of z and y by

solving (8.19). Adding the equations (8.19) gives
T +y = 2a,
and subtracting gives
r—y=(a+b)—(a—0b)=2b
Thus
S+ )
a=—(x
5 Yy
b= 5o +v)
= —(x :
5 Y

Putting these into (8.20) produces
r—y T+y

sinz — siny = 2sin coS

2 2
Following the same line of reasoning for cos instead of sin gives us

. Ty . Tty
CoOsT — Ccosy = —2sin 5 sin 5

Before moving on, let us note that taking —b in place of b in

sin(a — b) = sina cosb — sin b cos a;
cos(a — b) = cosa cos b + sin a sin b;
tana — tanb
tan(a — b) = ———
( ) 1+ tanatand’

(8.21)

(8.22)

(8.23)

(8.24)
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8.5 Inequalities

The identity

2

sin?a + cos’a =1

implies that neither sin a nor cosa can be bigger than 1 in magnitude:

|sinal <1, (3.25)
|cosal < 1. '

For example,
15| = 5; 0] =0; and|—4|=4.

Note, however, that both sina and cosa do reach the values 1 and —1
repeatedly no matter how far away from 0 the value of «a is:

sin (g + 27m) =1;

_ - (8.26)
sin (—— + 27m> =—1,
2
for all integers n € Z. The same holds for cos:
cos(2 =1,
(2nm) (8.27)
cos(m + 2mn) = —1,
for all integers n € Z.
Some geometric arguments with areas shows that
cosz < 322 <1 for all z € (0,7/2]. (8.28)

Since sin(—z) is —sinz, we have

sin(—z) sinx

—T T

Moreover, we also know that
cos(—x) = cos .
Thus we can go over to the negative side as well:

cosz < & < for all 2 € (—7/2,7/2) with z # 0. (8.29)
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8.6 Limits for sin and cos

The functions sin and cos are continuous functions in the sense that their
limits coincide with their values:

limsinx = sinp
T—p

(8.30)

lim cos z = cos p,
T—p

for all p € R. (We will return to the notion of continuous functions later.)
In particular,

limsinz =sin0 =0
x—0

and

lim cosx = cos 0 = 1.
x—0

We can explore the behavior of sinz for x near 0 more carefully. Recall
the bounds for (sinz)/x near 0:

cosz < ¥ < for all v € (—w/2,7/2) with z # 0. (8.31)

We know that as x — 0 we have cosz — 1. So (sinz)/z being between 1
and cos x also goes to the limit 1:
. sinz
lim
z—0
There are many useful and not-so-useful consequences of this limit. For
instance,

=1. (8.32)

. l—cosz . (1—-cosz)(l+cosx)
lim ——— = lim
2=0 12 250 22(1 + cos x)

. 1—cos’z
=lim ————
2—0 2(1 + cos x)
. sin? z
=lim —————
2—=0 22(1 4 cos x) (8.33)

: 2
i sin x 1
= lim
z—0 ( T ) 1 +cosx

1

1+1

I
—
[N}

DN | —
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In summary
1-— 1
lim — 2T _ 2 (8.34)

z—0 .’L’2 2
Another very simply consequence of (8.32)) is

sin Kx

=K, forall K €R. (8.35)

lim
z—0 x

This can be seen by observing that we can write

sin Kx _ KsinKa; _ Ksiny’
x Kz Y

where y = Kx. Clearly, y approaches 0 when x — 0, and so we have

. sinKzx _ siny
lim =lim K
z—0 €T y—0 Yy

=K -1=K.

(To be honest, some reasoning is needed here to explain why one can pass
from z — 0 toy — 0.)

8.7 Limits with sin(1/z)

The functions sin(1/z) and cos(1/x) are badly behaved functions near the
value z = 0.
When z = 1/(7/2 + 27n), for any integer n, we have sin(1/z) = 1:

. 1
S (1 J(x/2 + 27n)

On the other hand if © = 37/2 + 27n then the value of sin is —1:

> =sin(r/2+2mn) =1 foralln € Z.

. 1
S (1 /(37/2 + 27n)

Now any neighborhood of 0 contains the values 1/(7/2427n) and 1/(37/2+
27n) for large enough integers n. Thus, in every neighborhood of 0 there are
values of x for which sinz is 1 and there are values of x for which the value
of sinx is —1.

Thus

) =sin (37/2 +2mn) = —1 for all n € Z.

inf sin(1 =—1, and S sin(1 =1 8.36
,onf sin(1/z) n Sup in(1/z) (8.36)
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for every neighborhood U of 0. Thus there cannot be a unique value lying
between the sups and infs. Hence:

lim,_, sin% does not exist. (8.37)

The problem here is that sin1/x fluctuates too much near x = 0. These
fluctuations can be dampened out by multiplying by x; consider

f(z) = xsin(1/x) for x # 0.
Since sina is at most 1 in magnitude we have
—lz| < f(z) < |z| for all x # 0.

If we let z — 0 then clearly |x| — 0, and so the squeeze theorem implies that
lim, o f(x) exists and is 0:

1
lim z sin — = 0. (8.38)
x—0 x

Notice that the ‘product rule’ does not work here:

lim z sin l = (lim x) (lim sin 1) FAILS
z—0 T z—0 z—0 €T

because on the right the limit lim, .o sini does not exist.

8.8 Graphs of trigonometric functions

The graphs of sin and cos are waves, with sin passing through (0,0) and cos
through (1,0).
The graph for sin is

Y y =sinx

P Ty,

‘ /2

Figure 8.5: Graph of sin

The graph for tan blows up at +m/2, because

lim tanx = —o0, and lim tanx = oo,
7 /24 T—7/2—

and similarly at —m /2.
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Y Y = COSZT

—T

< T

Figure 8.6: Graph of cos
Y

—Ay] )2

Figure 8.7: Graph of tan

8.9 Postcript on trigonometric functions

Once one has built up the full apparatus of calculus, with both derivatives
and integrals, it is possible to reconstruct the functions sin, cos and tan
directly in terms of calculus, without reference to any diagrams or traditional
trigonometry. For example, here are the formulas for sin and cos that can be
used to define them without using pictures:

: L g, 15
smx:a:—gm +§m —

1L, (8.39)
cosa:zl—i:c —l—zx —

What the ‘infinite sums’ on the right mean exactly will be clear only after
we have studied limits and sequences. It is, at this stage, impossible to see
where the identities/definitions (8.39)) come from.
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Exercises on Limits

Write out the limits or explain as needed:
1.

2.
3.

4.

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

19.

Climy oo

Climy oo

lim,_ (22 + 4z — 2)

hmx%l

hmx—)l

Cimg oy G

. 1
climg o0 22

4x3—3x+2
x2—x+1

520 —Tx4+2
3x64+x+2

725 4x+cos(z3)
2x°—5x2+41

limg o0 [VZ +1— /7]

[
lim, oo [V322 + 1 — V22 +1]
[

lim, o

lim, oo [VA4z2 +2 — Vat + 1]

. va+l
hmzﬁoo T

lim, oo @ [\/x2 +2— Va2 4+ 1J

lim, oo vZ T2 [V T T - V2]

sin(62)
02

limy_,g

sin?(6)
02

limg_,o

sin(f—m/6)

lil’na_”"/6 0—m/6

Ambar N. Sengupta 11/6/2011
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20.
21.
22.
23.
24.
25.
26.

27.

lim, o 2?1g(x)
lim, 0 2(1 — z)1g(x)

lim,; 2(1 — 2)1g(x)

Explain why lim,_,5 x(z — 1)1g(x) does not exist.

Explain why lim,_, ., cos x does not exist.

Explain why lim,_, ., x sinx does not exist.

Explain why lim,_, ., sinz _ (),

sin x 0

Explain why lim,_, e =

83
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Chapter 9

Continuity

Continuous functions are functions that respect topological structure. They
are also the easiest to work with in and therefore most suitable in applica-
tions.

9.1 Continuity at a point

A function f on a set S C R is said to be continuous at a point p € S if
f(x) approaches its actual value f(p) when x approaches p:

if lim,_,, f(z) = f(p) we say f is continuous at p.

In case p is an isolated point of S we cannot work with lim,,, f(x), but
surely there is no reason to view f as being not continuous at such a point.
So we also say that f is continuous at p if p is an isolated point of S.

Here is a cleaner definition of continuity at p:

Definition 9.1.1 A function f defined on a set S C R is said to be con-
tinuous at a point p € S if for every neighborhood W of f(p) there is a
netghborhood U of p such that

f(x) e W forallz e U.

9.2 Discontinuities

Sometimes a function is discontinuous (that is, not continuous) at a point p
because the value f(p) is, for whatever reason, not equal to lim,_,, f(z) even

85
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though this limit exists. For example, for the function g given by

g(x) = {:tx__gg if x # 3; (9.1)

4 if x = 3.

we have the limit
lim g(z) = lim(z + 3) = 6,

z—3 r—3
which is not equal to the value ¢g(3). This type of discontiuity is removable,
simple by changing the value of g at 3.
On the other hand there are more serious discontinuties. For example,
|z] x

lim — =lim — =1,
z—0+ T z—0 1

whereas, approaching 0 from the left,

T e Y
z—0— I z—0 2

There is a jump from left to right, and there is no way to remove this dis-
continuity.
The function
sin(1/z) for all z # 0;
fz) = .

1 ite=0
has a more severe discontinuity at 0 because sin(1/z) doesn’t even have a
limit x — 0.

9.3 Continuous functions

A function f is said to be continuous if f is continuous at every point where
it is defined.
All polynomial functions, such as

5a% — 3at + T2? — 3z +4

are continuous.
Here is a simple observation that is used often without mention:
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Proposition 9.3.1 If f is continuous at every point of a set S and if T is
a nonempty subset of S then f is also continuous at every point of T

You can check this easily by consulting the definition of what it means
to be continuous at a point.

If f is a function and T is a set contained inside the domain of definition
of f then f|T, called the restriction of f to T, denotes the function whose
domain is 7" and whose value at any z € T is f(x).

For example, consider the function 1g on R whose value is 1 on rationals
and 0 on irrationals. The restriction

1o|Q

is the function defined on Q whose value at every point in QQ is 1: in other
words 1g|Q is just the constant function 1 on the set Q.

The statement f is continuous on a set T can have two different mean-
ings:

(i) f is continuous at every point of T’
(i) the restriction f|71" is continuous.

For example 1g|Q is certainly continuous but 1g is not continuous at any
point of Q (or at any point at all).

9.4 Two examples using Q

The function
lo
has the property that lim,_,, lg(z) does not exist for any p. Hence this

function is discontinuous everywhere on R.
We can damp out the discontiuity at 0 as follows:

f(z) = zlg(z) for all z € R.

has the property that
lim /() = 0 = f(0).
d

but lim,_,, f(z) does not exist for any p # 0. Hence f is continuous at ezactly
one point, that being 0.
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To produce a function continuous at only the points 1 and 5 we take 1g(z)
and multiply it with a function that is 0 at exactly 1 and 5; for example,

z— (x—1)(z —5)lg(x)

is continuous at 1 and at 5 but nowhere else.

Can you manufacture a function that is continuous at exactly a given
set of points and nowhere else? Is there a function that continuous at every
point of (0,1) but at no other point?

9.5 Composites of continuous functions

Proposition 9.5.1 Suppose f and g are functions defined on subsets of R,
and suppose f o g is defined on a neighborhood of some p € R. If g is
continuous at p and f is continuous at g(p) then f o g is continuous at p.

Proof. Let W be a neighborhood of L = f(q), where ¢ = g(p). Then, by
continuity of f at ¢, there is a neighborhood V' of ¢ such that f(v) € W
for all v € V in the domain of f. Next, by continuity of g at p, there is a
neighborhood U of p such that g(z) € V for all x € U in the domain of g.
Hence if x € U is in the domain of f o g then f(g(x)) € W. This proves that

f o g is continuous at p.

9.6 Continuity on R*

In calculus we work with functions defined on subsets of R and having values
in R. However, occasionally, it is useful to allow infinite values as well. No
great additional work is needed for this; the definition remains exactly as
before:

a function F' : S — R* is continuous at p € S if either p is an isolated
point of S or if lim,_,, F(z) = F(p).

An equivalent alternative form is again just as before: F' is continuous
at p if for any neighborhood W of F(p) there is a neighborhood U of p such
that F(z) € W for all z € U.

If f:(a,b) — R is continuous and lim,_,, f(z) exists then we can extend
f to a continuous function F': [a,b) — R* by setting

F(a) = lim f(x).

r—a
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Of course, the same applies for the other endpoint b.
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Chapter 10

The Intermediate Value
Theorem

Consider the function f given by
flx)=a2"—2* - 2r+1 for all z € R.
Figure is a sketch of its graph for x € [—1.5,2]. We can check easily

Y

/\ /y:x3—x2—2x—l—1
Y

Figure 10.1: Graph of 2® — 2% — 22 + 1

that
f(=1) =1 and f(1)=-1.

Intuitively it is clear, from the continuous nature of the graph of y = f(z),
that there must be a point p € [—1,1] where f(p) is 0. The intermediate
value theorem, which we study in this chapter, guarantees the existence of
such a point; thus, from this theorem it follows that there is a solution of the
equation

-2 =22 +1=0

91
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on the interval —1,1].
Its essence remains valid in settings far beyond the real line, but even this
first glimpse of the idea, on R, is of great use.

10.1 Inequalities from limits

Suppose we know that a function f has the limit

lim f(x) = 9.

r—5

Then f(z) is close to 9, say within a distance of 1, if x is close enough to 5
(but not 5); thus there must be a neighborhood U of 5 for which

8 < f(x) and f(z) < 10,
for all x € U with x # 5. We summarize this idea in:

Proposition 10.1.1 Let f be a function on a set S, and p € R* a point
for which lim,_,, f(x) exists. If K is less than this limit then there is a
neighborhood U on whichKK < f(x) for all x € U, x # p; thus,

if K <lim,_,, f(z) then K < f(x) forallz €U, x #p (10.1)
for some neighborhood U of p. Similarly,

if M > lim,_,, f(x) then M > f(x) for allz € U, x #p (10.2)
for some neighborhood U of p.

The proof proceeds a little bit differently from the intuition if we use our
sup-inf definition of limit:
Proof. Let
L = lim f(x).

T—p

This means that L is the unique value satisfying

inf z)< L < su T
JUEU@?EPf( ) - :peU,aI?;épf( )

for all neighborhoods U of p. So if K < L then K does not lie between all
such infs and sups; thus, there is some neighborhood U of p such that K
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does not lie between inf ey 2, f(¥) and sup,cp ., f(7). Since K < L, the
only possibility left is
K < inf :
o f@)

This proves (|10.1]).
The result (10.2)) for M > lim,_,, f(z) follows by a similar argument.

QED

10.2 Intermediate Value Theorem

The completeness property of the real line has one big consequence for con-
tinuous functions: if f is continuous on the interval [a,b] then f(z) runs
through all the values between f(a) and f(b) as x runs over [a, b]:

Theorem 10.2.1 Let f be a continuous function on |a,b|, where a,b € R
with a < b. Let t be any real number between f(a) and f(b):

fla) <t < f(b) or [f(b)<t< f(a)
Then there is a point s € |a,b] for which f(s) =t.

Proof. If ¢t happens to be equal to f(a) then we are done; just take s = a.
Similarly if ¢t = f(b).

Suppose then that ¢ is neither f(a) nor f(b), and so lies strictly between
them. If f(a) < f(b) this means that f(a) <t < f(b), whereas if f(a) > f(b)
then f(b) <t < f(a).

Suppose

fla) <t < f(b).

Let S be the set of all z € [a,b] for which f(x) < t:
S ={x€la,b] : f(z) <t}

For instance, a € S. Moreover, b is an upper bound for .S, because S is inside
la,b]. In fact a < s < b, because of Proposition [10.1.1]

Then by the completeness property for R there is a least upper bound
s =sup S, and this, of course, also lies in [a, b]. We claim that f(s) equals ¢.
Consider any neighborhood U of s of the form

U= (s—10d,s+90),
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where ¢ is any positive real number. Since s is an upper bound of S, any
point p of S strictly to the right of s (that is, p > s) is not in S, and so

f(p) >t

for such p € [a,b]. Then

sup f(z) >t
zeU,x#s

Since s is the least upper bound of S, any point p € U for which p < s is
not an upper bound of S and so there is some g € S with ¢ > p. Of course
q < s, since s is an upper bound of S. Hence ¢, lying between p and s, is in
the neighborhood U. Since ¢ € S we have

flg) <t

This shows that the inf of f over U, even excluding the point s, is < t:

inf <.
xeg,lx;és f(l’)

Thus ¢ satisfies:

inf r)<t< su T
er’x#pf( ) zEU,aI:)yésf( )

for every neighborhood U of p. Since f is given to be continuous at s we
know that

F(s) = lim f(x).

T—S
Hence ¢t must be f(s).

10.3 Intermediate Value Theorem: a second
formulation

Here is another formulation of the intermediate value theorem:
Theorem 10.3.1 If f is continuous on an interval J then the image

FU)E {f(2) : ze T}

18 also an interval.
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Proof. To prove that f(J) is an interval we need only to show that all the
numbers between any two distinct values y1,yo € f(J) also lie in f(J). Thus
consider a point t satisfying

Y <t < ys.
Since y; € f(J) we have
h = f(a)a
for some a € J, and since y5 € J then
y2 = f(b)

for some b € J. Thus, f is continuous on [a,b] and ¢ lies between f(a) and
f(b). Then by Theorem [10.2.1], there is a point s € [a, b] for which

f(s) =t.

Since s € [a,b] and a and b are points of the interval J it follows that s also
lies in J. Thus any point ¢ between y; and ys is of the form ¢ = f(s), with
s € J, which just means that ¢t € J. Thus, J is indeed an interval.

10.4 Intermediate Value Theorem: an appli-
cation

The number
73/4

is the positive real number whose 4-th power is (10)3:
(7 =72,

But how do we know that such a real number exists? We can obtain existence
by using the intermediate value theorem.
Consider the function

4 for all z € R.

q(z) =«
This is clearly continuous, and from

q(0)=0 and ¢(7)=T7*
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we see that the number 72 lies between these extremes:
q(0) < 7° < q(7).

Hence, by the intermediate value theorem, there is a real number s € (0,7)
for which
st=178

Could there be another positive real number s, whose 4-th power is also 737
The answer is no, because if s > s, > 0 then s? is < s* = 73, whereas if
s < s, then s > s* = 72, Thus there is a unique positive real number whose
4-th power is 72. This number is denoted

73/4,

In this was one can see that
Y

exists for all positive real = and all rational y.

Returning to 7%* we can extract some more information: we saw that s
actually lies between 0 and 7. But we can sharpen this much further. Since
73 = 343 we have

q(4) = 4* =256 < 7* < q(5) = 5* = 625.

Hence 73/* actually lies between 4 and 5. With more work we can narrow
down the location of 73/ systematically.

It is clear that not much is special about the numbers 7 and 3/4 in this
discussion. The intermediate value theorem (and, more fundamentally, the
completeness of R) shows that for any real number z > 0 and any rational
number r = p/q, with p, ¢ € Z and ¢ # 0, there is a unique non-negative real

number x" which satisfies
(ﬂ)/q)q — 2P,

10.5 Locating roots

Consider the equation
2" —3r+1=0.

There is no systematic way to work out exact solutions of equations such as
this. However, there are many ways of determining information about the
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solutions as well as finding very good approximations to them. Here let us
see how the intermediate value theorem shows that there are solutions of the
equation and helps localize them somewhat.

Consider the function

fx)=2" -3z -1 for all x € R.

This is clearly continuous. Let us check a few values of f:
f(=2) =123, f(-1)=1, fO)=-1, fO)=-3,  f(2)=12L.
Since f is continuous and 0 lies between f(—2) and f(—1):
f(=2)=-123 < 0 < 1= f(-1),
it follows by the intermediate value theorem that
there is a point p € (=2, —1) where f(p) = 0.
This means that the equation
2" —3r+1=0 (10.3)

has a solution on the interval (-2, —1).

By the same reasoning we see that the equation also has a solution
in (—1,0) and and a solution lying in (1, 2).

One way of pinning down the location of the solutions of would
be to divide, say the interval (1,2) into ten pieces, each of width .1, and
checking the values of f at the points

S, F(L1), f(1.2),.., F(L9), f(2),
to see where f changes from negative to positive. We can calculate
f(1.1) ~ —0.35 f(1.2) ~0.98

and this tells us there is a root (which means the same as ‘solution’) of the
equation ({10.3)) in the interval (1.1,1.2). Next, repeating the same strategy
by dividing (1.1, 1.2) into ten pieces and calculating the values

FLAD), £(1.12), £(1.13), f(1.14), F(1.15), ..., f(1.19), f(1.2),
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we observe that
f(1.13) ~ —0.037, and f(1.14) ~ 0.082.
Thus, there is a root in the interval
(1.13,1.14).

This is a slow and inefficient process, but a first process nonetheless to sys-
tematically pin down a root of an equation. Later, with the use of calculus,
we can study much faster methods for locating roots.



Chapter 11

Inverse Functions

In this chapter we show by using the intermediate value theorem that equa-
tions of the form

y = [f(x)
can be ‘solved’ for a good class of continuous functions f. The solution is
then displayed as

z=f"(y),
and f~!is the called the inverse of the function f.
11.1 Inverse trigonometric functions

The graph of y = sin x oscillates between —1 and 1.

Yy =sinx

Figure 11.1: Graph of sin.

If we try to solve an equation such as

sing = .5

99



100 Ambar N. Sengupta 11/6/2011

there are infinitely many values for ¢:

T 9T T 5% m o s om
— —, =427, — + 27w, — — 2w, — — 27, —+4n, — +4n, ...
666 e e T et T

Each of these could be thought of as an ‘inverse sin’ for the value .5 in
the sense that the sin of each of these is .5. However, to avoid ambiguity we
can focus on just the value 7/6: what makes it unique is that it is the only

value between —/2 and /2 whose sin is .5.

y=sinz for x € [—7/2,7/2]

Figure 11.2: Graph of sin over [—m/2,7/2].

We define arcsin(.5) to be 7/6:

arcsin(.5) o sin*(.5) o /6.

More generally

sin~!(w) is the unique value in [—7/2, 7/2] whose sin is w, (11.1)
that is,
sin (sin 'w) =w  and sin"'w € [-7/2,7/2]. (11.2)
Thus,
y = sin~ ' x means that y € [~7/2,7/2] and siny is z. (11.3)

Since the values sin always lie between —1 and 1, there is no value whose
sin is 2; thus

sin~! x is not defined, as a real number, if z is not in [~1,1].

On the positive side,
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Proposition 11.1.1 If A € [—1, 1] then there exists a unique B € [—m/2,7/2]
for which sin B = A.

Proof. The function sin is continuous on [—7 /2, 7/2] and the end point values
are
sin(—7/1) = —1, and sin(7/2) = 1.

Therefore, by the intermediate value theorem, for any A € [—1, 1] there is a
B € [-7/2,m/2] for which
A =sinB.

To see that B is unique simply observe that the function y = sinx is strictly
increasing on [—n/2,7/2] and two different values of = could not have the
same value for y = sin x.

Thus,

sin~! z is defined for all x € [-1,]1].

We can run through the same arguments, with minor changes, for the
function cos. We have to be careful to observe that y = cosz is not strictly
increasing on [—m/2,7/2]. For example both 7/3 and —7/3 have cos equal
to .5:

cos(—m/3) = cos(m/3) = .5.

Figure 11.3: Graph of cos.

One possibility is to work with the interval [—, 0] on which cos is strictly
increasing, but there is a bias against using negative values when positives
would work. So, instead we use the interval

[0, 7]
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on which cos is strictly decreasing.
Running through the argument we conclude that

for every A € [—1, 1] there is a unique B € [0, 7] for which cos B = A.
The unique value y in [0, 7] for which cosy is x is denoted cos™! a:
cos™!(z) is the unique value in [0, 7] whose cos is , (11.4)
or, equivalently,
y = cos~ 'z means that y € [0, 7] and cosy is z. (11.5)
We can run the same reasoning for tan as well and see that

for every A € R there is a unique B € [—7/2,7/2] for which tan B = A.

tan~!(z) is the unique value in [—7/2, 7/2] whose tan is z, (11.6)

or, equivalently,

y = tan~' 2 means that y € [—-7/2,7/2] and tany is z. (11.7)

11.2 Monotone functions: terminology

We say that a function f is increasing if

fs) < f(#)

for all s,¢ in the domain of f for which s < ¢t. We say that f is strictly
increasing if

f(s) < f(t)

for all s,t in the domain of f for which s < t.
A function f is decreasing if

f(s) = f(t)

for all s, in the domain of f for which s < t. We say that f is strictly
decreasing if

f(s) > f(t)
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for all s,t in the domain of f for which s < .

Clearly, a function f is (strictly) increasing if and only if — f is (strictly)
decreasing. For this reason we will often state or prove results just for in-
creasing functions, it being generally understood from context that the cor-
responding result for decreasing functions also holds.

A monotone function is a function that is increasing or that is decreasing.
We say f is strictly monotone if f is stricly increasing or strictly decreasing.

The function

ry = max{z,0} (11.8)

is an increasing function that is not strictly increasing.

11.3 Inverse functions

Here is a somewhat strange result, guaranteeing continuity of certain types
of strictly monotone functions:

Proposition 11.3.1 If g is a strictly monotone function defined on a set
S C R such that the range g(S) is an interval then g is continuous.

The ideas developed for arcsin and arccos can be summarized in a general
way:

Proposition 11.3.2 If f is a continuous strictly monotone function on an
interval U C R then the range V' of f is also an interval, and there is a
unique function f~1 defined on V such that

fH(f2) == forallz € U. (11.9)

This inverse function f~! is continuous.
The inverse function also satisfies

f(F N y) =y forallyeV. (11.10)
For example, the inverse of the function
[0,00) = [0,00) : 7 = 2

is the function
[0,00) = [0,00) : A — VA.
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Proof. We work with the case when f is strictly increasing; the case of strictly
decreasing is settled in an exactly similar way (or by applying the result for
strictly increasing functions to —f in place of f).

To show that V' is an interval we have to show that if ¢,d € V', with ¢ < d,
then every point between ¢ and d is also in the range V of f. For ¢,d € V
we have

c=fla) and  d=f(b),

for some a,b € U. Now consider a point ¢ strictly between ¢ and d:
c<q<d.

This means
fla) <q< f(b).
By the intermediate value theorem (keep in mind f is continuous there is a
point p € (a,b) for which
q= f(p)-

This means g € V, the range of V. Thus V is an interval.

Now defined f=! on V as follows. If y € V then there is a point x € U
with f(x) = y. There cannot be any other point in U whose image under f

is also y, because f is strictly increasing (points strictly below/above x are
mapped by f to points strictly below/above y). Set

fy)=x if f(z) =y

This proves (11.9), by simply writing in the value f(z) in place of y in

[ y) ==
Applying f to both sides of f~!(y) = x shows that

F( W) = fl2) =y,
which proves .

Continuity of f~! follows on applying Proposition to the function
g = 71, whose range is the interval U.

Suppose f is a strictly increasing function defined on a set S. Then f(.5)
can be thought of as S with the points p renamed as f(p), and the ordering
of the points is preserved:

f(s) < f(t) if and only if s <.
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Thus, f(S) contains a largest element if and only if S contains a largest
element, and f(S) contains a smallest element if and only if S contains a
smallest element. This gives us:

Proposition 11.3.3 If f is a continuous, strictly increasing function, then
for any interval J in the domain of f, the image f(J) is of the same type as
J; specifically,

(i) if J = [a,0] then f(J) = [f(a), f(D)];

(ii) if J = (a,b] then f(J) = (c,d], where ¢ = inf f(J) and d = sup f(J) =
f);

(iii) of J = [a,b) then f(J) = [c,d), where ¢ = inf f(J) = f(a) and d =
sup f(J);

(iv) if J = (a,b) then f(J) = (¢,d), where ¢ = inf f(J) and d = sup f(J).
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Chapter 12

Maxima and Minima

A fundamental feature of continuous functions is that they attain maximum
and minimum values on certain types of sets such as closed intervals [a, b],
for a,b € R with a < b.

12.1 Maxima and Minima

The completeness property of the real line has another big consequence for
continuous functions: if f is continuous on the interval [a,b] then f(x) ac-
tually attains a maximum value at some point and a minimum value on the
interval [a, b].

Theorem 12.1.1 Let f be a continuous function on |a,b|, where a,b € R
with a < b. Then there exist c,d € [a,b] such that

fle) = inf, f(z)
f@ = sw f@)

z€[a,b]

(12.1)

Before proceeding to logical reasoning here is our strategy for finding a
point where f reaches the value

M = sup f(z).

z€[a,b]

Let us follow a point t, starting at a and moving to the right towards b and
keep track of the ‘running supremum’

S¢(t) = sup f(x).

z€[a,t]

107
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If f(a) itself is already the maximum M then we are done; assuming then
that f(a) < M, surely the ‘first exit time’ ¢ when S () escapes from below
the value M is where f actually takes the value M. Thus our guess for d is

d, ¥ sup By, (12.2)

where B) is thet set of all ¢ for which Sf(¢) is below M:
By ={t €la,b] : S¢(t) < M}. (12.3)

(We are assuming the initial value f(a) isn’t already M.) It is useful to have
in mind a graph of S;: it increases (possibly remaining constant on stretches
of values of t) and once it hits the value M it stays there all the way to t = b.

It is intuitively clear that for ¢ to the left of d, the value S¢(t) is < M
whereas for any ¢ to the right of d, the value of S(t) is M; this would imply
that that the supremum of f on any neighborhood of d, is in fact M. Then
from the definition of limit lim, .4, f(z) as the unique value between suprema
and infima of f over neighborhoods of d, we would then have lim,_,4, f(z) =
M; continuity of f at d, would then imply f(d.) = M.

Observe that if Sy(z) < M then, since d, is an upper bound of By, it
follows that d, > x. Thus, no point to the right of d. has Sg-value < M.
Hence:

Sp(x) =M  for all z > d.. (12.4)

Proof of Theorem [[2.1.1] We show only the existence of a point d where f
attains its maximum value. The argument for minimum is exactly similar
(or we can use the trick of applying the maximum result to —f in place of f
to find where f is minimum.)

Let us go through the remaining argument slowly, breaking it up into
pieces.

If f(a) happens to be equal to M then, of course, we are done, on taking
d to be a. Suppose from now on that f(a) < M. This implies, in particular,
that the set B); is not empty, containing at least the point a.

Consider now any neighborhood U of d,. Choose any r € U N [a, b] with
r > d,; what if d, = 07 We will deal with that case later, assuming for
now that d, < b. Then, as already noted before in (12.4), Sy(r) = M.
Consequently,

sup  f(x) = M.

zeUN[a,b]
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Hence M satisfies

inf r) <M< su x),
ern[a,b}f( )= B zeUﬁI[zu,b}f( )

wth the second < being actually an equality. This is true for any neighbor-
hood U of d,. Therefore, by our definition of limit,

lim f(z) = M.

T—>dy

But f is continuous at d,. Hence
f(d*> =M,

and we are done.
Lastly suppose d, = b. Then taking any ¢ € [a, b] withq < b, we know that
q is not an upper bound of By, (for d, = b is the least upper bound of By;). So
there is a p > ¢ in [a, b] which is in By, and this means sup,¢(, , f(z) < M.
Therefore also
sup f(z) < M.

r€la,q]

But since sup,cj,y f(z) is M we must have sup,e(, 5 f(¥) = M. Thus the
supremum of f over every neighborhood of d, (which is b) is M. Then by the
arhument used in the previous paragraph it follows again that f(d.) = M.

The result for inf,cpp) f(2) is obtained similarly or just applying the
result for sup to the function —f instead of f.

The preceding heavily used result works for functions defined on closed
intervals [a,b], with a,b € R. But what of functions defined on other types
of intervals? For example, for the function

—  forz € (0,00)

x

it is clear that the function is trying to reach its supremum oo at the left
endpoint 0 and its infimum 0 at the right endpoint co. Figure [12.1] shows
the graph of the function given on (0,00) by z? + % — 2. The function has
sup equal to oo, which is the value it is trying to reach at both endpoints 0
and oo of the interval (0, 00); the inf occurs at x = 1 and the corresponding
minimum value is 12 + % —2=1.
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Figure 12.1: Graph of 2 + 2 — 2, for z > 0.

Proposition 12.1.1 Suppose f is a continuous function on an interval U C
R, with a,b € R* being the left and right endpoints, and suppose that both
L, =lim, ,, f(x) and L, = lim,_,;, f(z) exist and are in R (finite).

Then either f attains a mazimum value in the interior of U orsup,cy f(x)
is the larger of the endpoint limits L, and L.

Moreover, either f attains its minimum value at some point in the interior
of U orinf,cy f(x) is the least of the two endpoint limits L, and Ly.

We will not work through the proof but sketch the ideas. Observe that
we can extend the function f to be defined at the endpoints a and b (if one
or both of them is not already in U) but setting f(a) = L, and f(b) = L.
Then f is defined on the interval [a,b] C R* (denoting the left endpoint of
U by a), and f is allowed to take the values +oo at the endpoints a and b.
The resut of the argument follows the proof of Theorem [12.1.1]

12.2 Maxima/minima with infinities

The arguments used to prove existence of maxima and minima work without
much change for functions defined on subsets of R* and with values in R*:

Proposition 12.2.1 If F' : [a,b] — R* is continuous function, where a,b €
R* with a < b, then F attains a maximum value and a minimum value on
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[a,b]. Thus, there exist points c,d € [a,b] such that

F(c) = zier[zf’b] F(z)
F(d) = sup F(x). (12:5)

z€[a,b]

12.3 Closed and bounded sets

Consider a set K C R that is closed and that lies inside an interval [a, b],
where a,b € R and a < b. Such a set is closed and bounded.

Theorem 12.3.1 If f : K — R is a continuous function on a nonempty

closed and bounded set K then f attains a mazimum value and a minimum
value on this set K. Thus, there exist points c¢,d € K such that

(12.6)
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Chapter 13

Tangents, Slopes and
Derivatives

The geometric notion of tangent is most easily understood for circles. A line
is tangent to a circle at a point if that is the only point where the line and
the circle meet. Another definition uses more geometry: a line is tangent to
the circle through the point P, with center C, is it is perpendicular to the
radius C'P.

Both of these ideas are illuminating and reflect our intuition of what a
tangent line ought to be. However, neither notion works very well for other
curves. For example, visually it is perfectly clear that the line y = 1 is
tangent to the graph y = sinx, yet it meets this graph at infinitely many
points. On the other hand any ‘vertical’ line meets y = sinz at just one
point and yet such a line is surely not tangent to the graph. Since the graph
y = sinz has no natural notion of ‘center’, it is also useless to try to define
tangent as a line perpendicular to a ‘radius.’

A geometrically elegant formulation of the notion of tangent arises natu-
rally for the case of ellipses. Think of a circle C, and a tangent line [, at a
point P, to the circle, drawn on a transparent sheet of paper. When a light
is shown on the sheet from an angle, from a flashlight, the shadow C’ cast
on a wall by the circle C' is a stretched out version of the circle. This curve
C" is called an ellipse. The shadow !’ cast by the tangent line [ is again a
straightline and is surely the tangent line to the ellipse C’ at the point P’,
which is the shadow of P. This notion goes back to the greek study of conic
sections.

Elegant though it is, even the method of the preceding paragraph fails

113
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to provide a definition of tangent that works for more general curves. For a
general curve C' we need to view a tangent line at a point P as a limiting
form of the PQ (where @) is a ‘nearby’ point on C') as () approaches P. This
is formalized in the next section.

Y

tangent line [

Figure 13.1: Tangent line and secant segment.

13.1 Secants and tangents

Consider a function f defined on R and think of the graph of f:

{(z,y) : y= f(z),z R}
Consider now a point
P = (x4, y.)

on this graph.

A secant line is a straight line through P and any other point ) on the
graph.

Now think of all secant lines PQ, where Q = (x,y) runs over points on
the graph with x lying in some neighborhood U of x,. There are possibly
many such lines, each with a different slope: (y — y.)/(x — zx).

We shall say that a line [ is tangent to the graph of f at the point P if
it is the unique line that passes through P and has slope lying between the
sups and infs of slopes of all ‘nearby’ secant lines:

inf Jo) = J) <slope(l) < sup ————= (13.1)
z€U,z#T+ T — Ty €U, 24T T — Tk
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for all neighborhoods U of z,. If f is defined only on a subset S of R then
we modify this definition by replacing x € U with x € UNS. We interpet an
infinite value, co or —oo, of slope to mean that the tangent line is ‘vertical’,
parallel to the y-axis.

Another way to view the uniqueness of tangent line is to observe that this
means that the slope of the tangent line is

slope of tangent at point P = lim M, (13.2)
Tz X — Ty

with the existence of this limit signifying the existence of a tangent line. The
tangent to the graph y = f(z) at P(x., f(x.)) is the line through P with slope
given by .

The slope of the tangent line to y = f(z) at a point P is also called the
slope of the curve y = f(x).

For some functions there may be multiple lines [ with slope satisfying the
condition . For example, for the graph of

y = |z|
any line with slope € [—1, 1] satisfies the condition (13.1)). Here is an illus-

tration of a graph with a whole range of slopes satisfying the condition (|13.1))
at the point P:

Occasionally we will consider such a ‘quasi-tangent’ line to a graph.
Though this is not a standard notion, let us agree that by a quasi-tangent
line at P(p, f(p)) to the graph y = f(x) for a function f we mean a line
through P of slope satisfying the bounds

fw) — f(p)

inf Jlw) = Jp) <slopeof I < sup ———= (13.3)
weUNS,w#p w—p weUNS,wp w—p
for every neighborhood U of p, where S is the domain of the function f.
(Note that, as with tangent lines, this notion is meaningful only when p € S
is not an isolated point of S.)
Thus, y = f(x) has a tangent line at P if and only if it has a unique
quasi-tangent line, and in this case the quasi-tangent line is the tangent line.
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13.2 Derivative

Consider a function f defined on a set S C R and let p be a point of S that
is not an isolated point. The derivative of f at p is defined to be:

o) — 1 18 = 1)

z—p T —0p

(13.4)

Thus the derivative f'(p) is the slope of the tangent to the graph y = f(x) at
the point (p, f (p)) Of course, if the graph fails to have a tangent line then
it fails to have a derivative.

Let us look at some simple examples. First consider the constant function
K whose value everywhere is 5:

K(z)=5 for all .
Common sense tells us that the slope of this is 0. We can check this readily
from the official definition
K(z) — K(p) 0

lim = lim =lim0=0.
T—p r—0p Top X — P xop

We can elevate this observaton slightly by observing that we don’t need K
be equal to 5 everywhere, but just on a neighborhood of p.

If the function f is constant near p, then f(x) = f(p), for z in a neigh-
borhood of p, and so the derivative f’(p) is 0. This just says that the graph
is flat. Thus,

If a function is constant on a neighborhood of a point p then the
derivative of the function at p s 0.

Next, consider the function
g(x) == for all z € R.

Then for any real number p we have

i IE) —9W) v op
z—p r—0p Tp T — P a—p

Hence the slope of
y=1x
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is 1: surely this is geometrically utterly obvious.
We can check readily that for the function x — Mz + C', where M and
C' are real numbers (constants) the derivative is M everywhere:

i M2 C) = (Mp+C) Mo —Mp e o

T—p r—0p T—p r—0p T—p

13.3 Notation

The derivative if f at p is denoted

f'(p)-
This is good for theoretical proofs and such but not very useful for practical

algebraic calculations.
If a formula is given for f(z) we denote the derivative of f at = by

df (x)

)]

The beginner’s error in this notation is to put in a value for z in df (z)/dx:
that is wrong usage of the notation:

% is wrong notation.
Instead we should write
df (z) _ df (z)
Watx—?),or?x:zg

If we are writing y = f(x) then the derivative of f at x is
dy
dxr’

This notation meshes well with the derivative being the limit of the ratio of
the increase in y to the increase in z:

Y _ oy BV

dr Anso Az’ (13.5)

where
Ay=yq—yr, Az =19 —p,
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with P being the point (z,y) = (z, f(x)) and Q(w, f(w)), and the limit
@ — P is encoded in Ax — 0.
For algebraic calculations the notation f’(p) is inconvenient. Instead we
use the notation
df ()

dz
to denote the derivative of f at x. For example, for the function s given by

2

s(x) == forall z € R

we denote the derivative s'(x) by

, da?

Note that we don’t mean that this is an actual ratio, nor do we mean that
somehow the ‘denominator’ is d times x. The entire expression dz?/dz shoud
be viewed (at least at this stage) as one object, the derivative.

13.4 The derivative of z2

Let us work out the derivative of the function given by f(z) = z? for all
x € R at x = 3. This is just the slope of the tangent line to the graph

y =’
at the point (3, 3?):
The slope of the secant line PQ) is

1‘2—32

slope PQ) = 5
:C‘ J——

To find the slope of the tangent we need to let () approach P; this means
x — 3, and we are looking then at the limit

We can work this out easily. (Warning: avoid the 0/0 trap!) We factor 22 —3?
as a product
2? — 3% = (v —3)(z +3)
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Y

,,,,,,,

\ P4, 32)

Figure 13.2: A secant segment to y = 2% at P(3,3?).

and obtain
2 92 o
lim x4 -3 ~ lim (r —3)(x+3)
=3 1 —3 z—3 x—3
= lim(z + 3) (13.6)
r—3
= 0.

Thus the slope of the tangent to y = x* at the point (3,3%) is 6.
If you trace through the calculations above for a general point (p,p?) on
y = 2 you see that the slope of the tangent at (p, p?) is 2p:

2 _ .2 _
i & TP g B PN+ p)
Top T — P T—p r—0p
(s 49 (137
T—p
= 2p.

Thus the derivative of the function given by f(x) = 22 at z = p is 2p.
Using the notation df (x)/dx this is displayed as

d 2
% = 2z. (13.8)
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e

Figure 13.3: Secant segment for y = z? at P(z, 2?).

13.5 Derivative of z°

Let us do the calculation of the derivative for the function f(z) = x3. Fol-
lowing the method used for y = 22 we have first the picture

We can see that

w3—x3

slope of PQ) = .
w—2x

Letting () — P makes the secant line P(Q) approach the tangent line at P in
the limit. The slope of the tangent at P is then

3 _ .3

slope of tangent at P = lim .
w—r W — T

This just the derivative at x:

— lim (w — z)(w? + wz + 2?)
w—z W — 1

(using A% — B® = (A — B)(A% + AB + B?) (13.9)

= lim (w? + wz + 2?)
w—T

:x2+x2+x2

= 322
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13.6 Derivative of 2"

The procedure used for z? and 2™ works for 2", where n is any positive
integer. This leads to

dx"

= na" "t (13.10)

Thus, for example, the slope of the curve

y=a'

at the point (1,1) is
7-1°=7.

13.7 Derivative of 7! =1/x

For 1/x we have the graph in Figure [13.4]

Figure 13.4: Secant segment for y = 1/z at P(z,1/x).

The derivative at z is the slope of the tangent at P(z,1/x):
1

e élg}) (slope of PQ).

The slope of PQ is:

slope of PQ = (1/w) — (1/x)
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Then we can calculate the derivative as follows:

a1fe) . (1fw) = (1/2)

dx w—z w— T
_ i &)/ w)
w—T w — X
(wsing & = § = 24)
r—w (13.11)
= lim ——
w—z zw(w — x)
-1
= lim —
w—T LW
1
T2
Thus:
d(l/z) 1
de 22

dx=!
=—1-27%
dx
even though n = —1 is not a positive integer.

The negative sign on —1/z? indicates a downward sloping tangent.

13.8 Derivative of 2% = 1/2"

Let k be a positive integer and consider the function
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We can calculate its derivative:

k
ajeh)
dz w—z w—T

. (zF — wh)/ (zFw")
(using % — % = i‘BA)

y ok — wk (13.12)
= lim ———

w—z rhwk(w — )

I 1 wh — xk 1
= lim (—

w—z w—1x xkwk

B 1

= (_1) : kxk ! ﬁ)

E_ .k
lim v A kakt
w—r W — T
Thus o k)
d(l/x 1 1
Writing n for —k this reads
d‘Tn n—1
— =nx
dx ’

correct again, even though n is now a negative integer.

13.9 Derivative of 2!/ = \/z

Consider the function
s(x) = & = z*/?

defined on all x > 0. Consider any p > 0. Then the derivative of this function
at p is the slope of the tangent at P(p,/p) to the graph y = \/z, and we
know that
slope of tangent at P = lim (slope of PQ).
Q—P
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Figure 13.5: Secant segment for y = \/z at P(p, /D).

s(p) = lim V- b
wop W — P
o VO = R+ D
w=p (w—p)(Vw + /D)
(using (A — B)(A + B) = A* — B?)
. w—p (13.14)
im
w=p wp(v/w + /D)
li L
= lim ——
w—p 2(y/w + VD)
1
2\/ﬁ7
when p > 0. If p = 0 we can just set p = 0 in the preceding calculations
except for the very last line, being careful to note that the values w we work
with are > 0 (because s(w) is not defined for w < 0; thus,

1
§(0)= lim ——— = o0,
( ) w—0+ 2(1 /W + \/6)
Thus the derivative of \/z is
1
dve 1 (13.15)
dx 2\/x

when = > 0, and is co when z = 0.
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Note that 1
vz =z'/? and 7 =g 12

and so the right side in (|13.15) is

%w‘l/Q = %xé_l.
Thus "
d 1
fz = a7, (13.16)
x
again agreeing with
dxn n—1
i

now with n = 1/2.

13.10 Derivatives of powers of x

Let » = p/q be a rational number, where p and ¢ are integers, and ¢ # 0.
Then for any = > 0 the power /7 is the non-negative real number whose
g-th power is xP:

(xp/q)q — P
The existence of such a real number x" follows from the intermediate value
theorem, and ultimately is a consequence of the completeness of the real line.

The following derivative formula holds:
dz” 1
=rx’ ", 13.17

T (13.17)
and can be proved by extension of the methods used before for negative
powers of z and for z!/2.

13.11 Derivatives with infinities

It does not seem useful to bother defining the derivative F’(00), for a function
F, defined at co. A natural extension of the geometric intuition of the
derivative in terms of tangent lines leads to the definition
F
F'(p) = lim Flz) if p € {—00, 00}. (13.18)
x

T—p
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If F(z) approaches a finite limit F(c0), as  — oo, then F'(p) is 0, which
conforms to intuition: the tangent line at x = oo is the ‘horizontal’ line

y = F(oc0).



Chapter 14

Derivatives of Trigonometric
Functions

In this chapter we work out the derivative of sin, cos, and tan, by using their
algebraic properties and the fundamental limits

lim sin 6 =1 and lim tan 0 =

1.
00 0 00 0

14.1 Derivative of sin is cos

The derivative of the funtion sin at x € R is the slope of the graph of
Yy =sinx

at the point P(z,sinx). Thus it is:

sin’ z = lim (slope of PQ),

w—T

where @ is the point (w, sinw).
Now the slope of PQ is
sinw — sinx

slope of PQ) =
w—x

We have then
sinw — sinx

sin' x = lim
w—zT w—

127
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slope PQ — sinw—sinx
P(x,si ‘ w-e

Figure 14.1: Secant segment for y = sinz at P(z,sinz).

To work this out there are two possible routes. We follow one, using the

relation (8.22)), which implies:

sinw—sinx:2sinw;mcosw;—$. (14.1)
Using this we have
2 sin =% cos Wt
sin' x = lim 2 2
e v (14.2)
. 2sin 3 w+x
= lim cos
w—r W — T 2

To make this look more like something involving sinf/6 (whose limit we
understand), we write this as

. . 2sin5F W+ T
sin'z = lim ——=— CO0S
sin ¥=% w4z
= lim _f Cos - (14.3)
w—T 5 2
T+
=1"-cos
Thus we have found the derivative of sin:
dsinx
= sin’ x = cos z. (14.4)

dx



DRAF'T Calculus Notes 11/17/2011 129

14.2 Derivative of cos 1s — sin

The derivative of the funtion cos at x € R is

, . COSW — COST
cos' r = lim ——.
wW—rx w —x

Recall the relation ([8.23]):

cosw—cosx:—ZSinw;xsinw;—x. (14.5)

Using this we have

2 sin Y=L gip Wiz

cos’ r = — lim 2 2
wW—T w — X
, 2sin “5* w4 T
= — lim pr— cos 5
2sin &% w+z
=—1 2 s 14.6
lim pu= sin 5 ( )
y sin 5+ w4+ x
= —lim = sin 5
T+
= —1-sin +
2
Thus we have found the derivative of sin:
dcosz
P cos' x = —sinz. (14.7)
x

14.3 Derivative of tan is sec?

The derivative of the funtion tan at z € R is

, . tanw —tanx
tan'z = lim ——.
w—x w — X

Recall the relation (8.24]):

tan( ) tana — tanbd
an(a —b) = —M .
1+tanatand
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From this we have

tana — tanb = (1 + tanatanb) tan(a — b).

Taking w for a and x for b we have

tanw — tanz = (1 4 tanw tan z) tan(w — x).

We can proceed to the derivative now:

, . tanw —tanxz
tan' r = lim ——
w—T w — X

(14 tanw tan z) tan(w — x)

= lim
oz w—x (14.8)
t _
= lim (1 + tanwtana:)M
w—T w—2=
=(l+tanxtanz) -1,
because
. tand
lim =1.
60 0
Thus,

tan’ x = 1 + tan® z.
Now recall that 1 + tan? z is sec? z. Hence

dt
;;19: = tan’ x = sec” z. (14.9)




Chapter 15

Differentiability and Continuity

15.1 Differentiability implies continuity

We know that not all continuous functions are differentiable. For example,
the absoute value function is continuous but is not differentiable at 0:

However, if a function is differentiable then it is continuous:

Theorem 15.1.1 Suppose f is a function defined on a set S C R and is
differentiable at a point p € S. Then f is ccontinuous at p.

Proof. Recall that the derivative f’'(p) is given by

o) — i L) S ®)

z—p T —0p

Note that this is meaningful only when p € S is not an isolated point of S.
We wish to show that f(z) — f(p) when x — p. For this we first write f(z)
as f(p) plus the amount it deviates from f(p):

f(@) = f(p) + f(x) = f(p)-

131



132 Ambar N. Sengupta 11/6/2011

(z)=f(P)

Since we have information about £ s let us bring this in:

)= 0]

)= ) + o= p) |12

Now let x — p:

lim f(z) = f(p) +0- f'(p) = f(p),

T—p

where we used the given fact that f'(p) exists and is finite (the application
of the ‘limit of product equals product of limits’ argument would fail if f'(p)
were 0o or —oQ).

We have allowed infinite values for derivatives. For example, the function
f specified by

-1 ifxr<0;
flx)=<0 ifx=0;
1 if x >0,
has derivative
f'(0) = oc.

But note that f is not continuous at 0.

There are plenty of functions that are continuous everywhere and yet
differentiable nowhere. They are hard to visualize and have severely zig-zag
graphs.



Chapter 16

Using the Algebra of
Derivatives

In this chapter we use the basic algebraic rules for working with derivatives.
In summary the basic algebraic rules are

dU+V) dU av

i dr T dw
d(kU) B kﬂ
de dx
auv) dU dV
=—V — duct rul
dx dx + de (product rule) (16.1)
dy __1dv
dz V2 dx

U U rrdv
dy V@ —Ug

T T (quotient rule)
T

where U and V are differentiable functions for which all the quantities on
the right sides exist and are finite, and k is any constant (real number). We
have retained some redundancy here; for example, that d(kU)/dx = kdU/dx
can be deduced from the ‘product rule’ for d(UV')/dz, keeping in mind that
dk/dx = 0.

133
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16.1 Using the sum rule

The sum rule is so easy to use that it is best forgotten that we are actually
using a rule (that needs to be proved). For example

d(5sinz +42® —3)  d(5sinz) N d(4x® — 3)

dz dz dz
(assuming these derivatives exist and are finite)

dsinz  d(4z3)  d(-3)
=5
dx * dx * dx
(assuming these derivatives exist and are finite)

3

d
= 5cosx+4i—i—0
dx

= 5cosx + 1222,

For this very first example we were careful to state most of the steps and
logic, but there is no need to be so extreme. Mostly we can write down the
derivative of a sum directly:

d(5sinz — 32° + 2z — 4)

=5cosx — 15zt + 2.
dx

16.2 Using the product rule

The product rule gets us to more complicated functions. Take for example,

y = +v/Tsinz.

Using the product rule we find the derivative very easily:

d d dsi 1
d_i: C;U{fsinx—i—\/% ZEI—Zﬁsinij\/Ecosx.

We can use the product rule for multiple products:
dUVW)  dUV (W)

dx dx
dU dVW
=~ VW4+U (16.2)
dx dx
dU dV dw
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Clearly this patterns works for any number of products.
Here is another example of the product rule

d(t + tant)(2t? 4+ V/t)(4t — cost)

dt
= W@L@ + V1) (4t — cost) + (t + tant)w
+ (t + tant) (26> + \/BW
= (1 +sec?t)(2t> + Vt)(4t — cost) + (t + tant) (4t + ZL\/%)(ZR — cost)

+ (¢ + tant)(2t2 + Vt)(4 + sint).

16.3 Using the quotient rule

Let us first see quickly how to use the formula

1
(1/v) = _WV/'
Here is an example
d 1 B 1 d(sinw 4 cosw + 1)
dw \sinw +cosw+1/)  (sinw + cosw + 1)2 dw
1

- ~ (sinw 4 cosw + 1)2(cosw —sinw).

Now let us do an example of the full quotient rule

vu' -uov’
(U/V)IZT-
We have
d w + tan w B (sinw—kcosw—kl)w - (w—i—tanw)w
dw \sinw+cosw+1) (sinw + cosw + 1)2

(sinw + cosw + 1)(1 + sec? w) — (w + tan w)(cos w — sin w)
(sinw + cosw + 1)2 '
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Chapter 17
Using the Chain Rule

The chain rule, along with the algebraic rules we have already studied, makes
it possible to work out derivatives of functions given by highly complicated
expressions.

17.1 Initiating examples

Before stating the chain rule in the abstract we can see its essence in a few
basic examples. As a first example, look at

dsin(z? + 3x)

- = [cos(z® + 3z)] (22 + 3)

The sin has become cos (which is the derivative of sin), and then we have a
multiplier 22 4+ 3 which we recognize to be the derivative of z? + 3.
Next look at

d(4 — 2sint)!® 1
( dtsm ) _ §(4t3 _ QSint)l/?’*l - (12t* — 2cost).

We recognize the factor on the right as the derivative of the function (-)!/3,

evaluated at 4¢3 — 2sint; next, this is multiplied by the derivative of 4¢3 —
2sint.
As our last initiating example, look at

d sin(\/ 4 4+ xQ)
dx

1

= [cos(\/m)} :

137
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This is a chain rule applied twice: first the sin is differentiated to obtain
cos(-), next /- is differentiated to produce ﬁ, and, finally, z* + 22 is differ-
entiated to produce the last factor 42 + 2z.

17.2 The chain rule

Consider a function H that is the composite of functions F' and G:
H(z) = F(G(x)).
This means that to calculate the value H(z) we must first work out the value
G(x)
and then apply the function F' to it:
For example, the function given by
Vit + 22
is the composite of the square root function /- with the function given by
rt+ 22
As another example,

sin v/w

is the cmomposite of sin with /-.

The composite
H=FoG

is the function whose value is given by
H(t) = F(G()),

for every value t for which G(t) is defined and F(G(t)) is also defined. For
example, the composite function given by

1+ 2

is defined only for z > —1.
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The chain rule says that if
H=FoG

then
H'(z) = F'(G(2))G' (z) (17.1)

provided that values and derivatives on the right exist and are finite.
Returning to examples, we have then

dtan/x W 51 1
— = [Sec vV +3w]m,

because we recognize that

tan/x

is obtained by applying tan to /z:

tan /z = (tano,/)(x).
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Chapter 18

Proving the Algebra of
Derivatives

We now explore precise statements and proofs for the rules of algebra for
derivatives.

18.1 Sums

If f and g are functions with domain S C R then their sum is the function
f + g on S whose value at any z € S is given by

(f+9)(x) = f(z) +g(x).

Suppose now that p € S is a point where the derivatives f’(p) and ¢'(p) exist.
Then

(f+9)(p) = fp)+9(D (18.1)
if this sum is defined (that is not oo + (—o0) or (—o0) + 00).
This result follows directly from the fact that the limit of a sum is the
sum of the limits.

18.2 Products

If f and g are functions with domain S C R then their product is the function
fg on S whose value at any x € S is given by

(f9)(x) = fz)g(x).
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For proving the product rule we have to bring in a useful little geometric
observation about products. Notice that if a rectangle, whose sides are A
and B, gets enlarged so that it becomes a C' by D rectangle then its area
increases by

CD—-AB=CD—-AD + AD — AB
=(C—-A)D+ AD - B)
=(C—-A)(D—-B +B)+AD-DB)
=(C—-A)(D-B)+(C—-A)B+ A(D - B).

(18.2)

Proposition 18.2.1 Let f and g be functions on a set S C R, and atp € S
is a point where f and g are both differentiable (that is, the derivatives f'(p)
and ¢'(p) ezist and are finite). Then

(f9)'(z) = f'(x)g(z) + f(x)d (x). (18.3)
Proof. Recall that for any function h the derivative h'(p) is defined to be

h'(z) = lim M

w—T w —x

Let us apply this to h = fg. Then

(o ) — tim T)000) = F2)o(a) 154

w—T w—2x

Now we split the numerator following the idea of (18.2)):

fw)g(w) = fz)g(z) = [f(w) = f(2)] [g(w) — g(z)]
— f(@)]g(z) + f(2) [9(w) — g(x)].

+ [f(w)
Now divide by w — = to obtain
Helote) = o) _ 5, g [2) =0t)
# [ LI g0y 4 g |2 220
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The ratio L:j:(x) approaches the derivative f'(z) when w — x, and similarly

o(w)—g(z) .

for , so we rewrite everything in terms of these ‘difference quotients’:

fw)g(w) — f(x)g(x)

w—=

w—x w—x

= (w—x)[

fw) = f(l‘)] lg(w) - g(x)}

* w—x w—x
Now just let w — x:
+ f1(@)g(x) + f(2)d (x),

which works because the derivatives f’(z) and ¢'(x) have been assumed to
exist and be finite. Thus fg is differentiable at x and

(f9)'(x) = f'(z)g(x) + f(x)d (x). QED

18.3 Quotients

We turn now to proving the quotient rule:

g(@)f'(x) = f(z)g' (x)
g9(x)? ’

valid whenever f and g are functions defined on some common domain S
and z is a point of S where f and g are both differentiable and g(z) # 0.

From the definition of the derivative, (f/g)'(x) is the limit of

(f/9)(x) = (18.5)

g\w)  9\&) 18.6
P (18.6)

as w — x. Let us rework the numerator so it involves mainly the differences
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f(w) — g(w) and g(w) — g(x):
fw)  flx)  flw)gz) — flz)g(w)

gw)  g(z) g(w)g(z)
_ ) = f(@) + f(2)]g(z) — f(2) [g(w) — g(z) + g(z)]
g(w)g(z)
_ () — f(@)]g(x) + fx)g(x) — f(z) [g(w) — g(x)] — f(z)g(=)
g(w)g(z)
_ ) = f@)]g(x) — f(2) [g(w) — g(x)]
g(w)g(x)

The preceding algebra may look very complicated at first but it has a natual
and simple thinking behind it: at each stage where we see f(w) we write it

in terms of the difference f(w) — f(z) as f(w) — f(z) + f(z), and the same

for g(w).
Thus

= . (18.7)

(for s0))  [H001] () f) [2e2zaio)]
T g(w)g ()

Now we let w — x. To deal with the denominator term g(w), we need to

use the fact the the differentiability of ¢ at x makes it continuous as x:

g(w) — g(z),

as w — x. Applying this to the identity ([18.7]) produces

o G- 58) _ ree - o)
woz w—1x g(x)g(x) ’

which is what we wished to prove.
If in the quotient rule we take the numerator to be the constant function
1 we obtain

vl—-1-vV/ 0=V’ 1
(1/V)/: V2 = V2 :_W

V/

a useful formula in itself.



Chapter 19

Proving the Chain Rule

It is easy to understand why the chain rule works. But, as we shall see,
turning this easy understanding into a proof runs into a snag. For the official
proof we then follow a different line of reasoning.

19.1 Why it works
Consider the composite function F o G:
y=F(G(z)).
To work out the derivative dy/dx, let us introduce some notation:

y = F(u) where  u= G(z).

Then
y=F(G(z)) = H(z),
and A Au A
Y Yy Au
= _=74 =7 19.1
Ax  Au Ax (19.1)
Letting Ax — 0 gives
dy  dydu
- =—=— 19.2
dr  dudx ( )

For example, for the function
y=+vV1+sinz,

145
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we take u = 1 + sinx, and then
Yy =+/u and u=1+sinx,

so that

dy dydu 1 B 1

dv  dude  2vu o 2 Tisma
This is clearly the chain rule as we have seen and used before.

The argument used above is natural but has one technical gap. What if
the denominator Au = AG(z) keeps hitting 0?7 Then the first ratio on the
right in ([19.1) is undefined and the argument breaks down.

There are two ways to deal with this road block. FEither we can try to
tread through the obstacle very carefully, or we can try an entirely different
pathway, one that is less natural but one that gets us to the destination faster.
We will go through such a proof in the next section. This is a situation one
sometimes faces in trying to construct a proof out of a reasonable idea. In
the end, however, the ‘reasonable idea’ often gives better insight into ‘why’
the result is true. (In fact, the idea does provide a proof in the case G'(z) is
not 0.)

19.2 Proof the chain rule

A proof of the chain rule can be built out of the following useful observation:

Lemma 19.2.1 Let f be a function, with domain S C R, differentiable at a
point p € R. Then there is a function f, on S, which is continuous at p, and

for which

f@)=[fp)+(@—p)fp(x)  foralzes, (19.3)
and
fr(p) = f'(p)
There is a more enlightening way to state ((19.3):
f@)=fp)+ (@ —p)fp)+e@) foalzes, (19.4)
where
im 2 _ (19.5)

T=p X — P
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because €,(z) = (z — p)[fp(z) — f'(p)]. To understand the significance of
(19.4)) observe that the first two terms of the right describe the y-value of the
tangent line to y = f(x) at p, and so condition ((19.4) says:

lim flx) =T, f(x)

z—p r—0p

=0, (19.6)

where
def
y=T,f(z) = f(p) + (z —p)f(p)
is the equation of the tangent to the graph of f at (p, f(p)).

i y=f(x

QT = f(z) = [f(p) + (z = p) f'(P)]
T

tal%lgent line y = f(p) + (x —p)f'(p)

I

I

!
i
T

S ® -

Figure 19.1: The tangent as an approximation to the graph

Proof. Simply note that

f(z) = f(p)
T —p

ﬂﬂzf@%+ﬂ@—ﬂm=f@%+@—m[ }, (19.7)

for all z € S with x # p. We want to denote the ratio %i(p) by fp(x).

However, we need to say what f,(p) is, for at = p the ration %}{(p) is
not defined. But, we do know that as x — p, the ration [@-/p) approaches

T—=p

f'(p). So let us define the function f, on S by

T—=p

Fo) ita—p. (198)

@)=/ if z € S and x # p;
fp( ):{
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Then

lim f,(z) = }}ggw = f'(p) = (D),

which shows that f, is continuous at p. Moreover, from (19.7)),

f(x) = f(p) + (z —p)fp(x)

for x € S wthe x # p. But putting in z = p shows that this is also valid

when = = p.

Now we can prove the chain rule.

Proposition 19.2.1 Let f and g be functions on subsets of R, and let Sy be
the set of all x for which the composite

fogiaw f(g(2))

is defined. Suppose that p is a point of Sy such that g is differentiable at p
and f is differentiable at g(p). Assume also that p is not an isolated point of
So. Then the function f o g is differentiable at p and

(fog)®) = rf(9(p)d (p)- (19.9)

We can avoid all the worrying about domains if we simply assume f o g
is defined in a neighborhood of p. Thus, if f o g is defined in a neighborhood
of p, g is differentiable at p and f is differentiable at g(p) then f o g is
differentiable at p and holds.

Proof. Let
q=9(p).

Recall from Lemma [19.2.1 the functions f; and g,. Then

fl9(@) = f(@) + (9(x) — q) f(9(2))

= flg) + (q+(ﬂf— ) p(2) —a) fa(9(@)) (19.10)
= f(@) + (z = p)gp(@) fy (9(x))
for all  in the domain of f o g. Then
) =10 _ o o (ota)

T —p
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for all x € Sy with « # p. Now letting © — p (recall that p has been assumed
to be a limit point of Sy) we have

flg(x)) — f(9(p))

ti LD =TI iy 011, (o)
= 0(0) £u(9(0)) (19.11)
—~— —

9@ (g(p)

where in the last step we used several observations and facts: (i) because g, is
continuous at p the limit lim,_,, g,(x) is g,(p), (ii) f, is continuous at ¢ and ¢
is continuous at p (because ¢ is differentiable at p) and so lim,_,, f, (g(x)) =
fa(g(p)); (iii) both g,(p) = ¢'(p) and fy(g(p)) = fe(q) = f'(q) are finite (real

numbers).
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Chapter 20

Using Derivatives for Extrema

Derivative can be used to find maximum and minimum values of functions.
For example, we will see soon how to find maximum and minimum values of

g(x) = 22% — 627 + 1

of x € [-1,1].
For a function f on a closed interval [a, b], where a,b € R and a < b, here
is the strategy for finding maximum and minimum values:

(i) work out the derivative f’(z) and find the values of x in the interval
[a,b] where f'(z) is O;

(ii) the maximum (minimum) of f is the largest (smallest) of the values of
f at the points where f” is 0 and the endpoint values f(a) and f(b),

assuming that f is continuous on [a,b] and is differentiable in the interior
(a,b) (or at least at those points in the interior where f reaches maxi-
mum/minimum value).

To see how this works let us apply it to the function g(z) = 223 — 622 + 1
for x € [-1,1]. The derivative is

d(z) = 62 — 122 = 62(x — 2).

This is 0 at = 0 and at x = 2. Snce x = 2 is outside the domain [—1, 1],
we ignore it. Now we compute the values of g at x = 0 and at the endpoints
1 and —1:
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The largest value of g(x) is therefore 1, occurring at = 0, and the smallest
value is —7, occurring at x = —1.

The proof that this strategy works is postponed to Chapter

If the function f is defined on the whole real line R or intervals such as
(2,00), we have to modify step (ii) above to:

(ii)" the supremum (infimum) of a function f, defined on an interval U, is
the largest (smallest) of the values of f at the points where f’ is 0 and
the endpoint limit values lim, ,, f(a) and lim,_,;, f(b), where a and b
are the endpoints of the interval U and the limits here are assumed to
exist.

If the limits lim, ., f(x) and lim,_;, f(b) don’t exist then, of course, this
method doesn’t work.

The term ‘maximum’ is used when the supremum is actually attained at
a point in the domain of the function; similarly, we speak of the ‘minimum’
value of a function if the infimum is actually attained in the domain of the
function. For example, 1/x, for x € (0,00), has no maxima or minima but
its supremum is oo (as = | 0) and its infimum is 0 (as * — o).

20.1 Quadratics with calculus

Let us apply the method of calculus to find the minimum value of the
quadratic function
y(z) = 32° — 6z + 16

The derivative is
6x — 6

and this is 0 when x = 1. The value of y here is

y(1) = 13.

There are no boundary points given, and our function is defined on the entire
real line R. So we need to work out the endpoint limits:

xh_)rgo y(x) = 00 and xgr_nooy(x) = 0.

Thus

sup y(z) = oo,
z€R
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and
inf y(z) = y(1) = 13.

zeR

20.2 Quadratics by algebra

There is a way to obtain the minimum value of a quadratic function by pure
algebra, with no use of calculus. This is by using the ancient method of
‘completing the square’:

32°—62x+16 = 3(2*—22)+16 = 3(2*—22+1 —1)+16 = 3(2*—22+1)—3+16

which shows that
372 — 61 + 16 = 3(x — 1)* + 13.

The first term on the right is always > 0, with minimum value 0 when z = 1.
Hence 32% — 6x + 16 has minimum value

0+ 13 = 13,

and this value is attained when x = 1.
Let us now look at the general quadratic

Ax? + Bz + C,

with A, B, C being real numbers, with A # 0. Completing the square we
have

[ B
A’ +Br+C = A ZE2+ZZE:| +C

=A x2+2£x+ 5 2— e 2
2A 2A 2A

_ 4 (2)2 Lo (200)

+C

B B\?
=A x2+2—x+(—>

oA T\ 24 2A
—A- _|_£2_B_2_|_4A_C
TP T4 Taa T A
[ B1® (B*-4AC)
—A_“ﬂ] T
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Thus,
B1® (B?—4AC)
2 _ 2 =
Ax +Ba:+C—A{a:+2A} i
If A > 0 then the first term on the right is always > 0, with minimum value

occurring at x = —B/(2A):

(20.2)

o, _(B2—440)
l’ilelél(A:L‘ +Bx+C) = i

If A is negative then the first term on the right in (20.2)) is always < 0 and
the largest it gets is 0, this happening when x = —B/(2A); so

) o (B? — 4AC)
I’iléiﬂi((A:U + Bx+C) = — A

This is a clean and nice solution, but in practice it is faster to simply observe
that

if A > 0. (20.3)

if A<0. (20.4)

(A2 + Bz + C) =2Ax + B

is 0 when z = —B/(2A) and this point corresponds to the maximum/minimum
value of Az? + Bx + C.

The classic use of the method of completing the square is in obtaining
the solutions of the quadratic equation

Az + Bx +C =0 (20.5)
Using the completed square form this reads

B1® (B?-4AC)
AP+_}__7I_'

2A

from which we have

{ B]z (B? — 4A0)

T oA 1A2

Taking square roots shows that

B VB? —4AC
T =g
2A 2A
where =+ signifies that there are two choices. Thus the two solutions of the
quadratic equation (20.5) are

_ —B+B?—4AC

—B —+VB? —4AC
2A '

2A

«

and b=
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Observe that

VB2 —4AC

a—pf= 1
The square of this is
B? —4AC
(a— By = =3~
The quantity
A%(a — B)? = B* — 4AC (20.6)

is called the discriminant of the quadratic
Az? + Bz + C.

If the discriminant is 0 then shows that o = . On the other hand if
the discriminant is not 0 then the roots a and 3 are distinct.

If the discriminant is < 0 then looking at the expressions for o and f
we see that they are not real numbers (since square roots of negatives are
involved).

20.3 Distance to a line

We work out the distance of a point

P(JUP, yP)

from a line L:
y=mz+ k.

This distance is, by definition, the shortest distance from P to any point on
the line:

d(P.L) < jnf d(P,Q),
€

where
d(P, Q) = distance between the points P and Q.

If @ has coordinates (z,y) then

d(P,Q) =+/(z —zp)®+ (y — yp)*
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We have to find the minimum value of this as (z,y) runs over the line L. We
can avoid unpleasant calculations by minimizing the distance squared:

d(P,Q)? = (z —xp)* + (y — yp)*. (20.7)

Clearly if we can find the minimum value of this then we can just take the
square-root to find the minimum distance. Keep in mind that in (20.7) (z,y)
is on the line L and so

y=mz+ k.

If we write out d(P,Q)? in terms of z we have
d(P.Q)* = (x — xp)* + (ma + k — yp)*.
This is clearly quadratic in x:

d(P,Q)?* = 2* — 2xpx + xp + m*x* + 2m(k — yp)x + (k — yp)?
= (1+m*)z® +2[—ap + (k — yp)lz + 25 + (k —yp)”.

The coefficient of 22 is
1+ m2,
which is positive. From our study of quadratic functions we know then that

d(P,Q)?* does attain a minimum value and at the point @)y where it attains
minimum the derivative J
—d(P,Q)*
T d(P.Q)
is 0.
The derivative of d(P, Q)* with respect to x is:

d

L 4(P.Q) = 2x — ) + 20y~ ye) %L = 2w — ) + (v~ yrIm]

This is 0 if and only if (z,y) is the special point
Qo(o, Yo)

which satisfies

(w0 — 2p) + (yo — yp)m = 0. (20.8)
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It is worth observing that this implies

- 1
LR L. (20.9)

To— Ip m

assuming that m # 0 and that P isn’t actually on the line L.
The geometric significance of (20.9) is that the line PQ, has slope —1/m,
and this means that

PQy is perpendicular to the line L.

Geometrically this makes perfect sense.
Now returning to (20.8)), we subsitute in the value of y as mx+k to obtain

(xo —xp) + (mxo+ k —yp)m =0,
which is

(1 +m?)zo + km — zp — ypm = 0.
Solving this we obtain the following value for x:

Tp +ypm — km
Ty = T2 . (20.10)

The corresponding value for y is

Yo = mxo + k
:m(xp—l—ypm—km> Tk
14+ m?
mzp +ypm? —km?* k(1 +m?)
1+ m?2 1+ m?
mxp+m2yp+k:
1+ m?2

Thus
mxp + myp + k

20.11

Yo =
We have thus found the point
Qo(z0, Yo)

on the line L that is closest to the point P.
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We can now work out the distance between P and :

A(P.Q0)* = (z0 — xp)* + (40 — yp)?
= [-m(yo — Z/P)]2 + (Yo — yp)2 on using
= m2(y0 - yP)2 + (yo — yP)2
= (m* +1)(yo — yp)?

We need to work oit yy — yp from (20.11]):

maxp +miyp + k B (1+m?)yp

(20.12)

Jo—dr = 1+ m? 1+ m?
_ map+mPyp +k—yp —myp
N 1+ m?
_mzp+k—yp
B 1+ m?

Using this in the formula (20.12) for d(P, Qy)? we have:

mxp+k—yp 2_ (mxzp + k —yp)?
1+m?2 N 1+ m?

d(P,Qo)?* = (m*+1) (

Taking the square root produces at last the distance of P from the line L:

imzp + k — yp|

V1+m?

Taking a concrete example, let us work out

d(P,L) =

(20.13)

the distance of the point (1,2) from the line y = 5z — 2.
This works out to
5x1—2—-2 1
V1452 V26

The absolute value in the numerator erases a piece of information. In this
example,

ox1—2>2

and this means that the point (1,2) lies below the line y = 5z — 2.
In fact,
mxp+k —yp
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measures how far ‘below’ (in the vertical y-direction) the line L the point P
lies. If «v is the angle between L and the positive z-axis then

m = tan o
and so
1 1 1 | |
= = = |cosqal.
V1+m2  V1+tanla  Vsec? o
Thus

lmzp +k —yp|

Vi = |(mzp+k —yp) cosal.

If you view this geometrically it is clear that this does indeed measure the
distance between P and the line L.
Now consider a different way of writing the equation of a line:

Ax+ By +C =0,

where at least one of A and B is not 0. Assume that B # 0 (if B were 0 then
the line would be ‘vertical’, parallel to the y-axis). Then we can rewrite the
equation as

A n —-C
=——x+ —.
Y=TB'T B
So, to switch back to our previous notation,
A —C
) B

Then the distance between P(zp,yp) and L is

imzp +k—yp| _ | — gar — 5 —ypl

2 /

Simplifying the algebra this produces the formula

|A$P + Byp + C|
d(P,L) = . 20.14
= 20.14)
You can check that this formula works even when B is 0, for then the line
L has constant = value —C/A and the z-coordinate of P is xp, so that the

distance is

Azp +C
25 — (—C/A4)| = Az T C

A
which matches (20.14) for B = 0.
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x
hx—i—k

Figure 20.1: Distance of a point P from points on a line.

20.4 Other geometric examples

A straight piece of wire of length L units is to be cut into two pieces, one
of which will be bent into a square and the other a circle. What is the
maximum and what is the minimum possible total area (enclosed by the
square and circle) that can be enclosed in this way?

Intuition suggest that the largest area would be obtained if we take the
entire wire and bend it into a circle. This intuition (where does it come
from?) is verified to be correct by the mathematical solution we work out.
It is not clear intuitively how to cut the wire to obtain the minimum wire.

Let x units be the length of the piece that is bent into a circle. Thus if
the radius of the circle is R then

2rR =z,

and so the area enclosed by the circle is

T \2 T
R = (—) S
T i 21 47
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The remaining piece is of length
L—=x

and when this is bent to form a square, each side of the square has length

L—=x
1
and its area is
L—2\°
(=)
Thus the total area enclosed is
Ax) = ixz + %(L — ). (20.15)

We have to find the maximum and minimum values of A(x), keeping in mind
that x cannot be negative or more than L:

x € [0, L].

(Taking x = 0 means we just form a large square and no circle, and taking
x = L means we form a circle out of the full length of wire and no square at
all.)

The derivative of A is:

1 T r—L 4dzx+7mx—7L
Alr) = =20+ —2L —x)-(—1) = — =
() = 2o+ g2 —2) - (D =g+ —3 87 ’
which simplifies to
4 —alL
A() = d+ma—m ‘
8

Thus
the solution of A’(x) =0 is z¢g = 5 L.

The remaining length L — x to be bent into a square is:

T 4

L—wy=L— - L.
o T+4 T+ 4

The total area enclosed is

1 P S | 4 2
Alwo) = - (W+4L) T <7T+4L) (20.16)




162 Ambar N. Sengupta 11/6/2011

Simplifying this we have

Alxo) L S
X =
O dn (4 4)2 16(m + 4)2
T 1
— L2 2
imrap” T mrae
T 4
= L? L? 20.17
A(m +4) * 4(m +4)? ( )
T+4
-~ " J2
4(m +4)2
-1 L?
A(m +4)
We compare this value
L2
A =
(#0) = 576

with the endpoint values obtained from (20.15)) with z = 0 and x = L:

L2
T 16

L2

=1

A(0) and A(L)
Among these values A(L) is the highest, having the smallest denominator
47, and A(zg) is the least, having the largest denominator 47 + 16.

Thus the largest area is enclosed when x = L, which means we take the
entire length of wire and bend it into a circle.

Now consider another problem. A rectangle of sides L units by W units
has four little squares, each having side x units, cut out of the four corners;
the edges are now folded to form a box (with no cover). The height of the
box is x units, and the edges are L — 2z units and W — 2z units. What
should x be to maximize the volume of the box?

The volume V' cubic units is given by

V(z) =2(L —22)(W — 22) = LW — 2(L + W)2* + 42°

The value of = is > 0 but cannot be more than W/2 (we assume W is the
shorter edge, that is: W < L). Thus,

x € [0,W/2].
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The derivative V'(z) is
V'(z) = LW — 4(L + W)z + 1227
For this to be 0 we have
122° — 4(L + W)z + LW = 0.

The solutions are

AL+W)+/16(L+W)? —4x12x LW 4(L+ W) £ /16[(L +W)? — 3LW]
24 - 24

which simplify to

(L+W)E£VL2+ W2 — LW
6

We need to check if these two values fall within the interval [0, W/2]. Since
L > W the numerator for the + sign is

(L+W)+VLE2HW2 LW = L+W +/L(L - W) + W?2
>W+W +V0+ W?2
= 3W

which makes the ratio

(L+W)+VIZ+W2—LW _3W W
6 -6 2
falling outside the allowed range, unless we have the extreme case L = W

for which the ratio is /2. On the other hand, if we take the — sign, then
the numerator is

(L+W) = (L—-W)?2+ LW
and the term being subtracted is larger than /(L — W)2 = L — W, and so

(L+W) =/ (L—=W)2+ LW < (L+ W) — (L—-W) =2W,

and so then the ratio is

(L+W) = VI?+W? - LW _ 2W
6 -~ 6

w
i
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Thus

(L+W)—VL2+ W2 - LW
6
is in the interior of [0,1/2]. Clearly this choice of  must produce the
maximum value of the volume, for the value of V(z) at the endpoints z = 0
and x = W/2is 0.

Thus the maximum volume is

V(ZL’()) = l'o(L — 21’0)(W — 21‘0)

o =

After a long calculation this works out to

1
=1 [(L+W)GLY - 2L —2W?) + 2(L2 + W2 — LW)VL2 + W2 — LW |.
If we start with a square, for which L = W this simplifies to
2
By
27

with o being L/6.

Exercises on Maxima and Minima
1. Find the maximum and minimum values of x? for z € [-1,2].
2. Find the maximum and minimum values of
(6 —x)(3 — )
for x € [0, 2].

3. A wire of length 12 units is bent to form an isosceles triangle. What
should the lengths of the sides of the triangle be to make its area
maximum?

4. A piece of wire is bent into a rectangle of maximum area. Show that
this maximal area rectangle is a square.

5. A piece of wire of length L is cut into pieces of length z and L — x
(including the possibilty that x is 0 or L), and each piece is bent into a
circle. What is the value of z which would make the total area enclosed
by the pieces maximum, and what is the value of x which would make
this area minimum.
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6. Here are some practice problems on straight lines and distances:

(i) Work out the distance from (1,2) to the line 3z =4y + 5
(ii) Work out the distance from (2, —2) to the line 4o — 3y — 5 = 0.

(iii) Find the point Py on the line L, with equation 3z + 4y — 7 = 0,
closest to the point (0,3). What is the angle between FyP and
the line L?

(iv) Let Py be the point on the line L, with equation 3z + 4y — 11 = 0,
closest to the point P(1,3). What is the slope of the line P,P?

(v) Let Py be the point on the line L, with equation 3z +4y — 11 = 0,
closest to the point P(1,3). Find the equation of the line through
P and Po.

7. Prove the inequality
$3 k‘3/2
— 4 —>k
5 T3 =

for all z,k € (0,00). Explain when > is =. [Hint: Show that, for any
fixed value k£ € (0, 00), the maximum value of

(20.18)

e
O(z) = kx — 7 for = € (0, 00)

s % Note that ®(0) = 0 and lim,_,o, ®(x) = —o0; so you have to

find a point p € (0,00) where ®'(p) is 0 and compare the value ®(p)
with ®(0) and choose the larger.]

8. Prove the inequality
2® 4 5k5/5 > 6k, (20.19)

for all z, k € (0,00). Now show that
x5 + 5y > 690z,

for all z,y € (0, 00).
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Chapter 21

Local Extrema and Derivatives

21.1 Local Maxima and Minima

Consider a function f on a set S C R. Suppose u € S is such that the value
of f at u is maximum:

f(u) = sup f(z).

zeS
Assume that this point u acually lies in the interior of S:

ue S°.

Then, in any neighborhood U of u, there are points of S to the right of u
that are in U and there are points of S to the left of d that are also in U.
Then for any z € U to the right of u we have

f@) - 1w

because both numerator and denominator of the fraction on the left are > 0.
On the other hand, for z € U to the left of u we have

fx) = f(u)

r—Uu

<0

because the numerator is > 0 but the denominator is < 0. Thus, on any
neighborhood U of u, the sup of the ratio J@-JW 35 > and its inf is < 0:

TS0 @)~ f)
zeU,x#u Tr— U zeU,z#u r—Uu

167
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But this just means that the line of slope 0, through the point P = (u, f(u))
on the graph of f, satisfies the condition for quasi-tangents.

A very similar argument works for a point b where f is a minimum.

In fact these arguments easily establish:

Proposition 21.1.1 Suppose f is a function on a set S C R, and b € S s
a point in the interior of S. Let U be a neighborhood of b contained in S and
suppose

f(b) < f(x) forallx € U.

If, moreover, f'(b) exists then
f'(b) =0.

Suppose u € S is such that there is a neighborhood U of uw with U C §
and

flu) > f(x) forallz e U.

If, moreover, f'(u) exists then
f(u) =0.

For a function f defined on a set S C R, a point b € S is said to be a
local minimum if there is a neighborhood U of b on which the value of f at
b is < all other values:

fb) < f(z) forallzeUnNS.

A point w is said to be a local mazimum of f if the value f(u) is > all other
values over U:

fu)> f(x) forallz e UNS.

With this terminology, Proposition [21.1.1] says that if a function has a
local minimum or a local maximum in the interior of its domain of definition,
and if the graph has a tangent line at that point, then the this tangent line
is horizontal, that is, it has 0 slope.

Recalling the term ‘quasi-tangent” we introduced back at the end of sec-
tion we see a sharper form of the preceding proposition:

If f is a function, defined on a set S, that has a local minimum
or a local maximum at a point p in the interior of S, then the line
through p of zero slope is a quasi-tangent to the graph y = f(x)

at the point (p, f(P))-
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Review Exercises

1. For the set
S =[—o0,—1)U(1,2] U{6,8} U[9, 0]

write down

(i) an interior point
(ii) a limit point
(iii) a boundary point
(iv) an isolated point
(v) the interior SY =
(vi) the boundary 0S =

2. Answer and explain briefly:

(i) If 4 <supT is 4 an upper bound of 77
(ii) In (i), is there a point of T' that is > 47
(iii) If inf 7 < 3 is 3 a lower bound of 177

) 1

(iv) In (iii), is there a point of T that is < 37

3. Answer the following concerning limits, with brief explanations:

(i) If lim,_,; F(x) = 2 does it follow that F(1) = 27?
(ii) If ¢ is continuous at 3 is g differentiable at 37
(iii) If g is differentiable at 5 is g continuous at 57
(iv) If 2'(5) =4 and h(5) = 8 then lim,_,5 h(z) =
(v) If H'(2) = 5 and H(2) = 3 then lim,, ,, 0% —
(vi) If G'(5 ) 1 and G(5) = 6 then lim,_,5 W6 —

1) li
)

Yy—5

nw

(vii

3
(Vlll hmw—>7r/3 sinw—sin(7w/3)

w—m/3
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(ix) If G'(3) =4 then

- G(3+h) - G(3) _

4. Work out the following derivatives:

(1) dvwt—2w2+4
dw

(ll) d[(1+\(/13) tan y]
i8]

(iii) t;; .

; dcot
(v) dope

(V) d sin(cos(tan(ﬁ) ) )

dx

5. Using the definition of the derivative, show that

d(1/7) 1

dx 2x\/1




Chapter 22

Mean Value Theorem

In this chapter we explore a very powerful result in calculus: the mean value
theorem. This result shows that for any differentiable function f, the slope
of a secant line P() is actually equal to the slope of a suitable tangent line
to the graph y = f(x).

Yy 1,4
Y=
Q 4
slope PQ = slope of tangent at C
C
P
/ x

Figure 22.1: A tangent line parallel to a secant.

22.1 Rolle’s Theorem

The following is a version of Rolle’s theorem, which is a key step towards
proving the mean value theorem:

Theorem 22.1.1 Let f be a function, continuous on the interval [a,b], where
a,b € R with a < b, and suppose
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Suppose also that the derivative f'(x) exists for all x € (a,b). Then there is
a point p on the graph of f over (a,b) where there is a tangent line of zero
slope:

f'(p)=0  for somep € (a,b).

Proof. Since f is continuous we know that there is a point in [a, b] where it
reaches its maximum value and a point in [a, b] where it reaches its minimum
value.

Let us first see that at least one of these values must occur at a point p
in (a,b), the interior of the interval. If both the maximum and the minimum
of f were to occur at the end points a and b, then, since f(a) = f(b), the
function f must be constant, say with value K; picking any p € (a,b) we
have f(p) = K, which is both the maximum and the minimum of f. Thus
in all cases there is a p € (a,b) such that f attains either its maximum or its
minimum value at p. Then, by Proposition [21.1.1} f'(p) = 0.

There is a small sharpening of Rolle’s theorem we could note, just to see
how proofs can be tweaked to sharpen results. Recall that if f is continuous
on [a,b] and attains either a maximum or a minimum value f(p) at p €
[a,b], then there is a quasi-tangent line at (p, f(p)) to the graph y = f(x)
that is flat. Thus, we could drop the requirement in Rolle’s theorem that
f is differentiable and conclude that there is a point p € [a,b] where the
graphy = f(x) has a flat quasi-tangent line.

22.2 Mean Value Theorem

The following is the enormously useful Mean Value Theorem:

Theorem 22.2.1 Let f be a function, continuous on the interval [a, b], where
a,b € R with a < b. Suppose also that the derivative f'(x) exists for all
x € (a,b). Then there is a point on the graph of f over (a,b) where there is
a tangent line that has slope equal to

f(0) — f(a)
b—a

Thus,
f'(p) = ————= for some p € (a,b). (22.1)
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Proof. Consider the secant line passing through the points A = (a, f(a)) and
B = (b, f(b)). The slope of this line is

M = W (22.2)
Its equation is
y—fla) = M(z —a).
Consider now how high f rises above this line:
H(z)= f(x) — [M(z —a)+ f(a)] for all z € [a, b]. (22.3)
)
y = f(z)
P(QJ’ (@) B(b, f(b)) Equation of line AB is
Hi y =Mz — a) + f(a)
H(x) = f(x)—=[M(z—a)+f(a)]
Ala, f(a))

Figure 22.2: The height H of the graph of f above a secant AB.

This function is continuous, being the sum of two continuous functions.

Moreover,
H(a) = H(b) =0.

Hence there is a point p € (a,b) where the tangent line to the graph of H is
flat:
H'(p) =0.

From the expression for H(z) given in (22.3) we have

H'(2) = f'(2) - M.
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(This makes geometric sense: the slope of H is the slope of f minus the slope
of the line M(z — a) + f(a).) So the relation H'(p) = 0 means

fl(p)_M:(]a

which means f'(p) = M.

22.3 Rolle’s theorem on R*

The argument used to prove Rolle’s theorem (Theorem [22.1.1]) extends di-
rectly to cover the case of functions defined on subsets of R*:

Theorem 22.3.1 Let F': [a,b] — R* be a continuous function, where a,b €
R* with a < b, with F(xz) € R for all z € (a,b), and suppose

F(a) = F(b).
Suppose also that the derivative F'(x) exists for all x € (a,b). Then
F'(p)=0  for somep € (a,b).

We will use this result in establishing one case of I’'Hospital’s rule (Propo-

sition 28.2.2).



Chapter 23

The Sign of the Derivative

In this chapter we harness the power of the mean value theorem and a
very precise understanding of the notion of limit (as explored in Proposition
to study the relationship between the sign (positive/negative/zero)
of the derivative f” of a function and the nature of the function f, whether
it is increasing, decreasing or constant.

Recall that for a function f defined on a set S C R, and a point p € S, if
U is a neighborhood of p then part of U might not be inside S. So to work
with values f(z) for z in the neighborhood U we must focus on z € U N S,
which would guarantee that x does lie in the domain S of f.

23.1 Positive derivative and increasing nature

Intuitively it is clear that a function is increasing whereever its slope is > 0,
and it is decreasing wherever its slope is < 0. In this section we make this
idea precise.

The simplest observation on slopes and derivatives is that if f is an in-
creasing function on an interval then its slope is > 0:

Proposition 23.1.1 Let f be a function on a set S C R.

If f is increasing on S, that is if f(s) < f(t) for all s,t € S with s < t,
then f'(p) > 0 for all p € S where f'(p) exists.

If f is decreasing on S, that is if f(s) > f(t) for all s,t € S with s < t,
then f'(p) <0 for all p € S where f'(p) exists.

175
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Proof. This follows directly from the definition of the derivative:

) — 1 18 = 1®)

z—p T —0p

If f is increasing then f(x) > f(p) when x > p (thus x — p > 0) in S and
f(z) < f(p) when z < p (thus  — p < 0) in S. Hence the ratio f(a;): ;j(
> 0, and so the limit f'(p) is also > 0.

If f is decreasing then

f(x) = f(p)
T —p

<0

both when x > p and when z < p, with = € S. Hence in this case f'(p) < 0.
QED]
The following is a much sharper result going in the other direction:

Proposition 23.1.2 Let f be a function on a set S C R, and p a point in
S where f'(p) exists and is positive, that is

f'(p) >0.

Then there is a neighborhood U of p such that the f(x) > f(p) forx € UNS
to the right of p and f(x) < f(p) for x € UNS to the left of p:

flz) > f(p) for allx € UNS for which x > p

f(z) < f(p) for allx € UNS for which x < p (23.1)

Thus, roughly put, if the slope of y = f(z) is > 0 at a point p then just
to the right of p the values of f are higher than f(p) and just to the left of
p the values of f are lower than f(p).

Proof. Recall the definition of f'(p):

o)t L)@

T—p T —0p

If this is > 0 then the ratio
f(x) = f(p)
r—p
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Figure 23.1: Positive slope and increasing function.

is also > 0 when z is near p, but # p (see Proposition |10.1.1| for this). Put
more precisely, this means that there is a neighborhood U of p such that

T—p
If we take an x € U N S to the right of p, we have x — p > 0 and so the

1016 . o

)= 1) = o =) [ 12

This means f(x) > f(p) for such values of z.
On the other hand, if z € U NS is to the left of p, we have x —p < 0 and

so the
f(x) — f(p)
r—p
This means f(z) < f(p) for such values of x.
Using this we can step up to another result going in the converse direction

to Proposition 23.1.1}

Proposition 23.1.3 Suppose [ is a continuous function defined on an in-
terval U, and suppose f'(p) exists and is positive (this means > 0) for all p
in the interior of U. Then f is strictly increasing on U in the sense that:

< 0.

ﬂ@—f@%ﬂx—m[
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flz1) < f(xe) for all x1,x9 € U with x1 < x5.

If f is assumed to be > 0 on U then the conclusion is f(x1) < f(z2).

Proof. Consider x1, x5 € U with x1 < x5. By the mean value theorem there
is a point ¢ € (1, x2) where the derivative f'(c) is given by

f'(c) _ f(xz) - f(xl).

T2 —T1

We are given that f’(c) > 0 and we know that the denominator z, — x; is
positive; hence so is the numerator:

f(z2) — f(x1)

To — X1

f(x2) = f(21) = (29 — 71) = (2 —21) f'(c) > 0,

which shows that
f(z2) > f(a1).

If we assume only that f’ > 0 then the same argument shows that f(zy) >

f(a).

Here is a slight but useful sharpening of the preceding result:

Proposition 23.1.4 Suppose f is a continuous function defined on an in-
terval U, and suppose f'(p) ezists and is > 0 for all p in the interior of U
and f'(p) is 0 at most at finitely many p € U. Then f is strictly increasing
on U. If f' <0 in the interior of U and f'(p) is 0 at finitely many points
p € U then f s strictly decreasing on U.

Proof. Assume f’ > 0 in the interior of U and f’ takes the value 0 at finitely
many points. By Proposition f is an increasing function on U in the
sense that f(a) < f(b) for all a,b € U with a < b. Hence if f(s) = f(t) for
some s,t € U with s < ¢ then f would be constant on the interval [s, t] which
would imply that f’ is 0 on this entire interval, contradicting the assumption
on f’. This proves the result for f* > 0. For f/ < 0 the argument is exactly
similar (or observe that it follows from the case f’ > 0 by flipping the sign

of fto —f).
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23.2 Negative derivative and decreasing na-
ture

The results of the preceding section can be run analogously for functions
with downward pointing slope.

Proposition 23.2.1 Let f be a function on a set S C R, and p a point in
S where f'(p) exists and is negative, that is

f'(p) <.

Then there is a neighborhood U of p such that the f(x) < f(p) forx € UNS
to the right of p and f(x) > f(p) for x € UNS to the left of p:

flz) < f(p) for allx € UNS for which x > p

f(x) > f(p) for allz € UNS for which x < p (23.2)

If f slopes downward along an interval then it is decreasing:

Proposition 23.2.2 If [ is defined on an interval [a, b, where a,b € R with
a <b, and if f'(p) exists and is negaive, that is < 0, for all p € [a,b] then f
is strictly decreasing on [a, b] in the sense that:

f(z1) > f(xg) for all x1, x5 € [a,b] with x; < x.

If f is assumed to be < 0 on [a,b] then the conclusion is f(x1) > f(x2).

23.3 Zero slope and constant functions

Clearly a constant function has zero slope: the derivative of a constant func-
tion is 0 wherever defined. One can run this also in the converse direction,
but with just a bit of care.

Consider a function G that is defined on a domain consisting of two
separated intervals, on each of which it is constant:

_J 1 ifx e (0,1);
G(x)_{zx it z € (8,9).
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Then clearly
G'(p) =0 for all p in the domain of G,

and yet G is, of course, not constant. On the other hand it is also clear that
G really is constant, separately on each interval on which it is defined.

Proposition 23.3.1 Suppose f is a function on an interval [a,b], where
a,b € R with a <b, and f'(p) =0 for all p € |a,b]. Then f is constant on
[a,b]. If f is defined on an open interval (a,b) and f" is 0 on (a,b) then f is
constant on (a,b).

One can tinker with this as usual. It is not necessary (for the case of [a, b]) to
assume that f’(a) and f’(b) to exist; it suffices to assume that f is continuous
at a and at b.

Proof. Consider any z1,x2 € [a,b] with 21 < x5. Then by the mean value

theorem
f(902) - f(%)
To — T

= f'(c),
for some ¢ € (1, 22). Soif f"is 0 everywhere it follows that

f(z2) — f(1)

To — I

=0,
and so
f(x2) = f(21) =0,

which means f(x1) = f(x2). Thus the values of f at any two different points
are equal; that is, f is constant.



Chapter 24

Differentiating Inverse
Functions

Often an equation of the form
y = f(z)
can be solved for z:

= f"(y),

and f~! is called an inverse to the function f. If f is differentiable then
formal common sense suggests that the derivative of the inverse function
should be

For example, for

we have an inverse function given by the square root function

r=\/y
and its derivative should be
dr 1 1 1

dy 2w 2y

X

which certainly is the derivative of |/y with respect to y. Of course, we need
to avoid the points where dy/dz is 0 (or undefined).

181
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Note that we have been referring to ‘an’ inverse function. For y = 2?2
another choice of inverse is given by the other ‘branch’ of square root:

T = —/y.

Things could be really made messy by choosing an inverse function that
switches wildly back and forth between the branches ,/y and —,/y. This
just means that we need to exercise some care about choosing a specific
well-behaved branch as an inverse functions.

24.1 Inverses and Derivatives

Suppose f is a function on an interval U such that f’(z) exists for every
x € U and is positive, that is f'(z) > 0 (alternatively we could assume that
f' < 0 everywhere on U). Let V denote the range of f:

V=fU)={f(x) :x€U}.

Since f" > 0 on U, f is a strictly increasing function and so it has a unique
inverse function

1V SR,

specified by the requirement that

F(f ') =y forallyeV.

Alternatively,
f_l(f(x)):x forall z € U.

Proposition 24.1.1 Suppose f is a function defined on an interval U, such
that f'(x) exists and is > 0 for all x € U, being equal to 0 at most at finitely
many points. Then (ffl)/(y) exists for all y € V', the range of f, and

() = (24.1)

where x = f~1(y); in we take the right side 1/f'(z) to be 0 in case
f'(x) is 0o, and oo if f'(x) is 0.
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Note that, as consequence, if f is differentiable (finite derivative) and has
derivative either positive on all of U or negative on all of U then f~! is also
differentiable. As usual, there is a corresponding result if f’ is < 0, being
< 0 at all but finitely many points.

Proof. Suppose f/ > 0 on U and is actually > 0 except possibly at finitely
many points. Then by Proposition f is strictly increasing.

By Proposition the range V of f is an interval and the inverse
function f~! is defined on V. Let p € U and ¢ = f(p) € V. Then

(o) = L0 242

Writing x for f~!(y) and p for f~'(g) we see that the difference ratio on the
right here is

T —p
f(x) = f(p)
Let us denote this by D(z):
__*=p
PO - 1w

for x € U and x # p (note that then f(z) # f(p), being either > or < than
f(p) depending on whether z > p or x < p). Thus (24.2) reads:

(f™1)' (@) = lim D(f~'(y)). (24.3)
y—4q
The definition of f’(p) implies that
lim D(x) = 1i L _ 24.4
lim D(z) = lim 05767 = 7(p)’ (244)

T—=p

this being taken to be 0 if f’(p) = oo and to be oo if f/(p) is 0 (these extreme
cases require some care).

Now since f~1 is continuous (by Proposition [11.3.2)) we have:

[y = pasy—yq,

and we also know that f~(y) # p when y # p. Then by Proposition [7.5.]
we have
lim D(f~'(y)) = lim D(z). (24.5)

Yy—q T—=p
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Combining this with the expression for (f~!)(¢) in (24.3) and the limit value
in (24.4)) we have:
(f (@) = : (24.6)

This completes the proof.




Chapter 25

Analyzing local extrema with
higher derivatives

25.1 Local extrema and slope behavior

Suppose a function f is defined on a neighborhood of a point p € R and f has
a local minimum or maximum at p. As we have seen, if f’(p) exists it must
be 0. In this secton we explore ways to tell whether p is a local minimum or
a local maximum by observing the behavior of the slope f’.

The basic idea is simple: if a continuous graph is sloping downward just
to the left of a point p and sloping upward just to the right then it must have
a local minimum at p. This is formalized in the following result.

Proposition 25.1.1 Suppose f is defined and continuous on a neighborhood
U of p € R, and the deriwative f' is > 0 to the right of p and < 0 to the
left of p; more precisely, suppose f is differentiable on U except possibly at
p, and f'(z) >0 for x € U with x > p and f'(z) <0 for x € U with x < p.
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Then p is a local minimum for f.
As an example, consider the function

g(z) =" —42% + 2

y=at— 423 +2

Its derivative is
g (z) = 4a® — 122% = 42*(z — 3),
and this is 0 at x = 0 and at z = 3:
g (0)=0 and ¢'(3)=0.
Let us look at the point x = 3. We see that

4*(z —3) <0 if z < 3;
>0 ifz>3.

Then Proposition [25.1.1| implies that x = 3 gives a local minimum for g.
What about the point z = 0?7 Observe that on the neighborhood (-3, 3)
of 0 we have
42*(x — 3) < 0 for all x € (—3,3).

Thus g(x) continues to decrease in value as x passes from the left of 0 to the
right of 0, and 0 is not a local maximum or minimum.
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Proof of Proposition [25.1.1]. Consider any x € U to the right of p, that is
x > p; the mean value theorem (Theorem [22.2.1)) says that

f(@) = f(p) = (x —p)f'(c) forsome c€ (p,z).
If f"is > 0 on U to the right of p then f'(¢) > 0, and so we see that
f(z) = f(p) >0 forx e U, with z > p.

Thus
f(z) > f(p) for z € U, with x > p.

On the other hand, taking x < p but inside U we have, again by the mean
value theorem,

f(x)— f(p)=(x—p)f'(c) forsome c€ (z,p),

but observe now that z —p < 0 and f'(c) is given to be > 0 (for ¢ is to the
left of p); hence

flz) = f(p) >0 forx e U, with z < p.

Thus,
f(z) > f(p) for z € U, with x < p.

We have shown that f(z) is > f(p) for all x € U, both those to the left of
p and those to the right of p. This means that f has a local minimum at p.

QED
By a closely similar argument we obtain the analogous result for local
maxima:

Proposition 25.1.2 Suppose f is defined and continuous on a neighborhood
U of p € R, and the derivative [’ is < 0 to the right of p and > 0 to the
left of p; more precisely, suppose f s differentiable on U except possibly at
p, and f'(z) <0 for x € U with x > p and f'(x) > 0 for x € U with = < p.
Then p is a local maximum for f.
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25.2 The second derivative test

There is often a faster way to check whether a point p where f'(p) = 0
is a local minimum of maximum: this is by simply computing the second
derivative f"(p). If this is positive we have a local minimum at p, while if it
is negative then we have a local maximum at p.

For example,

y = sin(2?)
has derivative Jin(a?
% = 2 cos(1?),
which is 0 when x = 0, and second derivative
d2 : 2
%ﬂ = 2cos(z?) — 427 sin(2?)

whose value at x = 0 is 2; then, without even knowing anything about the
graph, we can say that sinz? has a local minimum at z = 0. (You should,
however, see that since sinf ~ 6 near § = 0, the graph y = sin(z?) looks
about like that of y = 22, near + = 0, and since this clearly has a local
minimum at z = 0, it is a good guess that sin(z?) has a local minimum at
r=0.)

Here is a formal statement:

Proposition 25.2.1 Let f be a function defined and differentiable on a
neighborhood of p € R. Assume also that the second derivative f"(p) ex-
ists. If

f'(p)=0 and f"(p) >0

then f has a local minimum at p. If

fllp)=0 and  f"(p)<0

then f has a local mazimum at p.

For the proof take a look back first at Propositions [23.1.2| and ?7?.
Proof. We are given that f is differentiable on the neighborhood W of p.
Thus the derivative f'(x) exists and is finite at all x € W. Moreover, we are
also given that f’ itself has a derivative (f’)'(p) at the point p.
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Suppose f”(p) > 0. Thus, the derivative of f’ at p is > 0. Then by
Proposition , the value f’(z) for x immediately to the left of p is less
than the value f’(p), whereas the value f’(z) for x immediately to the right
of p is greater than the value f'(p). More precisely, there is a neighborhood
U of p such that

f'(z) > f'(p) forz>pandxeU,
< f'(p) forx<pandxel.

Since we are given that f/(p) is 0 this means

f'(x) >0) forz>pandzxeU;
<0 forzx<pandzeU.

Then by Proposition 25.1.1] f has a local minimum at p.

The argument for f”(p) < 0 is very similar, using Proposition ?? to see
first that f’ is positive to the left of p and negative to the right of p and
concluding then that p is a loca maximum for f. | QED

There are functions for which both first and second derivatives are 0
at the same point, and then we cannot draw any conclusions about local
maximum,/minimum at that point. For example,

y=1x

is ‘very flat’ at # = 0 since both its first derivative, which is 423, and its
second derivative 1222 are 0 at x = 0. The point = 0 is in fact a local
minimum for % but we cannot see this simply using the second derivative
test.

As another example of what can go wrong, consider

g(z) =2 — 42° + 2
The derivative is
J(v) = 42® — 122° = 42*(x — 3)
and the second derivative is

g"(x) = 122 — 242 = 12z(x — 2).
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Thus
¢'(0)=0, and ¢'(3)=0

and
g"(0)=0, and g¢"(3)=236>0.

Thus = 3 gives a local minimum, but we cannot draw any conclusions
about x = 0 from the second derivative test.



Chapter 26

Exp and Log

The exponential function is one of the most useful functions in mathematics,
and is expressed through the amazing formula

1 1 T IZ ZES

Its inverse function is the natural logarithm log. In this chapter we study
the basic properties of these two functions.

The history of the discovery/understanding of these two functions is an
entertaining example of how mathematical concepts develop trough unex-
pected twists and turns and near-misses [I], 2, 4]. Our approach is not histor-
ical; we first summarize the essential facts about e” and log(x) that explain
how to work with these functions, and then we give a logical development of
the theory. This approach is fast but gives little insight on how or why these
ideas were developed historically.

26.1 Exp summarized

The function exp is defined on R by

r?
exp(x):1+x+§+§+---

for all x € R. It is a fact that this is a real number (finite) for all x € R.
The number exp(1) is denoted e:

191
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1 1
e=1+1+ 5+ o+~ 2718281 (26.2)

The importance of e lies in the amazing identity

exp(z) = €,

which is another way of writing (26.1]). What exactly it means to raise e to
the power z, which is a real number, will be explored more carefully later.
The value of exp at 0 is clearly equal to 1:

exp(0) = 1.

Moreover, the derivative of exp is again exp:

exp’ = exp, (26.3)
which can also be expressed as
de”
— =e". 26.4
gr = ¢ (26.4)

This property along with the value at 0 uniquely characterizes the function
exp: any function on R whose derivative is itself and whose value at 0 is 1 is
the exponential function.

Figure shows the graph of y = e*.

The graph of the exponential function shows rapid increase as x+ — oo
and rapid decay to 0 as x — —o0:

lim €* = oo

XTr—r00

26.5
lim e* =0. ( )

Tr—r—00

Among the early studies of the exponential function is its use in describing
the growth of money under compound interest. This approach leads to the
following limit formulas:

e’ = lim (l—l—g) = lim <1+ﬁ> . (26.6)

n—o0 n—o0
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T

Figure 26.1: Graph of the exponential function.

26.2 Log summarized

The natural logarithm is the inverse function of exp: thus log(A) is the real
number with the property that

exp (log(A)) = 4,

or, equivalently,

el = A, (26.7)
It is defined for all A > 0.

For example, since ¢’ = 1 we have

log1 = 0.
Since e! = 1 we have

logl =e.

The notation In is also used to denote the logarithm.
An alternative way to state the fact that log is inverse to the function
exp is
loge® =z for all z € R. (26.8)

The basic algebraic properties of log are:
log(AB) = log(A) + log(B)
log(A/B) = log(A) — log(B) (26.9)
log(4*) = klog(A),
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—_/

Figure 26.2: log(A) read off from the graph of y = e”.

for all A, B > 0 and k € R. These properties made log enormously useful in
carrying out complex calculations involving multiplication and division. In
fact log (up to a scaling) was studied and used well before the exponential
function was identified.
The graph of log is the graph of Exp viewed from one side (thus, with z
and y axes interchanged). We have the following limits of interest:
lim log(z) = oo
Tr—00
26.10
lim log(x) = 0. ( )

T—r—00
The derivative of log is the reciprocal:

dlog(x)
dx

1
— 26.11
. (26.11)

for z > 0.
Figure [26.3| shows the graph of log:

TJ
/ x

Figure 26.3: The graph of log.

y = log()
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Here are a couple of useful values of log:
log1 =0, log(e) = 1. (26.12)
The function log is strictly increasing, and so

log(z) <0 ifx <1;

26.13
log(z) >0 ifz > 1. ( )

26.3 Real Powers

For any real number y we have the positive integer powers
v'=Lv=y v =vy.. ..y =y"y

The 0-th power is
Y0 = 1.

Negative powers are given by reciprocals

for any positive integer n. Of course, this makes sense only for y # 0.
Next we have rational powers. For example,

Yt =\/fy

is defined to be the unique real number > 0 whose square is y:

(y'?)? =vy.

Thus y'/? is defined only for y > 0 (for otherwise we couldn’t square some-
thing to end up with y.)
More generally, for any positive real number A > 0 and integers p and ¢,
with ¢ # 0, the power
Ar/a

is defined to be the unique positive real number whose g-th power is AP:

(Aq>p/q — AP
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Thus, we have a definition for

AT’
for all positive real A and all rational r. These definitions are designed to
ensure that the following convenient algebra holds:

Ar+s _ ArAs
(A7)" = A" (26.14)
(AB)" = A'B"

for all positive real A, B and rationals r and s.
Moving on to real powers, it is natural to define

A" = lim A" (26.15)

r—z,qeQ

That this exists for all positive real A and x € R is intuitively clear but not
simple to prove. Perhaps the shortest way to see that A” exists is by using
log: for rational r we have

AT — (elog(A)y _ e(log(A))r _ erlog(A) = exp (7, lOg(A)) .

Since the function exp is continuous (it is, in fact, differentiable), we can take
then limit » — x, for any real number x, to obtain:

A* = exp (zlog(A)). (26.16)
Taking A = e confirms the expected result
e’ =exp(z) forall z € R.

We can also verify the algebraic relations:

AT = A" AY
(A%)Y = A™ (26.17)
(AB)" = A"B”,

for all A, B,z,y € R with A, B > 0.
Using the derivative of the exponential function we obtain immediately

that
dA®

dx

Note that on the right we have e®'°84 which is, in fact, A*. Thus,
dA*

dx

= 7184 [ og(A). (26.18)

= A%log(A).
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26.4 Example Calculations

To see how to work with derivatives of log and exp we work out a few exam-

ples.
We have already observed in (26.18|) that

dA®
dx

for any positive real constant A.
Thus, for example,

d22*) d2®
= 2" Jog(2) -
dx og( ) dx

= 2@ 10g(2) - 2% log(2)
= 22" (log 2)%.

= A%log(A), (26.19)

(by the chain rule)

Next consider the derivative of the function z*. To work this out we

rewrite z as e'°8(®):
X
" (elog(x)) v log(z) )

Now we can differentiate this:

dx® demlog(w)

dx dx
dx1
=" tou(z) 4 108 () (by the chain rule)
dz
= eolog(@) {1 -log(z) + x - l}
T
= 2" [logx + 1] (recognizing e*!°8(*) as 7).
Note that
1 + log(z) = loge + log(z) = log(ex).
Similarly,

de'/ |, [1—logx

= gl/e | ——=2 . 26.20
Observe that this is > 0 when x < e and is < 0 when z > e. This means that
x'/® is increasing for x < e and decreasing for z < 0. So '/ is maximum at
e:

max x'/* = el/e.
x>0
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26.5 Proofs for Exp and Log

To really develop the theory and results for exp and log we should start with
the definition of exp(zx) as
2 a2
exp(m):1+x+§+§—l—---

However, we have not yet developed enough working tools for such power
series, and so we will follow a modest strategy here. We assume that there
exists a function exp defined on R that is differentiable and satisfies the
following conditions:

exp’ = exp

exp(0) = 1 (26.21)

We will prove that there can be at most one such function and then prove
the crucial relation
exp(z) = e, where e = exp(1).

Observe by the chain rule that

d K
W =exp(Kx) - K = K exp(Kz),
x
for any K € R. In particular,
d _
W = —exp(—x).

Proposition 26.5.1 For any x € R the value exp(x) is not 0, and, more-
over,

exp(x) exp(—x) = 1. (26.22)
Note that this says
1
—T) = . 26.23
exp(—1) = = (26.23)
Proof. First we take the derivative of exp(z)exp(—x) and show that it is 0:
dexp(z)exp(—z)  dexp(w) dexp(—x)
T =— exp(—z) + exp(x)T

= exp(z) exp(—z) — exp(x) exp(—x)
= 0.
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Thus exp(z) exp(—z) is constant, and so
exp(z) exp(—z) = exp(0) exp(—0) =1-1 =1,

for all x € R. This proves and from this relation it is clear that
exp(z) # 0.

The stragegy used in the proof above, showing that the derivative of a
function is 0 and then concluding that its value is constant, equal to the
value at x = 0, will be used several times.

The following result shows that the function exp is uniquely specified by
the condition that exp’ = exp and the ‘initial’ value exp(0) = 1:

Proposition 26.5.2 Suppose F is a differentiable function on R whose deriva-

tive is equal to itself:
F' =F.

Then F is a constant multiples of exp:
F(z) = F(0)exp(z) for allx € R.

Proof. Consider the function F(x)/exp(z), which is defined for all x € R
since the denominator exp(z) is never 0 (Proposition [26.5.1). Taking the
derivative we have

F(z)

dagty _ ep@)P) ~ F@)espl(@)
i D)’ (by the quotient rule)
_ exp(z)F(x) — F(x) exp(z)
(exp(x))*

= 0.
Thus, F(x)/exp(x) is constant, and so

Fx) _ F0O) _FO)
exp(z) exp(0) 1 F0),

for all z € R. Hence
F(x) = F(0) exp()

for all x € R. QED
Next we can prove a key algebraic property for exp:
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Proposition 26.5.3 For every a,b € R we have
exp(a + b) = exp(a) exp(b). (26.24)
Proof. Consider any a € R and let F' be the function
F(x) =exp(a+ ) for all z € R.

Then
F'(z) =exp'(a+x)-1=exp(a+z) = F(x).

Then by Proposition [26.5.2| we conclude that
F(z) = F(0)exp(x) for all x € R.
Observing that
F(0) = exp(a),

we conclude that

F(z) = exp(a) exp(x) for all z € R.

Recalling that F'(z) is exp(a + =) we are done.
It is useful to observe that this stage that exp(x) is strictly positive:

Proposition 26.5.4 The function exp assumes only positive values:

exp(z) >0 for all z € R. (26.25)

Proof. This follows from writing = as x/2 + /2 and using the previous
Proposition:

x
exp(z) = exp (5 + 5) — exp(/2) exp(/2) = [exp(z/2)]2.
This, being a square, is > 0. Moreover, we know from Proposition [26.5.1
that exp(z/2) is not 0. Hence exp(z) is actually > 0. | QED
From the exponential multiplicative property in Proposition [26.5.3| we
have

exp(2a) = exp(a + a) = [exp(a)]’

and

exp(3a) = exp(2a + a) = exp(2a) exp(a) = [exp(a)]® exp(a) = [exp(a)]’.
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This line if reasoning implies that
exp(Na) = [exp(a)]” (26.26)

for all a € R and N € {1,2,3,...}. Next, for such ¢ and N we have

exp(—Na) = WlNa) (by (26.23))

Thus we have
exp(na) = [exp(a)]” (26.27)

for a € R and all integers n € Z (you can check the case n = 0 directly: both
sides are 1 in that case).

To proceed to rational powers first consider a simple case exp (%a); this
is a positive real number whose square is

oo (10)] = s (2] = oot

Hence exp(%a) is the positive square-root of exp(a):

exp (%a) ~ lexp(a)]?.

Proceeding on to a general rational number

r="2 where p,q € Z and ¢q # 0,
q

we have

[exp(ra)]? = exp(gra) = exp(pa) = [exp(a)]”,

and so exp(ra) is a positive real number whose g-th power is [exp(a)]’. Then,
by defininition of (-)P/9, we have

exp(ra) = [exp(a)]”*.
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Thus,
exp(ra) = [exp(a)]” (26.28)

for all @ € R and all r € Q.
Finally, we can proceed to an arbitary real power. Consider any a,z € R.
The definition of the z-th power is that

[exp(a)]” = lim _[exp(a)]".

r—z,reQ

But we know that for rational » we have
[exp(a)]” = exp(ra),
and so, since the differentiable function exp is continuous, we have

lim_[exp(a)]” = exp(za).

Putting everything together we have:
Proposition 26.5.5 For any real numbers a and x we have
exp(ax) = [exp(a)]”. (26.29)
Now we specialize this to a = 1 to obtain the crucial formula:

exp(z) = e” for all z € R, (26.30)

where e is the value of exp at 1:

e ¥ exp(1). (26.31)

The derivative of exp is exp, by assumption in our approach, and this can
now be displayed as
de”
de

e,

Proposition 26.5.6 The exponential function is strictly increasing:

et < el for all a,b € R with a <'b. (26.32)
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Figure 26.4: The inequality e* > 1 + x in terms of the tangent at (0, 1).

Proof. The derivative of exp is exp, and this is always positive. Hence exp is

strictly increasing.

Taking one of the numbers a and b to be 0 and using e~0 = 1 we conclude
that

e >1 ifx>0;

26.33
e <1 ifz<0. ( )
Proposition 26.5.7 The function exp satisfies

exp(z) >1+x  foralxeR, (26.34)

with = holding only when x = 0.

A geometric way of understanding this inequality is that the graph of
y = €” lies above the tangent line y =z + 1 at (0,1) (see Figure [26.4])
Proof. First observe that

d(e® —(1+ux))
dz

=e" — 1.

This is positive when x > 0 and negative when z < 0. Thus, e — (1 + x)
attains its minmum value when x = 0:

e —(1+x)>e" - (140)=1-1=0 for all z > 0 and all < 0.

This proves the inequality (26.34). | QED
One consequence of the inequality (26.34) is the exp(x) goes to oo when
T — 00:

lim e” = oo. (26.35)

T—00
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Working with e™* = 1/e* we then see that

lim e® =0. (26.36)

T—r—00

The intermediate value theorem implies that the function exp has an
inverse defined on all positive real numbers; this function is log:

log = exp ' : (0,00) — R, (26.37)
satisfying

exp (log(A)) = A for all A € (0,00);

26.38
log (exp(B)) = B for all B € R. ( )

If a function f, defined on an open interval U, has an inverse f~!, and if
f is differentiable at p € U with f'(p) # 0 then the derivative of the inverse

function is given by
1
YY) = —, (26.39
(f7)'(q) 0 )
where ¢ = f(p), which means p = f~'(¢q). Applying this to the exponential
function and its inverse, log, we have first
1

1
log'qg=— =,
ep q

for all p € R and ¢ = eP. Restating in different notation this says:

dlogx
dx

1
=— for x € (0, 00). (26.40)
T



Chapter 27

Convexity

Convexity is a powerful notion. It is useful in establishing results about
maxima and minima, and useful in many different applications. This chapter
gives an initial glimpse of this deep and varied subject.

27.1 Convex and concave functions

A function f is said to be convex on an interval U if for any points a,b € U,
the graph y = f(x), over the interval = € [a, b], below the secant line segment

joining the point (a, f(a)) with (b, f(b)) .

Y

Figure 27.1: Convex function: the graph lies below secant segments

By ‘below’ we allow the possibility that the graph and the secant segment

205
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might touch or run along each other. For example, a function whose graph
15 a straight line is convex.

A function f is strictly convex on an interval U if the graph of f between
any two points in U lies strictly below the corresponding secant segment.

A function f is concave over an interval U if the graph of f between any
a,b € U lies above the secant segment joining A(A, f(a)) and B(b, f(b)). It
is strictly concave of the graph lies strictly above all secant segments.

Thus, a function whose graph is a straight line is both convex and concave.

Y

A

X

Figure 27.2: Concave function: the graph lies above secant segments

Note that we only consider the notions of convexity and concavity of
functions defined on intervals.

27.2 Convexity and slope

Consider a function f on an interval U. Let us take three points a,p,b € U
with

a<p<b
and examine the behavior of the secants over [a, p| and over [p, b].

Let A be the point on the graph of y = f(z) with x-coordinate a; thus A
is (a, f(a)). Next let B be (b, f(b)) and P the point (p, f(p)). Let Q be the
point on the secant segment AB whose z-ccordinate is p. Thus @ is of the
form

(p, L(p))
where L(p) is the y-cordinate of Q.

The condition that the point P(p, f(p)) lie below the segment AB means

that P is below Q:

f(p) < L(p).
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This means that the slope of AP is < the slope of AQ. Now the slope of AQ
is the same as the slope of AB. Thus the condition that P is below AB is
equivalent to

slope AP < slope AB.

Similarly, the same condition is also equivalent to

slope AB < slope PB.

Thus, convexity of f is equivalent to the relations
slope AP < slope AB < slope PB,
for all a,p,b € U, with p € [a, b].

Y

Figure 27.3: Convex function: secant slopes increase

Just the condition
slope AP <slope PB (27.1)

forces the slope of AB to lie in between these values. For example, since
the slope of AP is < the slope of PB, the segment AP produced beyond P
would end up below B, and this would mean that the slope of AP is < the
slope of AB.

Similarly, f is concave over an interval if the secant slopes decrease.
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27.3 Checking convexity/concavity

In this section we will see how to check convexity /concavity of specific func-
tions and how to work with such functions. The methods used will be justified
in later sections.

A function f is convex on an interval U if its derivative f’ is an increasing
function on U (this means f(s) < f(t) if s < t); it is strictly convex if f’ is
strictly increasing (f(s) < f(t) if s < t). Mostly we can check for convexity
even more efficiently: if the second derivative f” is > 0 on U then f is convex
on U, and if f” > 0 on U then f is strictly convex on U.

For concavity we have the analogous results. A function f is concave on
an interval U if its derivative f’ is a decreasing function on U; it is strictly
concave if f’ is strictly decreasing (f(s) < f(t)if s <t). If f"is<0on U
then f is concave on U, and if f” < 0 on U then f is strictly concave on U.

Consider the function

z2,

Its second derivative is 2:
(%) =27 and (2?)" =2>0,

and so 22 is strictly convexr on R.
Next consider

1,4

Its second derivative is 1222, which is > 0 everywhere and so the function
is convex. (In fact it is strictly convex even though 1222 hits 0 at the single
point x = 0.)

More generally, consider

x?,

for z in the interval (0, c0), where p is some constant. The derivative is pz?~!
and the second derivative is

p(p — 1)z"~>.

If the power p is > 1 then this second derivative is > 0 for all x € R and so
xP is conver on (0,00) if p > 1. In fact, xP is strictly convex on (0,00) if
p> 1.
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Another example is

8=

Its derivative is

and the second derivative is

which is > 0 when > 0 and is < 0 when z < 0. Thus
1/z is strictly convex for = € (0, 00),

and is strictly concave for x < 0.

Now let us look at

e,

The second derivative is e”, which is positive. Hence, €* s strictly convex on
R.
Lastly consider
log =

for x > 0. The derivative is
1/x,

which is strictly decreasing. Hence log x is strictly concave.

27.4 Inequalities from convexity/concavity

Recall that a function ®, on an inerval U, is convex if its graph lies below
the secant segments, with strict convexity meaning that the graph always
lies strictly below the secant segments. From this one can show that & is
convex if and only if

®(weighted average) < weighted average of @, (27.2)

so that, for instance

o (la + gb) < %cp(@ +2o),
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for all a,b € U. Strict convexity means that here < would be replaced by
< except in the trivial case where a = b. For concavity condition ([27.2) is
altered by replacing < by >.

The weighted average might involve several points/numbers drawn from
U. For example, if ® is convex on an interval U then

1 1 8 1 1 8
— b o) < — — =
o <1Oa+ mb—l— 100) < 10@(@) + 10@(()) + 10@(0),
for all a,b,c € U.

A weighted average is also called a convexr combination. Thus,

2 1 3 1
?G—F?b—i‘?C—i‘?d

is a convex combination of a, b, ¢, and d. Thus, a conver combination of
P1,-..,0on € R is of the form

wipr + -+ WNPN,
where the weights wy, ..., wy lie in [0,1] and add up to 1:
w, + - +wy =1

Thus, (27.2)), written out more formally says that a function ® on an interval
U is convex if and only if

O(wipy + - Fwnpn) < ®(pr) + -+ wnP(py) (27.3)

for all py,...,py € U and all weights wy,...,wy € [0,1] (adding to 1), for
every choice of N € {1,2,3,...}. The function ® is strictly convex if
holds with < replaced by < if the points py,...,py are all distinct and none
of the weights is 1. For concavity we simply reverse the inequalities.

Let us apply the characterization of convexity given in the inequality
to the functions we looked at in the preceding section.

For the convex function 22 we have, using the simplest interesting weighted
average:

1 1\? 1 1
<—a+—b) < §a2+§b2. (27.4)
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Thus, the the square of an average is at most the average of the squares. Note
that since 22 is actually strictly convex the inequality < can be replaced by
<, unless a = b. With three points we have

<%a - %b + éc)z < %a2 + %b2éc2. (27.5)
More generally, for any x1,...,zy € R we have
(w)2<i(x§+..-+x§v). (27.6)
N - N

Here the < can be replaced by < except in the case all the z;’s are equal.
We can also write the inequality (27.6) as:

(21 + -+ an)?
N ?

2

with equality holding if and only if all the x; are equal.

Here is a quick application: suppose a length L of wire is cut into N
pieces, of lengths zq,...,xxy, and each piece is bent into a square; what
should the lengths x; be in order fot the squares to cover a minimum total
area? To answer this notice that the sum of the areas of the squares is

<ﬂ>2+...+<@>2:w7
4 4 16

and from ([27.7)) we see that this is

- (z1+--+ay)?/N _ L
- 16 16N’

with > being = if and only if all the x; are equal. Thus the minimum area
is obtained if the wire is cut into equal lengths and the minimum area thus
obtained is L?/(16N).

Now we turn to another example, the strictly concave function log, defined
on (0,00). Working with the equally weighted average of a,b > 0 we have

1 1 1 1
“a+=b)>= ~logb. :
log <2a—|— 2b) > 2logoz—i— 2logb (27.8)
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The right side simplifies to

%(bg a+logb) = % log(ab) = log Vab.
So the inequality reads

log (GT”) > log Vab, (27.9)

with equality if and only if @ = b. Since log is a strictly increang function,
this inequality becomes

b
a; > Vab, (27.10)

with equality if and only if @ = b. Now let us apply concavity to three values
a, b, c; this leads to

log (a—l—b—f—c) >

which means

1
g(log a + logb + log ¢) = log(abe)*/?,
a+b+c

3
with equality if and only if a, b and ¢ are equal.

The inequalities (27.9) and (27.12)) area purely algebraic, having nothing
to do with log, and, at first sight, seem to have no relationship to each

other. (The first inequaity can be proved directl just by simple algebra:
(va—+/b)? > 0 implies a+b—2v/ab > 0). However, both express a common
idea: the arithmetic mean (AM) is greater or equal to the geometric mean.
(GM) The general version of this AM-GM inequality is:

> (abc)3, (27.11)

T+ Fay
N

2|~

with equality if and only if all the x; are equal. This follows from the strict
concavity of log.

Not all convex functions of interest are differentiable everywhere. Here
are a few convex functions that are not differentiable at all points:

|z|, x;=max{z,0}, (x— K);=max{zr— K,0},
for any constant K € R.
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y
y = ||

T

Figure 27.4: The convex function |z|

Y

y=(r—1);

T

Figure 27.5: The convex function (z — 1)

27.5 Convexity and derivatives

We have seen in section that convexity of a function can be understood
in terms of increasing secant slopes. From this we arrive at a condition for
convexity for differentiable functions:

Proposition 27.5.1 Suppose f is a function on an interval U on which f
is differentiable.

Then f is convexr on U if and only if f' is an increasing function in the
sense that f'(s) < f'(t) for all s,t € U with s < t.

The function f is concave if and only if f' is an decreasing function in
the sense that f'(s) > f'(t) for all s,t € U with s < t.

Proof. Suppose f is convex on U, and s,t € U with s < t. Then for any
z,w € [s,t] with
s<x<w<t
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we have the increasing slope condition

f(x) — [(s) < f(t) — f(w)

Tr— S t—w

Now taking the limits * — s and w — t we have

f'(s) < (1)

Conversely, suppose the function f on U has increasing slope f’. Consider
a,p,b € U with
a<p<hb.
Let A be the point (a, f(a)), and B the point (b, f(b)) and P the point
(P, f(p)). Then

f(p) — f(a)
p—a

slope of AP = = f'(s) for some s € (a,p),

by the mean value theorem. We also have:

f() - f(p)

slope of PB =
b—p

= f'(t) for some t € (p,b),

Since s < t (because p lies between them), we know that

f'(s) < f'(1).

Hence
slope of AP < slope of PB.

Since this holds for all points a,p,b € U, with a < p < b, the function f is
convex on U.

The argument for concavity is exactly similar.

Observe in the proof that if [’ is assumed to be strictly increasing, that
is

f(s) < f(t) whenever s <t and s,t € U

then f is strictly conver.

Similarly, if [’ is strictly decreasing then f is strictly concave.

When working with functions that are twice differentiable there is an
easier condition for convexity:
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Proposition 27.5.2 Suppose f is a function on an interval U on which f
is differentiable, and suppose also that [’ is differentiable on U.
Then

(i) f is convex if and only if f" is >0 on U;
(i) f is concave if and only if f" is <0 on U.
For strict convezity/concavity we have:
(iii) f is strictly convex if f” is >0 on U;
(iv) f is strictly concave if f" is <0 on U.

Note that in (iii) and (iv) we don’t have the ‘only if’ parts. For example,
a2 is strictly convex but its second derivative is 1222 which is 0 when z = 0.
Proof. If f” > 0 on U then f’is an increasing function on U (by Proposition
23.1.3)) and so by Propositionwe conclude that f is convex. Conversely,
if f is convex then by Proposition the derivative f’ is an increasing

function on U and so, by Proposition [23.1.1], its derivative f” is > 0 on U.
The results (iii) and (iv) follow similarly. | QED

27.6 Supporting Lines

Consider a convex function ® on an open interval U C R. We have seen in
(27.1)) that for any point p € U the slopes of secant segments of the graph of
f to the right of p exceed the slopes to the left of p; More formally:

D(a) ~ B(p) _ 2(b) — B(p)
a—p T b-p
If we now squeeze in a value m € R between these left secant segment

slopes and right secant segment slopes (we will examine this more carefully
below) then we have

for all a,b € U witha <p <b.  (27.13)

slope of any secant seg-
ment to the left of p

slope of any secant seg-

< <
== Hent to the right of p.

Consider now the line L through (p, ®(p)) whose slope is m. To the right
of p it lies below all the secant segments for the graph of f and so the line L
lies below the graph of ® to the right of p. But to the left of p the slope of L
is greater than the secant slopes and so again the line L lies below the graph
of ® to the left of p. Thus we have:
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Proposition 27.6.1 Suppose ® is a convex function on an open interval U,
and let p be any point in U. Then there is a value m € R such that the line
through (p, (]?(p)) with slope m lies below the graph of ®; more precisely,

L(z) < ®(x) for all x € U,

where y = L(x) is the equation of the line through (p, ®(p)) having slope m.

y = ®(x)
Y y = L(z)

Figure 27.6: Supporting line for a convex function

A line such such as L is called a supporting line for ® at p.

If ®'(p) exists at p then there is only one choice for the line L: it is the
line through (p, ®(p)) with slope m = ®'(p), that is, it is the tangent line
to the graph of ® at (p, ®(p)). Notice that our conclusion that m is a real
number forces ®'(p), if it exists, to be finite.

Proof. All we have to do is prove that a real number m exists satisfying
<m<

®(a) — 2(p) P(b) — @(p)
a—p -~ b—p

Since (27.13)) holds for every a € U to the left of p we see that the ‘right
slope’ 20)—2()

for all a,b € U with a < p <b. (27.14)

is an upper bound for all the ‘left slopes’, and so

sup ®(a) — 2(p) < ®(b) — @(p)

acU,a<p a—p b—p

Y

because sup is the least upper bound. Let us denote the sup by &’ (p):
def ®(a)

tof — ®(p)
m_ = sup :
acU,a<p b—p
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Thus,
d(b) — P
m_gw for all b € U with p < b.
-Pp
Thus m_ is a lower bound for all the right slopes, and so

m_ < my (27.15)

where (b o
w20 - 20)
beU,b>p b—p

my
Both the left and right derivatives m. are finite as they exceed all the secant
segment slopes to the left of p and are < all the secant segment slopes to the

right of p. Now we can simply take m to lie between these values:
m_leqgm < m4

The secant slope inequalities for a convex function have the following
remarkable consequence:

Proposition 27.6.2 Any convex function on an open interval U is contin-
uwous on U.

Proposition [27.6.1| leads to a way of understanding convex functions by
means of the supporting lines:

Proposition 27.6.3 If ® is a conver function on an open interval U then
® is the supremum of all the ‘line-functions’ that lie below it:

®(p) = sup L(p) for allp € U, (27.16)

L<®

where L denotes any function of the form L(z) = Mx + k, with constant
Mk eR, forall x € U.

Proof. We have already seen in Proposition that the graph of ® has
a supporting line at every point. Thus for any p € U there is a function L,
whose graph is a line, for which L(z) < ®(z) for all x € U (this means the
graph of L lies below the graph of ®) and L(p) = ®(p). This proves (27.16),
by showing that in fact there is actually an L for which both L < & on U

and L(p) = ®(p).
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27.7 Convex combinations

If a,b € R are points with a < b, then any point p € [a, b] can be reached by
starting at @ and moving towars b, covering a fraction

p—a
b—a

of the interval [a, b]. Thus,

p=a+ {Z;_Z} (b—a),
a formula you can readily check directly with algebra. Let p denote the
fraction
_bpb—a
S b—a
Since p € [a, b] it is clear that 1 > 0 and the most it can be is (b—a)/(b—a) =
1:

I

p e [0,1].
We can write p as
p=a+pulb—a)=a+ ub) —pa=a—pa + pub=(1— p)a+ ub.

Writing A for 1 — o we thus see that every point p € [a,b] can be expressed
as a convexr combination of a and b:

p = Aa + pb, (27.17)

where \ and p are weights, in the sense that they are non-negative and add
up to 1 (which forces A and p to be < 1):

Apel01],  Ad+p=1

Conversely, any convex combination (27.17)) is at most b (the weight on a,
which is < b, would draw the value of p down below b) and at least a:

a < any convex combination of a and b < b.

The point half way between a and b is

11
Za4 b=
2015
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whereas the point 2/5-th of the way from a to b is:

3 2 23a + 2b
—a+-b=——.
5 5 5
A convex combination of points pi,...,py is a point which can be ex-
pressed as
wipr + -+ WNDN,
where the Jem weights wy, ..., wy all lie in [0, 1] and sum to 1:
wy + - +wy = 1.
Note that if py = --- = py, all points coinciding, then their convex combina-

tion is just that one point, since then
wig+ -+ wyg = (wy + - Fwy)g=1-q=gq,

where ¢ is the common value of the p;.

For a given set of points pi,...,py, the largest (the most to the right)
that a convex combination could be is max; p;, and for this we would have
to distribute the entire weight 1 on those j for which p; is largest, and take
all the other weights to be 0; for example, for a, b, ¢, withd = ¢ > b > a, the
weighed average

wia + wab + wzc + wyd = wra + wab + (w3 + wy)d

is largest if ws +wy = 1 and w; = wy = 0.

Similarly, the least value a convex combintation of py,...,py could have
is min; p;, and this is obtained if and only if a weight of 0 is given to non-
minimum values of p;.

A multiple convex combination can be built out of convex combinations
of pairs. For example,

2
—a+ —b+—c=—a+ — B

3 5 2 8 [2b+ 2c
100 10 10 10 10 5 ’

10

where notice that the quantity inside [-- -] is indeed also a convex combina-~
tion; we thus have, on the right, a convex combination of convex combina-
tions. More generally, for N € {2,3,...}, any points pq,...,pxy € R, and any
weights wy, ..., wxy € [0, 1] (summing to 1) we have

wipr + -+ WNPN
1—w1

wipy + -+ wypy = wipr + (1 —wy) [ } (27.18)
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and the quantity inside [---] is a convex combination of the N — 1 points

P1,---,PN-1-
The following result expresses the simultaneous convexity and concavity
of functions whose graphs are straight lines:

Proposition 27.7.1 If L is a function whose graph is a straight line, that
is if

L(z) =Mz +k for all x € R,
for some constants M,k € R, then

L{wipy + -+ +wnpy) = wiL(p1) + - + wyL(pN) (27.19)
forall pr,...,pxy € R and wq, ..., wy € R with wy +--- +wy = 1.
Note that in (27.19) we have just a linear combination

wipy + -+ WNPN

and the coefficients w; need not be in [0, 1] nor have to sum to 1.
Proof. It is more convenient to start with the right side of (27.19)):

w1 L(py) + -+ +wyL(pn) = wi(Mpy + k1) - +wn(Mpn + k)
=w Mpy +wik + -+ +wyMpn +wnk
= Muwpy + -+ Mwnpy + (w1 + -+ - +wy)k
= M(wip1 + -+ wnpn) + k
(because wy + -+ +wy = 1)

= L(wipy + -+ + wnpn).

Thus L maps linear combinations to linear combinations. | QED
This leads to the following convenient formulation of convexity of a func-
tion P:

Proposition 27.7.2 A function ® on an interval U C R is convex if and
only if

O(Aa + pub) < A\P(a) + pd(b) (27.20)
for all a,b € R and all weights A\, € [0,1] with A\ + p = 1. The function
O is strictly convex if and only if holds for all a,b, \, i as above but

with < replaced by < whenever the three points a, Aa + pb and b are distinct
(no two are equal to each other).
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Proof. We can work with a,b € U, with a < b (if @ = b then (27.20]) is
an equality, both sides being ®(a)). Let A be the point (a, ®(a)) and B the
point (b, ®(b)). The straight line joining A to be B has equation

y=L(x)=Mz+k
for some constants. Consider now any point p € [a, b]; we can write this as
p=Aa+ ub
for some A,y € [0,1] with A+ 1 = 1 (see (27.17)). The condition that the
graph of ® is below the graph of L is
®(p) < L(p)
for all such p. Now
L(p) = L(Aa + pb) = AL(a) + nL(b),
by Proposition . Since y = L(x) passes through A and B, on the graph
y = ®(x), we have
L(a) = ®(a), and L(b) = ®(b). (27.21)
Combining all these observations we have
O(Aa + pb) < AL(a) + pL(b) = A®(a) + pIL(D),

which establishes as being equivalent to the convexity condition for
®. For strict convexity, the point (p, <I>(p)) lies strictly below (p, L(p)), which
means ®(p) < L(p) when p is strictly between a and b. Translating from p
to Aa + pb, and using again the equalities we obtain the condition for
strict convexity of ®.

It is now easy to raise the inequality to an inequality for convex
combinations for multiples points. For example, for points pq, ps, p3 € U, we
have

WoPo + W
Bunps-+ s + ) = @ (wipy + (1 - wy) (2L
— w1

gw¢@ﬁ+u_mﬂ(%&iﬁﬁ)

1—11)1

= L) + (1 ) (L) +

— W — W1
= w1 L(p1) +waL(p2) + wsL(ps).

L(ps))
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This procedure (the method of induction) leads to the conclusion that
S(wipr + -+ +wypn) < wi(pr) + -+ wn®(pw) (27.22)

for every convex function ® on any interval U, any N € {1,2,...}, any points
p1,-.-,pn € U, and all weights wy, ..., wy € [0, 1] adding up to 1.
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Exercises on Maxima/Minima, Mean Value Theorem,
Convexity

1. Find the maximum value of 22/% for z € (0, 00). Explain your reasoning
fully and present all calculations clearly.

2. Find the distance of the point (1,2) from the line whose equation is

3r+4y —5=0.

3. Suppose [ is a twice differentiable function on [1, 5], with f(1) = f(3) =
f(5). Show that there is a point p € (1,5) where f”(p) is 0.

4. Explain briefly why

log 101 — log 100 < .01.

5. Prove the inequality

VAN
DN | —
IS
no
N | —
| =

—
S]
wff
(=
~—
[N}

for any a,b > 0.
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Chapter 28

L’Hospital’s Rule

L’Hospital’s rule makes it possible to compute weird limits such as

lim =z
rT—r00

1/x
7

and is worth studying just for that reason. It has been a staple topic in any
introduction to calculus since ’'Hospital’s own book, reputed to be the first
textbook on calculus.
Briefly, ’'Hospital’s rule says
/
lim L) _ iy L) (28.1)
v g(x) @ g'(x)

if f(z) and g(x) both go to 0, or both go to +00, as  — p, and if the limit
on the right exists. Assuming that f and g both have domain a set S, here
is a more detailed statement of the conditions:

e there is a neighborhood U of p € R* such that that the part of U in
S, with p added in if necessary, that is the set W = (SNU) U {p}, is
either U or a one-sided neighborhood of p of the form (a,p] or [p,a),
for some a € R;

e g(x) #0and ¢'(z) # 0 for all x € W, with x # p;

e lim, ,, f(x) and lim,_,, g(x) are either both 0 or are both in {—o0, co};

<

"(z)

7@ exists.

e the limit lim,_,,

225
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28.1 Examples
Avoiding silly examples such as

|
lim
x—1 1 — ]_

(which is 2 as can be seen directly from 22 — 1 = (x — 1)(z + 1)) let us work
out the following simple but more interesting use of I'Hospital’s rule:

The first thing to observe is that both numerator and denominator go to 0
as r — 0. So we could, poentially use 'Hospital’s rule:
sinxr —x cosx — 1

M I T Iz (28.2)

provided the limit on the right exists. To deal with this limit observe again
that both numerator and denominator go to 0 as x — 0, and so we could
again try 1'Hospital:

= —lim ——, (28.3)

and we do know that this limit exists and its value is —1. Thus I"'Hospital’s
rule does imply that the equality holds, and this shows that the right
side of exists, which then justifies the equality by 1'Hospital’s
rule. This somewhat convoluted logic is summarized simply in:

sinz —x v cosx — 1

SINT = T VH T3 (if the right side exists)
31
/ —sinx

H im ———— (if this exists)

lim
z—0 %1,3 z—0 2

z—0 X
= —1 (whch justifies the 2nd and hence the 1st equality above).
(28.4)
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Thus, for x close to 0 we should be able to approximate the difference
sinz — by —3;2%, and so
1
sine ~x — —a°
3!
for x near 0.
Now we carry this a step beyond, finding an estimate for the difference

| 1,
SIN T — 1’-5.’17 .

By repeated use of I’'Hospital’s rule we have:
. 1.3 1q,.2
sinx — |x — 5x°| v cosr — |1 — 537
[ ] 12- lim [ 3! ]

. 1
lim 3!

(if the right side exists)

z—0 %x5 z—0 éx5
_cosz — [1— La?] o
= lim - ' (by algebraic simplification)
z—0 Ix‘l
1
' —sinx — |—52%
I Jim - [~ 52] (if the right side exists)
z—0 I4x3
sinz —x
= —lim — (by algebraic simplification)
z—0 51'3

= —(—=1) (by the previous example)
= 1.
(28.5)

Each application of the I'Hospital rule above was a case where the limit of
the ratio had the form 0/0.
We turn now to a different example:

1
T

lim 2= = lim [elogﬂ

T—+00 T—00
. log x
= lim e =
T—r00
. log x
— lime—oo 23 (the exponent here is formally co/o0)  (28.6)
" 1/x
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28.2 Proving ’Hospital’s rule
The key step in proving ’Hospital
/
tim L) _ o £02)

v g(x)  wow g'(x)

)

with f(z) and g(z) both — 0 as x — p, is the observation that

flx) _ f(e)

g(x)  g(c)’

for some ¢ between x and p; when x — p, the point ¢ also — p and this
shows that the above ratios approach the same limit. This is formalized in
the following version of the mean value theorem:

Proposition 28.2.1 Suppose F' and G are continuous functions on a closed
interval |a,b], where a,b € R* and a < b, with values in R. Suppose that F
and G are differentiable on (a,b), with G'(z) # 0 for all x € (a,b). Then

(a) _ F'(¢) -

for some c € (a,b).

Since G’ is never 0 on (a, b) it follows by Rolle’s theorem that G(b)—G(a) # 0.
Proof. Consider the function H defined on [a, b] by

28.8
for all = € [a, b]. (288)

This is clearly continuous on [a, b] and differentiable on (a, b) with derivative
given by

H('z) = [G(b) = G(a)] F'(z) = [F(b) — F(a)] G'(x) (28.9)

for all x € (a,b).
Observe also that
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Then by Rolle’s theorem applied to H there is a point ¢ € (a,b) where H'(c)
is 0; this means

[G(b) — Ga)] F'(c) — [F(b) — F(a)] G'(c) = 0. (28.10)

Thus
[F(b) — F(a)] G'(c) = [G(b) — G(a)] F'(c),

which implies the result ([28.7). ‘QED‘
Now we can prove one form of I’'Hospital’s rule:

Proposition 28.2.2 Suppose f and g are differentiable functions on an in-
terval U C R*, with g(x) # 0 and ¢'(x) # 0 for all x € U in some neighbor-
hood of a limit point p € R* of U, and suppose

lim f(x) =0 and lim g(z) = 0.

T—p T—p

Then )
lim /(@) = lim f'(z)

a=p g(z) @ g'(2)
if the limit on the right in (28.11)) exists.

(28.11)

Proof. Let W be a closed interval, one of whose endpoints is p and for which
all points of W, except possibly for p, lie inside U. Define F' and G on UU{p}
by requiring that F(z) = f(x) and G(z) = g(x) for all x € U with = # p,
and setting

F(p)=0 and G(p) = 0.

What this does is make f and g defined and continuous at p in case it wasn’t
to start with; more precisely, F' and G are continuous on U U {p}. For any
x € U, in a neighborhood of p, with x # p we have

fx) _ F(x)~ F(p)
g(x) ~ G(x) ~ Gp)

because F(p) and G(p) are both 0 and F(z) = f(z) and G(z) = g(z). Then,
for such x, we have by Proposition [28.2.1

fa@) _ Fle) _ fe)
g9() G'(cz) g'(cz)’
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for some ¢, strictly between z and p. Letting x — p makes ¢, — p and so

lim f(x) = lim CY = lim f'(w)

e g(r)  wow gl(ca)  wor g'(w)

Y

since we assume that the right side here exists.
We turn now to the case where f and g have infinite limits:

Proposition 28.2.3 Suppose f and g are differentiable functions on an in-
terval U C R*, with g(x) # 0 and ¢'(x) # 0 for all x € U in some neighbor-
hood of a limit point p € R* of U, and suppose

lim f(x) € {—o00, 00} and lim g(z) € {—o0, 00}.
T—p T—p
Then ,
tim 7 iy £10) (28.12)
B g@) o g()
iof the limit on the right in exists.
Proof. From
f(a)
— N (a) ’
9(z) —gla)  g(x) |14

we see that since both f(z) and g(x) approach oo as x — p, the limiting
behavior of f(z)/g(x) and ’;Eg:g((s))
the strategy we use.

Let

is the same. This is the motivation for

L = tim L&)

w=p g'(x)
and W any neighborhood of L. Choose a smaller neighborhood Wj of L such
that

Y

cW, CcW for all ¢ € (1/2,2). (28.14)

There is an interval V' that is a neighborhood of p such that

f' ()
g ()

e W (28.15)
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for all z € V NU and = # p. Pick any two distinct points a,x € V N U,
neither equal to p; then

f(x) = fla) _ fe)

g(r) —gla)  g'(c)

for some ¢ between a and x, and hence in V' (note that g(z) # g(a) because
by Rolle’s theorem if g(x) = g(a) then ¢’ would be 0 at a point between a
and z, contrary to the given assumption that ¢’ is never 0 on U). Hence by

we have
f@) = (@)

9(x) — g(a)
for distinct a,x € V N U, neither equal to p. Since

1 — 9@
lim[ 9(”)] —1

x f(‘l)
B R

there is a neighborhood Uj of p such that

1 — 9@
90 ¢ (1/2,2) for all z € UyNU
1 - f@
f(x)
From (28.13)) we have
_ 9@
flz) _ {f(x) - f(a)} e
o(r) ~ Lolo) —gla)] |1 L@
and so, on using ([28.14]), we conclude that
@)
g(x)

for all x € Uy N U N V. Since this is true for any neighborhood W of L, we

conclude that f(z)/g(x) — L as x — p.
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Exercises on I’Hosptal’s rule

1. Work out the limit

clearly justifying each step.
2. Suppose ¢ is continuous, ¢g(2) = 0 and ¢'(2) = 1. Work out the limit

lim 9(2+w) + g(2 + 3w)
w—0 w

clearly justifying each step.
3. Find

lim yv
Yy—r00



Chapter 29

Integration

The development of calculus has two original themes: (i) the notion of tan-
gent to a curve, (ii) computing areas of curved regions. The former leads
to differential calculus, and the latter to integral calculus, to which we turn
Nnow.

29.1 From areas to integrals

The classical idea of area A of a region S enclosed by a curve is that A should
be < the sum of areas of any finite collection of squares that cover the region S
and A should be > the sum of areas of any finite collection of squares inside
S. This simple and perfectly natural idea fails to produce a completely
satisfactory and usable measure of area when the region S is ‘unintuitive’
(for example S consists of all points (z,y) € R? with irrational coordinates),
but it is meaningful, intuitive and computable for regions bounded by well
behaved curves.
We are mainly interested in the area of the region lying below a graph

y = f(z),

and above the z-axis, for = € [a,b]. See Figure[29.1] For this discussion we
assume f > 0. Suppose A is the area of this region, a notion we will pin
down as the discussion progresses.

An overestimate of A will surely be obtained by the sum of areas of ‘upper
rectangles’ obtained by slicing the region into vertical pieces. More precisely

233
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partition [a, b] into NNV intervals marked off by
a=ty<t; <...<ty=0

By the k-th ‘upper rectangle’ we mean the rectangle whose base runs along
the x-axis from x = t;_; to x = t; and whose height is
M, = sup f(z). (29.1)
TE[t—1,tk]

The area of this upper rectangle is
My (ty, — tg—1).
The width ¢ — tx_; is often denoted by Aty:
Aty =t — tg_1. (29.2)
Thus the area of the k-th upper rectangle is
M Aty,.

The sum of all the upper rectangles is

N
> MAty = MyAty + -+ + MyAty.
k=1
Thus the upper rectangles provide an overestimate of the area A:

N
A<D M.
k=1

Similarly, working with lower rectangles we have an understimate of the
area:

N
Z mkAtk S A,
k=1

where

m, = inf  f(z). (29.3)

TE[tk—1,tk]
Thus the actual area A lies between the overestimates given by the upper
sums and underestimates given by the lower sums:

N N

k=1 k=1
Surely, the area A is the unique value that lies between all the upper sums
and all the lower sums. We can take this as definition of area under a graph.
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Y
y = f(x)
x
a b
Figure 29.1: Area below y = f(x)
Yy
My = sup f(z) y = f(x)
xe[tl,tg]
Area
M, MoAty M
x
a=1ty t la b=ts

Area under graph is < M; Aty + MyAy + M3Aty

sum of upper rectangle areas

Figure 29.2: Area below y = f(z) overestimated by upper recangles

29.2 The Riemann integral

235

The ideas of the preceding section lead to the crucial notion of the integral
of a function. Let us first extract some helpful terminology from our earlier

discussions.

A partition P of an interval [a,b], with a,b € R and a < b, is a finite
subset of [a,b] containing both the end points a and b. Typically we denote

a partition by
P = {ZEO,Il,...,ZL'N},

where

a=xo< 21 <...<xny =0
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The width of the k-th interval is denoted

Al’k =T — LTk—-1- (295)
For a function
fila, 0] = R,
and the partition P, the upper sum is
N
U(f,P) = My(f)Axx, (29.6)
k=1
and the lower sum is
N
L(f,P) =Y my(f)Axy, (29.7)
k=1

where

Mi(f) = sup f(x)

TE[tp—1,tx]

mi(f) = inf  f(x).

TE[tp_1,tk]

(29.8)

In the degenerate case where b = a, the only partition of [a, a] is just the
one-point set {a}, and the upper and lower sums are taken to be 0.
If there is a unique value A for which

L(f,P) < A<U(f,P) (29.9)

for every partition P of [a, b], then A is called the Riemann integral of f, and

denoted ,
[

We will refer to this simply as the integral of f from a to b or over [a,b].
We say that f is integrable if f: f exists and is finite (in R).
The definition of the integral here is in the same spirit that of the concept
of limit back in and the concept of tangent line in (13.1]).

From (29.9) we see that an approximation to f: f(is given by

/ f(z)dx ~ Z f(zr)Axy, (29.10)
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where z is any point in [x;_1, 2], for each k € {1,..., N}. The sum on the
right in (29.10)) is called a Riemann sum for f with respect to the partition
P. The relation suggests the historical origin of the notation | for
integration.

Note that if sup e, f(2) is 0o then at least one My(f) is oo, for any
partition P, and so the upper sums are all oo, and in this case the integral
fab [, if it exists, must also be co. Similarly, if inf,cf, 4 f() is —oo then fab f,
if it exists, is —oo.

Thus, if f s integrable then it is bounded, in the sense that both its
supremum and its infinmum are finite.

If f is constant, with value C' € R then, working with any partition P as
above, we have

Mi(f)=C and my(f) = C,
for all k € {1,..., N}, and so

U(f,P)=CAzxy1+---+CAzy =C(Axy + -+ Axy) = C(b— a),
and
L(f,P)=CAxy+ -+ CAxy =C(Azy1 + -+ Azy) = C(b — a).

Hence

/bC:C(b—a). (29.11)

29.3 Refining partitions

Consider a function f on an interval [a, b], and a partition P = {zq,...,zx}
of [a, b, with
a=x9<...<xny=b.

Let us see what effect there is on the upper and lower sums when points are
added to P to make it a finer partition of [a,b]. Let us start by adding one
point s € (x;_1,z;) to the j-th interval.

In the sum
N

U(f,P)=> M(f)Axy

k=1
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all terms remain the sum except for the j-th term: for this
M;(f)Ax;

is replaced by
A(s —xj_1) + B(z; — 9)

where A is the sup of f over [x;_1,s| and B is the sup of f over [s,z;]:

A= sup f(z) and B = sup f(x).

2€[zj_1,5] z€[s,;]
Clearly these are both < M;(f):
A, B < M;(f),
and in fact at least one of them is equal to M;(f). Hence
A(s —xj_1) + B(xj —s) < Mi(f)(s — xj_1) + M;(f)(x; — s),
and observe that the right side here adds up to M;(f)Ax;; thus:
A(s —xj_1) + B(z; — s) < M;(f)Az;.
Looking back at the upper sum U(f, P) we conclude that
U(f, P) <U(f, P),
where P, is the partition obtained by adding the point s to P:
P'=PU/{s}.

Thus, adding a point to a partition (that is, splitting one of the intervals into
two) lowers the upper sum.
A similar argument shows that

L(fvpl)ZL(faP)v

adding a point to a partition raises the lower sum.

Adding points one by one enlarges a given partition P to any given larger
partition P’, and at each stage in this process the upper sum is lowered and
the lower sum is raised:
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Proposition 29.3.1 Let f : [a,b] — R be a function, where a,b € R and
a <b, and P and P" any partitions of [a,b] with P C P’; then

L(f,P) < L(f,P")
U(f, P") <U(f, P).

This implies the following natural but strong observation:

(29.12)

Proposition 29.3.2 Let f : [a,b] — R be a function, where a,b € R and
a <b, and P and Q any partitions of [a,b]; then

L(f,P) < U(f,Q). (29.13)
Thus, every upper sum of f is > every lower sum of f.

We have seen something similar in our study of limits back in (6.14]).
Proof. Let
P =PUQ.

Then P’ contains both P and @), and so by Proposition [29.3.1| we have
L(f,P) < L(f,P") and  U(f,P)<U(f Q)
Combining this with the fact that L(f, P") < U(f, P") produces the inequality

29.13). [QED

29.4 Estimating approximation error

Consider a function f on an interval [a,b] C R, and let P = {zo,..., 2y} be
a partition of [a, b] with

a=x0<...<xy=0b.

We know that the integral of f, if it exists, lies between the upper sum
U(f,P) and the lower sum L(f, P). So if U(f, P) and L(f, P) are close to
each other then either of these sums would be a good approximation to the
value of the integral. Let us find how far from each other the upper and
lower sums are:

k=t (29.14)
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where M (f) is the sup of f over [zj_1,xx] and my(f) is the inf of f over
[l‘k,hl‘k]. Thus

Mi.(f) — mg(f) = the fluctuation of f over [xy_1,xk]. (29.15)

Thus if we can partition [a,b] so finely that the fluctuation of f over each
interval [zy_1,xx] is < .01 then

U(f,P)— L(f,P) < .01Az; + - + .01Azy

= 01[Azy + -+ Azy] = (0.01)(b — a). (29.16)

Thus we can shrink U(f, P)— L(f, P) down by choosing the partition P such
that the fluctuation of f over each interval [zj_1, zx] is very small.

29.5 Continuous functions are integrable

The discussions of the preceding section lead to the following important re-
sult:

Theorem 29.5.1 If f : [a,b] — R is continuous, where a,b € R with a < b,
then f 1s integrable.

The key to proving this result is the ability to partition [a,b] in such a
way that the fluctuation of f over the intervals are all very small:

Proposition 29.5.1 If f : [a,b] — R is continuous, where a,b € R with
a < b, then for any € > 0 there is a partition P = {xq,...,xn} of |a,b], with
a=1x9 < ...<xy =b, such that the fluctuation of f over each interval
[Tr_1,x1] is < €.

This property is called uniform continuity of f.
Proof. We work with a < b, as the case a = b is trivial. Take

g = Q.

Since f is continuous at a there is some x1 > a = xy such that

flwo) = 5 < f(@) < flaw) + 3
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for all x € [zg,x1]. We can clearly take z; < b, as here is no need to go
beyond b. Thus

sup f(@) < f(o) +

z€[xo,21]
and .
inf  f(x) > f(zo) — —.
z€[z0,71] 4

These conditions imply that the fluctuation of f over [z, z1] is < €/2, which
is, of course, < e.

Now we can start at zq, if it isn’t already b, and produce a point x5 >
for which

Jlan) = 7 < f@) < flan) + ]

for all z € [z1,25]. Again, we can take xo < b. It might seem that in this
way we could produce the desired partition P. But there could be a problem:
the process might continue infinitely without reaching b. Fortunately, we can
show that this will not happen.

Suppose s is the supremum of all ¢ € [a, b] such that [a, ] has a partition
Py = {xq,...,xx} for which the fluctuations of f over every interval of the
partition is < e. Note that s > a. By continuity of f at s there is an interval
(p,q), centered at s, such that the fluctuation of f over (p,q) N[a,b] is < e.
Pick any point ¢ € (p,s), with t > a; then since ¢ < s the definition of s
implies that there is a partition

P():{JZ(),...,ZEK}

of [a, t] such that the fluctuation of f over each interval [x;_q,x;] is < . Now
pick any point r € [s,q) N [a, b] and set

Tyl =T

Since the fluctuation of f over (p,q) is < €, the fluctuation of f over the
subinterval [t,r] is < e. Thus we have produced a point r, which is > s,
such that there is a partition P = {xg,...,2x41} of [a,r] for which the
fluctuations of f are all < e. To avoid a contradiction with the definition of
s, we must have s = b (for otherwise, if s < b, we could have chosen 7 to be

> s) and the partition P has the desired fluctuation property.
Now we can prove Theorem [29.5.1
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Proof of Theorem 29.5.11 All we need to do is show that for any ¢ > 0 there
is partition P of [a, b] for which U(f, P) — L(f, P) is < €; this will imply that
there is a unique value that lies between all the upper sums and all the lower
sums. Let ¢ > 0 and set, for convenience

G
Cb—a

By Proposition [29.5.1] there is a partition

P= {l’o,...,l’N},

€1

of [a, b] such that
a=xp<...<xny=0b

and
My (f) —mu(f) < @

for all k € {1,...,N}. Then, by the argument used before in (29.16)), we
have
U(f,P)— L(f,P) < er(b—a).

Our choice of ¢; then means that U(f, P) — L(f, P) is < e.

29.6 A function for which the integral does
not exist

Consider the indicator function 1g of the rationals:
1 if ;
lo(x) = e e (29.17)
0 ifz¢Q

We focus on the restriction of 1g over any interval [a,b] C R, with a < b.
Let P = {xo,...,xy} be any partition of [a, b], with

a=xg<rT1<...<xNy=0b

Observe that 1p attains both the value 1 and the value 0 on each interval
[zr_1, )] (because every such interval contains both rational and irrational
points). Hence

Mi(1g) = sup lg(z)=1 and mi(lg)= inf 1g(z)=0.

TE€[TK_1,Tk] €[TR _1,%8]
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This makes the upper sum large:
Ullg,P)=1-Azy+...+1-Azy =b—a,
and the lower sum small:
L(lg,P)=0-Axy+...4+0-Azy =0.

There certainly are many real numbers lying between 0 and b — a, and so
there is no unique such choice. Hence,

b
/ lgp does not exist.
a

29.7 Basic properties of the integral
Integration of a larger function produces a larger number:

Proposition 29.7.1 If f and g are functions on an interval [a,b], where
a,b € R and a < b, for which the integrals fabf and fabg exist, and if f < g

then
b b
/fé/g-

Proof. Suppose fab f > f:g Since fjg is the unique value lying between
L(g, P) and U(g, P) for all partitions P of [a, b], there must be a partition P
of [a,b] such that

/abf>U(g,P).

Again, since ff f is the unique value lying between all upper and lower sums
for f there is a partition @ of [a, b] for which

L(f,Q) > Ulg, P). (29.18)

Let
P =PuUQ,

which is a partition of [a,b]. Since @ C P" and f < g we have

L(f,Q) < L(g,Q) < L(g, P").
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Since P C P’ we also have

Ulg,P') < U(g, P).
Combining these inequalities produces

L(f,Q) < L(g, P),

contradicting (29.18). | QED |
Next we have linearity of the integral:

Proposition 29.7.2 Suppose f and g are functions on an interval [a,b],
where a,b € R and a < b, for which the integrals fab f and fabg exist. Assume

also that the sum
[+ ]

is defined (thus, not oo+ (—o00) or (—oo)+o00). Then the integral f f ewxists

Lo [re [ -

Moreover, for any k € R the integral fa kf of the function kf also exists and

/abk;f:k;/abf. (29.20)

If a function is integrable over an interval then it is integrable over any
subinterval:

Proposition 29.7.3 Suppose f is integrable over |a,b], where a,b € R and
a <b. The f is integrable over [c,d] for any c,d € [a,b] with ¢ < d. Moreover,

/abf:/aCer/cbf. (29.21)



Chapter 30

The Fundamental Theorem of
Calculus

The fundamental theorem of calculus connects differential calculus and in-
tegral calculus, and makes it possible to compute integrals by running the
derivative process in reverese.

30.1 Fundamental theorem of calculus

Here is one form of the fundamental theorem:

Theorem 30.1.1 Suppose f is an integrable function on [a,b], where a,b €
R, with a < b. Then the function F defined on [a,b] by

F(x):/xf for all z € [a, b

is differentiable at p € |a,b] if f is continuous at p, and F'(p) is f(p). Thus,
if f is continuous on [a,b] then
df’f

o = f@) (30.1)

for all z € [a, b].

Notice that (30.1]) implies that any continuous function f on an interval
s the derivative of some function F' on that interval.
Here is another version of the result:

245
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Theorem 30.1.2 Suppose g is a differentiable function on [a,b], where a,b €
R, with a < b, for which ¢ is continuous. Then

b
/g’zg

b

(30.2)

a

b
where g| means g(b) — g(a):

a

" = g(b) — g(a).

a

9

30.2 Differentials and integrals

Consider a function f, differentiable at a point p € R. The tangent line to
the graph y = f(x) through the point (p, f(p)) has slope f'(p).

Y

tangent line

Figure 30.1: The differential df at p

The differential of f at the point p is the function which takes as input
any horizontal step h and outputs the corresponding vertical rise

f(p)h

if une follows the tangent line to y = f(z) at P(p, f(p)). The differential of
f at p is denoted df|, and its value on any h € R is thus

df[,(h) = f'(p)h. (30.3)
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For example, for the function sin we have
dsin |-(3) = cos(m) * 3 = —3.

The function z, that is the function whose graph is y = x, has the value p at
any point p:
xz(p) =p forall peR.

The slope of y = z is 1 everywhere and so
dz|,(h) =1%h = h.

A differential form ® is a function that associates to each point p in some
domain set S C R a linear function ®|, on R, that is

o|,(h) = K,h  forall h € R,

for some K, € R.
Thus, for a differentiable function f on some set S C R, the differential

df

is a differential form.
The product of a differential form & with a function g is defined as the
function whose value at p on h is

(9®)[p(h) = g(p)®p(h). (30.4)

Sometimes we write g® as ®g; thus
dg = gP (30.5)
Working with a differentiable function f we have
(df (2))|p(h) = f'(p)h

and this is exactly the same as

(f'(@)dz)[,(h) = f'(p)h.
Hence we have the extremely useful notational identity:

df (x) = f'(z)dx. (30.6)
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All of this notation has been designed to produce this notational consistency:

df (x)
dx

= f'(), (30.7)

where on the left we now have a genuine ratio (of functions), not just a formal
one.

Using equation (30.6)) we can easily verify the following convenient iden-
tities:

d(f +g) = df +dg
dC =0 if C' is constant
d(fg) = (df)g + fdg
d(j) _gdf — fdg
- 2
g g
df (g(x)) = f'(g(x))dg(x) (this is from the chain rule),

(30.8)

where f and g are differentiable functions on some common domain except
that in the last identity we assume the composite f(g(z)) is defined on some
open interval. (Note % means %CD, for any differential form ® and function
f)

As an example, we have

1

— cos(2?) * 2x du.
sinz

dlog(sin 2?) =

If f is a differentiable function on an interval containing points a and b
we define the integral of the differential df to be

b
| =0~ fa) (30.9)
For example,

/ d(sinz) =sinm —sin(7/2) =0 —1 = —1,

/2
0
/ de* =e" —e' =1—ce,
1

and
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where note that the upper endpoint is actually < than the lower endpoint.

All of what we have done in this section is essentially just notation. Now
there is a nice convergence of notation with the Riemann integral: for any
differentiable function g on any interval [a,b], with a,b € R and a < b, we
have

/abg’ =g(b) —gla) = /ab dg(x) = /abg’(:c) da (30.10)

/ab J(z)dx = /ab g (30.11)

If f is any continuous function on [a, b] then by the fundamental theorem of
calculus there is a function F' on [a, b] for which

Thus,

F =

/abf:/abF’:/abF’(x)dx:/abf(x)dx.

Thus we have, finally, a complete identification of the Riemann integral as
the integral of a differential form:

/abf = /abf(x) da. (30.12)

The Riemann integral is rooted in ideas going back to Archimedes’ compu-
tation of areas. The notation of differentials was invented in the 1600s by
Leibniz, but a precise development of differential forms (in higher dimen-
sions) was done only in the early 20th century by Elie Cartan. The equality
(30.12) is, for us, a theorem (an easy consequence of the fundamental theo-
rem of calculus, as we have seen) but traditionally is viewed simply
as different notation for the same integral.

Hence

30.3 Using the fundamental theorem

Let us start with a simple example. We will work out the integral

1
/ T dz.
0
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By Theorem [30.1.2] if we can find a function ¢ for which ¢'(z) = x on [0, 1]
then we can easily determine the value of the integral fol xdz as g(1) —g(1).
We can easily find a function ¢ for which

g(x) ==
for all z € R. Just recall that
(z%) = 2u,
and so Py .
(=°/2) = 2x==x.
dz

Then by Theorem [30.1.2] we have

1 1 21 12 02 1
/ xdx:/(x2/2)'dx:x— =— — — =_.
; ; 21”2 272

Geometrically, this is the area under the graph of
y=ug
over x € [0,1]. This is just a rght angled triangle with base 1 and height 1,
and so its area is indeed (1/2)1-1 =1/2.
Next consider the area under the parabola
y=1

over x € [a,b], where a,b € R with a < b. The area is

b
/ 22 dz.

We need to find a function whose derivative is 2. Recall that
(2%) = 32°

and so
(ZE3/3) = 22,

Therefore



DRAF'T Calculus Notes 11/17/2011 251

‘ :E
Figure 30.2: Area below y = z? for x € [a, b]

3 3 g3

b b
szdx:/a(lﬁ/?))'dx ThmE012 %a T3

Archimedes amazing determination of areas assocated with parabolas has
thus been reduced to a simple routine calculation.
Next consider the area under

y =sinx x € (0,7

y =sinx

foﬂ sinzdr = 2

s
Figure 30.3: Area below y = sinx for z € [0, 7

The area is

/sinxdx—/ (—cosz) dx
0 0

T

(30.13)
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30.4 Indefinite integrals

With the examples of the previous section, it is clear that the task of finding
a a function g whose derivative ¢’ is a given function f is crucial to computing
integrals exactly. The indefinite integral of a function f is the general function
g for which

g="r
The indefinite integral is denoted

[ s,

or with ¢ or some other ‘dummy variable’ in place of x.
For example, we know that

(2%/3) = 2%

If g(z) is any function whose derivative is also 2% then

and, assuming we are working over R (or any interval), it follows that

3
g(x) — 3= constant.

Denoting this ‘arbitrary constant’ by C' we have

Thus we have the indefinite integral of z%:
3
/ 22 dy = % +C,

where C' is an arbitrary constant. The presence of this arbitrary constant
ensures that we have the ‘general’ solution to the problem of finding a func-
tion whose derivative is 22, not just one special choice. Of course, since the
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difference between two such solutions is just a constant, it is not a matter of
great importance.
In general, in mathematics it is not good practice to use ambiguous no-

tation, but writing
/f(x) dx

for not one function but for the class of all functions with derivative f(z) is
worth the occasional discomfort caused by the ambiguity.
If a differential form Phi is expressed as

d = f(z)dx

then we have the integral of ®

/cbdéf/f(x) dz.

Thus an integral of a differential form ® is a function g for which
dg = ®.

Such integrals are of great interest and use in higher dimensions.
For any integer n, except for n = —1,

xn+1
/x" dx = +C, (30.14)

with C' being an arbitrary constant, as you can readily check by differentiating
"/ (n+1):

r (TL—{-I)I” n

(2" /(n+1) +0O) P

What if n = —17 Then we are seeking a function g(z) whose derivative is
1/x:

/ — —
g (x) = =
Recall that .

log' t = i for ¢t € (0,00).
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Thus we can write

1
/ - dr =logz + C, (30.15)

for any arbitary constant C', provided we restrict the functions all to the
positive ray (0, co).
Is there a function defined for negative values of = with derivative 1/z7
It is easily checked that
dlog(—x) 1

= [log'(—z)] - (—1) = —_x(_l) = i for 2 € (—00,0).

Thus sometimes it is convenient to use the combined formula
log |z| + C

for the indefinite integral of 1/z. However, logz and log(—x) do not really
splice together naturally, and not simply because of the necessary gap at
x = 0. A full exploration of this would require going into the complex plane,
a subject well beyond our objectives.

30.5 Revisiting the exponential function

Historically the logarithm log was invented before the exponential function.
However, mathematically, it seems more natural to develop the exponential
function e” first and then define log as the inverse function. This is essentially
what we have done, except that we never really defined e* in a logically
connected way. In section we devloped the properties of €* by assuming
that there is a function exp on R with the following two properties:

exp’ = ex
b= (30.16)
exp(0) = L.
Using this assumption we proved that

exp(z) = e* for all z € R,

where
e = exp(1).
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The function exp has a strictly positive derivative, which implies that it has
an inverse function. We defined log to be the inverse function of exp, defining
log a to be the unique real number for which

6loga =a,

with log a being defined for all a € (0,00). Then we showed that
1
log'z =~ forall z € (0,00).
T

Having developed integration theory we are not at a point where we can
turn this logical development on its head (thereby regaining the correct, if
strange, historical development) by defining the function log directly as

“1
loga = / —dx for all a € (0, 00). (30.17)
LT

Since 1/z is continuous on (0,00), the fundamental theorem of calculus
guarantees that the integral defining loga exists and is finite; moreover it
also assures us that

1
log' a = - for all a € (0, 00). (30.18)

This derivative being strictly positive, log has an inverse function, call it exp.
Its derivative is (by Proposition [24.1.1)):

1

- log’ z’

exp'(y)

where y = log x, and so
, 1
exp'(y) = 1/_:1: =1z = exp(y).

Moreover, the definition of exp as inverse of log along with the simple fact
that

log(1) =0
shows that
exp(0) = 1.

Thus exp is indeed a function satisfying both conditions in (30.16]), making
the development of both exp and log logically complete.
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Chapter 31

Riemann Sum Examples

In this chapter we work out some Riemann sums and compare them with the
corresponding integrals.

L] N
31.1 Riemann sums for fl %

Let N be a an integer > 1. Consider the partition of [1, N] given by
P={1,2,...,N}.
This breaks up [1, N] into N — 1 intervals, each of width 1:
1,2],[2,3] ...,[N —1,N].
The k-th interval has the form
[k, k+ 1].

We will work out the upper and lower Riemann sums for 1/2? relative to
P. On the interval
[k, k+ 1]

the highest value of 1/2% is 1/k* and the lowest value is 1/(k+ 1)%. The area
of the k-th lower rectangle is therefore

area of k-th lower rectangle = 1) .

257
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because its width is 1. Similarly
1
area of k-th upper rectangle = =k 1.

Hence the lower sum is

1 1 1 1
L(1/2% P) = l==4+=+ 4+ —=.
(1/2*, P) 2k 1p mrEt Tt e
Similarly, the upper sum is
N-1
1 1 1 1
Ul/z>,P)=) —-1=—
(1/2" P) £ ER? TN
The actual integral
N
. T
lies between these value:
N
L(1/2% P) g/ — dx <U(1/z* P). (31.1)
1

The upper and lower sums are not really very good approximations to the
value of the intergal because they are separated by quite a bit:

11 1
U(l/2* P) — L(1/2* P) = TVl

which tends to 1 as N — oo.
We can work out the integral of 1/z? using the fundamental theorem of

calculus:
/Ndx_/Nd 1y 1 1N 1
L2 r) N 1) N
Using this in (31.1)) produces:

1+1+ +1<1 1<1+1+ + ! (31.2)
22 32 NZ— N T 12 22 (N —1)% '
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We can extract some information from this by focusing on the first inequality:

def 1 1 1 1
= -4+ =4+ -——=<1-—=. 31.3
NEETET TR STy (31.3)
This is true for all integers N € {2,3,...}. Observe that the sequence of
sums Si, So, ... increases in value as additional terms are added on:

S1 < Sy <83 <--

Therefore, there is a limit

lim sy = sup sy.
N—o0 Ne{2,3,..}
From (31.3) we see that
lim <1.
N—oo
Thus,
. 1 1 1 <
N A
This limit is displayed as an ‘infinite series sum’:
1 1
mtmt

Since the value of this is finite (being < 1) the value of

1 1 1
[EREE TR TR

is also finite, having value < 2. One says that the series

1 1 1 1
S ettt (31.4)

converges.
The convergence of the series above can be seen in other ways, but the
method using the integral [ 1/z*dx is useful for other similar sums as well.
The actual value of the sum can be computed by more advanced
methods; the amazing result is

I (31.5)
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This identity was established by Euler in 1735.
Observe that

t
lim —2:1im {1——]:1.
tooo |1 t—00 t

We can interpret this to mean that the area under the graph

all the way over [1, 00) is 1:

g
/1 x—f =1, (31.6)

where we are taking the integral [ on the left side to mean the limit of flt
as t — oo.

31.2 Riemann sums for 1/x

For the partition
P={1,2,...,N}

of [1, N], where N is any integer > 1, and the function 1/x we have the lower
sum

1 1
L(l/z,P)==-14---4+—="-1
(/2 P)= 5 Tt
and the upper sum

1 1 1
U(l/SB,P):I-1+§'1+"'+m-1.

The exact integral, which lies between these sums, is

/1 do _ log(z) iv = log(N) — log(1) = log(N).

T

Hence
1 1 1 1 1
— 14+ F+—=1<logN<=--14+--1 — 1. 1.
5 + +N < log S +2 + +N—1 (31.7)
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Unlike what happened with 1/z?, we have an infinite area under the graph
of 1/z over [1,00):

[ee] t
/ Ao et i 9 i tog(t) = oo (31.8)
1

€T t—o00 1 €T t—o0

Looking back to the second inequality in (31.7)) we have

1 1
lim {—+——|—---} > lim log(N) = oo,
N—o0

N—)ool 2
and so
~1 1 1 1
Ll Ll il = 31.9
;n R R 0 (31.9)

The series Y~ | is called the harmonic series and the fact that the sum is
oo is expressed by saying that series is divergent.
The difference between the upper sum and the integral over [1, N] is

=

-1

—log(N).

| =

B
Il

1

It turns out that this has a finite limit as N — oo:

1 1 1
= lim |4+ -4+ ——1 1.1
v Ngr;o[1+2+ + 5 ~log(V)|, (31.10)

called Fuler’s constant.

31.3 Riemann sums for z

We focus on the function given by f(z) =z on [0, 1].
Let N be a an integer > 1. Consider the partition of [0, 1] given by

1 N
P=<0,—=,....,—=¢.
{’N’ 7N}

This breaks up [0, 1] into N intervals, each of width 1:

i) el
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The k-th interval has the form

k—1 k
[T’ ﬂ '
We will work out the upper and lower Riemann sums for the function x
relative to P. On the interval
k—1 k
{Tﬁﬁ]

. . k . . k_l
the sup of x is just & and the inf is “%.

The area of the k-th lower rectangle is therefore

E—1 1
f k-th 1 tangle = —— + —
area o ower rectangle N N
because its width is 1. Similarly
f k-th tangl ko1
area of k-th upper rectangle = — - —.
pPp g N N
Hence the lower sum is
N
k—1 1
L(x, P) = _
1 1 2 N -1 (31.11)
_NP+N+N+ +
1

Similarly, the upper sum is

Ykl

k=1
2 N (31.12)
_N[N+N+ TN

1
=—[1+2+---+N].

N2
The integral

1
/ T dx
0
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lies between these value:
1
L(z,P) < / xdr < Uz, P). (31.13)
0
Observe that U(z, P) differs from L(x, P) by the term 5 N:
1
U(x,P)— L(z,P) = —= —=0 as N — .

N

This implies that there can be only one number lying between the upper
sums and the lower sums and hence that the integral

1
/ x dx
0

1
1
/ rdr = lim m[l—I—Q—i-"'—i-N].
0

exists and

N—o0

Now we use the sum formula (see (31.24) below):

N(N +1
1+2+"-+N=%. (31.14)
Hence
1
/ vde— i L NNVFD 1L NNASYN) L (L 1/N)
0 N—oo N2 2 N—oo N2 2 N—oo 2
Hence
! 1
/ rdr = —. (31.15)
0 2

This result is, of course, far easier to see using the fundamental theorem of

calculus:
1 1 1 / 21 1
/ rdr = / <—x2) dx = .7:_’ = —. (31.16)
0 0o \2 210 2
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31.4 Riemann sums for 2

We focus on the function given by f(z) = z? on [0, 1].
Let N be a an integer > 1. We work with the partition of [0, 1] given by

P={o5 3}
N N

The k-th interval marked off by this partition is

k—1 k
N 'N|’
On the interval
k—1 k
N 'N
the sup of 22 is just ]'3—22 and the inf is (k;é)z.
The area of the k-th lower rectangle is therefore
(k—1)2 1
f k-th 1 tangle = C—
area o ower rectangle e N
because its width is 1. Similarly
f k-th tangl L
r - r rectangle = — - —.
area o upper rectangle = - -
Hence the lower sum is
N
E—1)2 1
L(z? P) = ( —
1[o* 12 22 (N —1) (31.17)
N [ﬁ*ﬁ*ﬁ*"'*?
1

[12 22 N (31.18)
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1
/ 2% dx
0

1
L(z*, P) < / v dr < U(2?, P). (31.19)
0

The integral

lies between these value:

The upper sum U(2?, P) differs from the lower sum L(z?, P) by 15 N?:

1
U(JI2,P)—L(I2,P>:N—>O as N — o0.

Hence there can be only one number lying between the upper sums and the
lower sums and so the integral
1
/ 22 dx
0

1
1
0

N—oo

exists and

We now need the sum formula (see (31.31)) below):
N(N +1)(2N +1)

1249224 ... L N2 = 5 : (31.20)
Hence
! 2 g LN ADEN+D) 1 NN+ 1/N)N@2+1/N)
0 S e Ve 6 = N N3 6
_ tim (1+1/N)(2+1/N)
N—oo 6
1
3
(31.21)
Hence
! 1
/;c?d;c:—. (31.22)
0 3

This, of course, agrees with the result using the fundamental theorem of

calculus: . ) ) ,
1 I |
/ v dr = / (—xS) dx = :E—) = - (31.23)
0 0 \3 3lo 3



266 Ambar N. Sengupta 11/6/2011

31.5 Power sums

We will work out a few power sum formulas, starting with

N(N +1
1+2+---+N:%. (31.24)
There are several ways of proving this formula. Let
Si=142+---+N.
Writing the same sum backwards we have:
Si=1+2+---+(N—-1)+ N
' ( ) (31.25)

S;=N+ (N—=1) +---+2+11

In the first equation above the terms on the right increase by 1 at each step
whereas in the second equation the terms decrease by 1 at each stage. Adding
them we have

251 =(N+1) +(N+1) +---+ (N+1)=N(N +1).

Hence
N(N +1)
5 .
Here is a second, longer and far less appealing method. We start with

51:

(a+1)*=0a’+2a+1
which implies
(a+ 1) —a® =2a+ 1.
Now use a = 1, through a + N in this to obtain:
22-12=2x1+1
32 -22=2%2+ 1
(31.26)
(N+1)2-N?*=2%xN+1

Adding all these up we see that on the left all terms cancel except for the
very first one —1% and the very last one (N + 1)%

(N+1)?-1"=2x[1+2+---+ N|+Nx1.

St
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Hence
291 = (N+1)*~1-N = (N+1)*~(N+1) = (N+1 -1)(N+1) = N(N+1),

which implies
N(N +1)

The advantage of this method is that it works for sums of higher powers. We
use this method to find the sum

Sy =142+ ...+ N2 (31.28)

We start now with

(a+1)°=a*+3a*+3a +1

from which we have
(a+1)* —a® =3a* + 3a + 1.
Using a = 1 through a = N in this produces

22 13 =3%12 +3x1+1

3323 =-3%22 +3%x2+1
(31.29)

(N+1) - N*=3%N? +3xN + 1.

When we add these up on the left everything cancels except the very first
term —13 and the very last term (N + 1), and we have:

(N+1)°—=1°=3%[1+2°+ -+ N?] +3[1+2+ -+ N|+N = 1.

-~

SQ Sl

Hence
38y =(N+1)*—-1-35 - N
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Using the formula (31.27)) we have

38y =(N+1)*—-1-N—35,

N(N +1)
2

3N

—(N+1?—(N+1)-3

= (N +1) {(N+1)2—1—7} =(N+1) [N2+2N+1—1——

=(N+1) {NH%} :(N+1)N[N+%]

_ (N + 1)N%.

Hence
N(N+1)(2N +1)
SQ == 6 .

Applied to the sum of the cubes this strategy produces

N(]\72+ 1)}2.

Amazingly, this is just the square of the sum Si:

13+23+---+N3:[

P42 4. 4+ N =[142+---+ N>

3N
2

(31.30)

(31.31)

(31.32)

(31.33)



Chapter 32

Integration Techniques

In this chapter we study some techniques for working out indefinite integrals.
What this means is that we are given a function f(z) and we have to find a
function g(z) for which

dg(z) = f(z)dz.

Since dg(z) is ¢’(x)dx this means finding a function g whose derivative if f:

We write the general such function as the indefinite integral

ola) = [ fa)da.

Here f(z) is called the integrand.

32.1 Substitutions

For the integral

/(x+1)5dx

it would be a long and slow method to work out the fifth power and then
integrate. Instead we substitute y for z + 1 and rewrite the integral in terms
of y:

y=x+1

269
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Then
dy = 1dx
and so

1 1
/(x+1)5dx:/y5dy:6y6+C:6(x+1)6+C,

where C' is an arbitrary constant.
The essence of the idea behind the substitution method is simple. We

inspect the integral
[ s

[ Flota) )i

and write it in the form

for some functions F' and p, and then substitute

y = p(x)

to transform the given integral as

[ t@yde= [ o) p@is = [ Fo) doto) = [ Fo)ay,

and, if al goes well, the integral [ F(y)dy is ‘simpler’ than what we started
with, thereby reducing [ f(z)dz to a simpler integral. The main challenge
is in identifying the functions F' and p which express f(x) as F(p(z))p'(z).

As we will see below there are also some simple variations on this strat-
egy. For example, it may be easier to write f(z) as a constant multiple of
F(p(z))p'(z) or, in some cases, we can break up f(z) into a sum of pieces,
each of which is easier to work out separately.

Counsider
/(290 —5)3/5 da.

We substitute
z2=2rxr—5
which gives

dz = 2dx and so dr = %dz
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/zgdz

and so

1 1

) _53/5d :/ 3/5_d —
/(:1: ) dx 27 gdz = o
1

341
= - %3 25 4+ C
2 2+1
D
=25+

where C' is an arbitrary constant.

For
/(4 — 32)%" dz

the substitution would be
y=4-3z

which leads to .
dy = —3dzx and so dr = —gdy

which then transforms the given integral as follows:

where C' is an arbitrary constant.
Sometimes the integrand should be reworked a bit before or after the
substitution is made. For example, for

/17(3 — 42)*5 dx

we can substitute
y=3—4x (32.1)

for which |
dy = —4dx so that dx = —Zdy,
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and then the given integral has the form

1
/xy2/5 <—Zdy) :

We need to replace the = in the integrand with its expression in terms of y

by solving (32.1):
1
— —(3—1).
T 4( Y)

Then our integral becomes

1 a5 (1 1 2/5
—(3 - —ldy) = —— _ dy.
/4(3 Y)Yy < 1 y) T (B—y)y"dy

The right side looks complicated but can be worked out by breaking up into
pieces:

1 1
/ (B=y)y*°dy =3 / y** dy— / y-y*° dy = 35——y5 1~y constant
~—— £+1 :+1

y7/5

Now putting everything together we have

1) 15 1 )
/x(?) —4z)? dx = (_E) 7y7/5 - (_E) Ey12/5 +C,

where C'is an arbitrary constant and y is as in (32.1). Thus

15 5
/:::(3 — 4z)*P dx = — 58— 42)%5 + 10503 4x)?5 4 C,

for any arbitrary constant C.
Moving on to more complicated integrands, consider

/(£C2 + 1)z dx

Observe that zdz is about the same as d(z? + 1), aside from a constant
multiple. The substitution is

y=a*+1.
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With this we have
1
dy = 2xdx and so xdr = Edy

which converts the given integral as follows:

1 1 1 1 2
2 2/3 2/3 2/3 241
+1 d ~d z d - +C
/(I J ¥ ds /y 2 Y 2 /y Y 2% 193 ’

where C' is any constant. Rewriting in terms of x we have
3
/(x2 + 1)z de = 1—0(372 +1)°3 4 C.
Here is a faster display of this method:

1
/(352 + 1) Prdr = /(:172 + 1)%§d($2 +1)
11
W)
2:+1
3 9 5
= — 1)%3 4 C.
1 0( + 1) +
The same strategy works for more complicated integrands. For example,
for

($2 + 1)2/3+1 +C

/(3x2 — 122+ 2) P (x — 2) dx

observe again that (z — 2)dz is a constant multiple of d(3z% — 5z + 2); so we
use
y =32 — 122 +2

for which
dy = (6x — 12) dx = 6(z — 2)dx
and this transforms the given integral as follows:

1 1
foet 2y i [k [,

which integrates out to
1 1

/(33:2—121:—1—2)7/3(:1:—2) dr = 6T

1
y SO = —§(3x2—12x+2)7%+0,
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for any arbitrary constant C.
Sometimes the substitution is not as obvious as in the preceding (manu-
factured) example. Consider
x
[ o
2 +1

Observe that the numerator is z, which is constant times the dervative of
22 4+ 1. So we use
uw=a>+1

for which
du = 2zdx

and so

T Ldu 1
——dx = 2 _ — du = C
/\/:172+1 ‘ Vu /2\/6 u= vt G

where C' is an arbitrary constant; thus,

x
——dz =V +1+C. 32.2
| == (322)
Similarly,
x —2d(3 — 22?)
/ ——dr = | =———"dx
V3 — 222 V3 — 222

:_l/d_u with u =3 — 2z
2) 2Vu (32.3)

1
1
= —5V3-27+C,

where C' is an arbitrary constant.
Substitutions need not be limited to polynomials or algebraic functions.

For
/ dx
xlogx

we observe the x in the denominator and recall that dlogz = 1/x; so we
rewrite the integral as

d Ld d(l
/ i :/ P :/ (log ) = log(log z) + C,
xlogx log x log x
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for any arbitrary constant C.
Similarly,

dz d(log ) . 1 .,
= = 1 /3 d(1 _ 1 +1 o
/ a:(log J13)2/3 / (log x)z/g /( og QJ) ( og CE) —§ n 1( og :1:) 3T 4C

where C' is the arbitrary constant.
Here is an example with trigonometric functions:

1
/sinxcosxdm = /sinxd(sinx) = §Sin2x +C, (32.4)

where C' is an arbitrary constant. We can do the same integral using the
substitution cos x instead:

1
/Sinxcosxdx:/cosxsinxdx: —/Cosxd(cosx) = —§COSQZL‘+01,

(32.5)
where (' is an abitrary constant. For the first time we have now denoted
the arbitrary constant by C instead of C' and this is the first time we face
a possible pitfall of the ambiguity in the meaning of the indefinite integral.

Observe that

2 2

sin“z =1 —cos“z

transforms the first expression (32.4]) for [ sinx cosz dz into

1 1 1
~(1 — cos? = —~cos? -
2( cos”“x) + C 5 €08 x+2+C,

and this agrees with (32.5)) on taking Cy to be C' + 1/2.
Here is a slightly more involved example of this type of substitution:

1
/sin6 xcosxdr = /sin6 zrd(sinx) = 5 sin” x + C, (32.6)

where C' is an arbitrary constant.
We can take this a step beyond, with

/ sin x cos” x dz.
We write this as

/ sin® z cos® z cosz dr = / sin® x cos® z d(sin v).
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6 x can be written as

Now we make a key observation: the 6-th power cos
cos® z = (cos? z)? = (1 —sin® z).

This brings us to
/ sin* z cos” x dr = / sin® z(1 — sin? 2)? d(sin ).
Now we can use the substitution
Yy =sinx

to transform the given integral to
/y4(1 —y*) dy.

Here we have the integral of a polynomial and though it is a lengthy write-up
the integration is routine:

/y4(1 — ) dy = /zf‘(l —3y*+3y" — %) dy

= /(?f —3y° +3y° — ') dy
1 3. 3

1
5 7 9 11
=y -y + -y - =y +C

where C'is the arbitrary constant; substituting back sin x for y produced the
complete integral:
3 3

1 1
. 4 7 . 5 .7 .9 - 11
sin“xzcos' xdr =—-sinz — =sin' x + —=sin"z — —sin -z + C.
/ 5 7 +9 11 +

32.2 Some trigonometric integrals

As starting point we have the integrals

/sinxd:p = —cosz + (4
(32.7)
/cosmd:v:sinx+02
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where 7 and C5 are arbitrary constants.
Next up we have the simplest substitutions:

/ sin(3z) dz — / sin(3z) (%d(?)x)) - % / sin(3z) d(3z) — —écos(?)x) +C

and, similarly,

/008(556) dr = ésin(Bx) + ',

with C' and C’ being arbitrary constants.
Our next objective is to work out integrals of the form

/ sin(Az) cos(Ba), da

and other such integrals of products of trigonometric functions.
The key strategy is the use of the trigonometric sum formulas such as

sin(a + b) = sinacosb + sinbcos a

sin(a — b) = sinacosb — sinbcosa (328)
Adding these we get
sin(a 4+ b) + sin(a — b) = 2sinasinb,
and so ]
sinacosb = 3 [sin(a + b) + sin(a — b)]. (32.9)
Thus

1 1
sin(3z) cos(7x) = 3 [sin(10z) 4 sin(—4x)] = 5 [sin(10x) — sin(4x)] .
Integrating, we obtain

1 1 1
/sin(Sx) cos(7x) dx = 51 10 cos(10x) + 1 cos(4zx)| + C,
where C' is any constant.
The sum formula method works for other trigonometric products. For

these, recall

cos(a+b) = cosacosb — sinasinb
o (32.10)
cos(a — b) = cosacosb + sin asin b.
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Adding we get
cos(a + b) + cos(a — b) = 2 cos(a) cos(b),
and subtracting we get
cos(a — b) — cos(a + b) = 2sinasin(b).
Hence

cosacosb = L [cos(a + b) + cos(a — b)]
2 (32.11)
sinasinb = 5 [cos(a — b) — cos(a +b)].

Using these we have

/Cos(?):v) cos(bx) dx = %/ [cos(8x) 4 cos(2x)] dx  (note that cos(—2z) = cos(2x))
111 . 1.
=3 {g sin(8x) + 5 sin(2z) | +C
(32.12)
for any constant C.
Similarly,
/sin(Qx) sin(6z) dx = %/ [cos(4x) — cos(8x)] dx  (note that cos(—4x) = cos(4z))
111 . 1.
=3 [4_1 sin(4x) + 3 sm(8x)} +C

(32.13)

for any constant C.
We can apply this even to

/ sin? z dz,

viewing the integrand as the product sin z sin x:

1 1
sinz = sinzsinx = 3 [cos(0) — cos(2x)] = 3 [1 — cos(2x)],
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from which we have

1
/sin2 rdr = 5 /[1 — cos(2x)] dx
1

1
=3 {x —5 sin(2x)] + constant. (32.14)
1 1
= g - Zsin(2x) + B +C,

where C' is an arbitrary constant. Using the formula
sin(2x) = sinz cos ©

we an rewrite the above integral also as:

1
/sinzxdx: g — §sin$cosx+C.

Similarly for cos?z we have

1 1
cos> T = cosx cos T = 5 [cos(0) + cos(2x)] = 5[1 + cos(2z)],

which leads to | .
/cos2 rdr = 3 {x + 3 sin(2x)} : (32.15)
We can use the sum-formula strategy multiple times. For example,
1
sin(5x) sin(3x) cos(4x) = 3 [cos(2x) — cos(8x)] cos(4x)
1
=3 [cos(2x) cos(4x) — cos(8x) cos(4x)]
101 1
=5 {5 [cos(6x) + cos(2z)] — 5 [cos(12z) + cos(4x)]]

= i [cos(6x) + cos(2x) — cos(12z) — cos(4z)]
(32.16)

from which we have

/sin(fw) sin(3x) cos(4x) do = i E sin(6x) + %sin(?x) — % sin(12z) — isin(élx)]
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32.3 Summary of basic trigonometric integrals

Let us recall the following derivatives

sin’ z = cos x

cos’ x = —sinx

tan’ z = sec® x
, (32.17)
csc'x = —cscxecotx
sec’ r = secxtanz
cot' & = — csc? .
These invert to give the following integrals:
/cosa:dx =sinx +C
/sinxdw = —cosz +C
/se(32 rdr = tanx
(32.18)

/cscxcot:cdx:—cscx
/secxtanxdx:secx+0
/CSC2ZL‘.dZL‘:—COt$—I—C.

Some natural entries are missing from this list. For instance,
tan x dx.

This integral can be worked out by observing that in

sinx
/tanazdw :/ dx,
cos T

the numerator sin x is minus the derivative of the denominator cosz. So we
use the substitution

Yy =CoST
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which gives

dy = —sinz dx
and so J y
tanx dx = W —y:—logy~|—C’,
Y Yy
and so
/tanxdx:—logcosa:—l—a
Since

1
—log A =log i

we can also write the integral as
/tana: dx = log(secx) + C. (32.19)

If we are working over an interval on which sec z is negative we should use
the absolute value form:

/tanx dx = log(secx) + C.

(In complex analysis the correct integral is (32.19)).)

The integral
/ secx dx

is also of interest. There is no natural method for this integral that leads
to the value in its simplest form. The following tricky method is based on
already happening on the correct answer by accident:

/Secxdx:/secx(secw—i—tanx) s

secxr + tanx

: (32.20)
/ sec®x + secxtanx
= dx

secx + tanx

and here we make the remarkable observation that the numerator is the
derivative of the denominator:

(secx + tanz) = secx tanx + sec® x = sec x(sec x + tan ),
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and so we use the subtitution
=secx + tanx.
Then, as we just observed,
dy = (secx)ydz,

and so
dy

secrdr = —=,
Yy

d
/secxdx—/—y—logy—i—()’.
)

/secxdaz = log(secz + tanz) + C. (32.21)

from which we have

Thus

Again, we can use log|---| if secx 4 tan z is negative.

32.4 Using trigonometric substitutions

For the integral

/ dx
V1—a?
the best substitution is

x =sin 0.

This means we are setting € to be an inverse sin of x; for definiteness we can
set

0 =sin~!(x),
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which restricts 6 to [—7/2,7/2]. Then

/ dv cos(#) do
V1—a? V1 —sin®4
cos(#) do

(which shows why we use z = sinf)

B v cos? 6

_ / COSGZH (here we use cos > 0 for 0 € [—7/2,7/2].)
COS

:/de
=0+C
=sintz +C,

(32.22)
where C' is an arbitrary constant. We have seen before that

dsin”'(z) 1

dz V1— 22

which confirms the integration result.

A similar integral is
/ dx
14 a2

z =tand

Here the best substitution is

for which both
dx = sec® 0 df

and
1+ 2% =1+ tan® = sec? ¥,

which simplied the integral:

dz sec? 0 do 1
/1+x2—/m—/9—9+0—tan $+C,

for any arbitrary constant C'.

More involved is
/ V1 —22dx.
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When we substitute
x = sinf

and
dr = cosf df

we obtain
/\/1 —x2dx = / V1 —sin*0 cos0df = /\/COSQQ cosfdf  (32.23)

and here again we have the annoying fact that (at least working with real

numbers)
Veos? 0 = | cos.
We get past this bit of unpleasantness by requiring that
0 =sin"'z € [-7/2,7/2],

which ensures that
cosf >0

and so

Vcos? ) = cosb.
Returning to the integration (32.23)) we have

/\/1—x2dx:/c080 cos@d@z/cos26d9.

Looking back at (32.15)) we have then

/\/1—x2dx—% [6’—!—%8111(29)] +C,

where C' is an arbitrary constant. We have to substitute back in § = sin™! z.

Before doing this observe that
sin(26) = 2sin f cos 6

and so, since

sinf =x and cosf =+V1— a2,
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we conclude that

1
/\/1 —2?dy = 3 [sin_lzv—l—:r\/l — 22| + C. (32.24)
Sometimes we need to do some algebra before using a trigonometric sub-

stitution. Consider for example

/\/—4x2 4+ 122 — 6dz.

It is best to work the term inside the /- -- into a ‘completed squares’ form;
for convenience we work with the negative so that the coefficient of 22 is
positive:
4a? — 1224+ 6 = (22)> — 2% (2) %3+ 3> —3°+6
= (22 -3)*+[6—3% (using (A— B)?= A% - 2AB + B?)
= (22 —3)* - 3.
(32.25)

Thus
—42* + 122 — 6 = 3 — (27 — 3)?,

and so

/\/—4x2+12x—6dx:/\/mdl“-

Once we have this form we need to observe that this looks roughly like
(132.23). We could now use a sin substitution. Alternatively, we can make

the similarity with (32.23]) greater by substituting

21 — 3 =/3y, (32.26)
which ensures that
—4x® + 122 -6 =3 — (22 — 3)* =3 — 3y* = 3(1 — »?), (32.27)
and
2dr = V3 dy.
So

/\/—4x2+12x—6dx:/\/3(1—y2)§dy:?\/5/\/1—3/2619-
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Using ([32.24)) we have then
31
/\/—4x2 + 122 — 6dx = 39 [Sin_1y+y\/1 - yQ] +C.
Substituting in the value of y from (32.26|) yields the complete answer. The

algebra can be made nicer by observing that

31 i

35 [sin_ly%—y\/l—yﬂ = Sin_1y+3y\/1—y2]
sin~! y+V3y\/3(1 — y2)]

[ 20 — 3
sin_l( >+ 20 — )V —4x2 + 122 — 6
_ Vi) T

(32.28)

where in the final step we used (32.27]) and the value of y from (32.26)).

N e S e Y

32.5 Integration by parts

The product rule for derivatives is

d(UV) = UdV + VdU,

/ AUV = / Udv + / Vv,

provided we line up the ‘arbitrary’ constants appropriately. Then

/UdV:UV—/VdU.

This often helps in simplifying integrals, and is called the integration by parts
formula or method.
For example,

and so

/ log 2 dz = (log )z — / 2 d(log )

/ dx
=zxloge — [ v—
x

=zlogx — /d:c

=zlogx —x+C.

(32.29)
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Thus,

/logmdm =zlogz —x+ C, (32.30)

where C' is an arbitrary constant.
Sometimes the choice of U and V' requires some planning ahead:

1
/a:log:vdx: §/logxd(x2)
1

log:c 2/:62 (log x)
1 d

logx — —/:r;Q—x (32.31)
2 x
1

logx L a/xdx

1
(log r)z® — 6x3 +C,

where C' is an arbitrary constant.

We can apply this method to

/xsinxdx

as follows:

/xsinxdx: —/xd(cosx)

=— {x(cosaf) - / Cosxd“?] (32.32)

= —:Ucosa:+/cosxdx

= —zcosx +sinz + C

where C' is an arbitrary constant.
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Here is a considerable more involved use of integration by parts:

/sechdx = /secxsechdm

= / secz d(tan z)

=seczrtanz — /tanxd(sec )

=secrtanxr — /tanx sec x tan x dx

=secxtanz — /secxtan2xdx

=seczrtanz — /Sec z(sec?r — 1)dr  (using sec?z = tan®z + 1)
:secxtanx—/sec3 dx—l—/secxdas

(32.33)

and at this stage it looks bad at first because we have ended up with [ sec® x dzx
again, on the right. But we are saved because there is a minus sign in front
of the integral on the right; we can move it to the left to get

2 / sec® v dr = sec x tan x—i—/ sec x dx = sec x tan x+log(sec x+tan x)+constant,

on using formula (32.21)) for [ secz dz. Hence,
3 1
sec’ x dx = 5 [sec z tan x + log(sec x + tanx)] + C, (32.34)

where C'is an arbitrary constant. As usual, a real solution is also obtained if
sec x +tan z on the right is negative by replacing this with its absolute value.

One other example of this type is

/eAx sin(Bx) dx
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where A and B are non-zero constants. Then we have

/6‘4m sin(Bzx) dx = —é /6‘4m d (cos(Bx))

= _% e cos(Bx) — /cos(Bac) d(eAx)}
— _é eAr cos(Bz) — /COS(B:C) Aet® d:c} (32.35)
= —é e cos(Bx) — A/COS(BJ?) e dx]

!

A
= —EeA’“" cos(Bzx) + 3 /COS(B:L‘) e dr.
Now we run the same method on the integral [ cos(Bz)e?* dx:
/eAw sin(Bz) dx = —leAx cos(Bx) + 4 /eA”” lalsin(Bgz:)
B B B

1 A
= —EeAx cos(Bz) + 5 / e " dsin(Bx)

1 A
- —EeAx cos(Bx) + iz [eA“” sin(Bzx) — /sin(Bw)deA”’}

1 Az A Az - . Ax
=—g° cos(Bz) + | sin(Bz) — [ sin(Bx)Ae™* dx
=—g¢ cos(Bz) + 53¢ sin(Bzr) — — [ e“*sin(Bz)dz,

(32.36)

with our original integral reappearing on the right side, with a negative sign.
Keeping in mind that the integrals on the two sides might differ by a constant
we have:

A? 1 A
<1 + §> /eAm sin(Bzx) dx = —EGA‘” cos(Bx) + ﬁem sin(Bx) + constant.
Multiplying both sides by B? gives

(A% + B?) / e” sin(Bx) dr = —Be*” cos(Bx) + Ae” sin(Bx) 4 constant

= e% [cos(Bx) + Asin(Bz) — B cos(Bz)] 4 constant
(32.37)
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Dividing by A? + B? produces, at last, the formula

, Asin(Bx) — B cos(Bx)
Ax _ Az
/e sin(Bz) dr = e e +C, (32.38)

where C' is an arbitrary constant. We assumed A and B are both nonzero.
We can check easily that the formula works even if one of these two values
is 0.

Exercises on Integration by Substitution

1. Work out the following integrals using substitutions:

(a) [(4—32)*3da

f f 2$+1

h f \/log(22+5) d

2x+5

. 1
(i fmd“’

d



Chapter 33
Paths and Length

33.1 Paths
A path c in the plane R? is a mapping
c: I =Rt cft) = (zc(t), ye(t)), (33.1)

where [ is some interval in R. We can think of ¢(t) as being the position of
a point at time t.
In (33.1) we are denoting the z-coordinate of a point p by z(p):

x(p) = x-coordinate of a point p,
so that the z-coordinate of ¢(t) is z(c(t)), which we write briefly as
ze(t).
Similarly, the y-coordinate of a point p is
y(p) = y-coordinate of a point p,

and the y-coordinate of ¢(t) is y(c(t)), which we write briefly as yc(t).
As our first example, consider

c(t) = (t,2t + 1) for t € R.

Think of this as a moving point, whose position at clock time t is (¢, 2t + 1);
see Figure |33.1]

291
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Figure 33.1: The path ¢: R — R? : t — (¢,2t + 1)

This is a point traveling at a uniform speed along a straight line. How fast
is it traveling? We can check how fast the x and y coordinates are changing:

(0 = (lwey @), ) = (G- ) = (1.2

This is called the velocity of the path ¢ at time t. Note that for this path the
velocity is the same, being (1,2), at all times ¢.
Here is a different path that also travels along the same line, but with
increasing speed:
R — R%:t s c(t) = (7,2t + 1).

This is displayed in Figure [33.2

Y

tsc(t) = (3,2t + 1)

¢(0.5) = (0.25,1.5)

X

Figure 33.2: The path c: R — R? : t* — (¢,2t> + 1)
The velocity of this path at time ¢ is

(1) = (2L, 4¢),
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which is clearly changing as the clock time ¢ changes.
The path
[0,27] = R® : ¢+ (cost,sint)
traces out the unit circle counterclockwise exactly once, starting out at
(cos0,sin0) = (1,0)

and ending also at
(cos 2m,sin2m) = (1,0).

c(t) = (cost,sint)

d c(0) = (1,0)

Figure 33.3: The path [0,27] — R? : t + (cost,sint).

The velocity at time ¢ is:
d(t) = (—sint,cost).

In this example we have a different interpretation of ¢ also possible: ¢ is
simply the measure of the angle between the z-axis and the line from the
origin to the location of the point.

A path c is said to be continuous if its x and y components xc and yc are
continuous. It is said to be differentiable at t if its z and y components are
differentiable at t. The welocity of ¢ at time t is

d(t) = ((xe)'(t), (ye)'(t))- (33.2)

The speed of the path ¢ at time ¢ is defined to be

()] = /(e (8)* + (ye) (t)? (333)




294 Ambar N. Sengupta 11/6/2011

33.2 Lengths of paths

Consider a path
c: la,b — R?

where a,b € R and a < b. Let
P={to,t1,... tx}
be a partition of [a, b], with
a=ty<t; <...<ty=0b.

We think of these as time instants when we ‘observe’ the path and note
where it is. Suppose we approximate the path ¢ by a path that travels in
a straight line from the initial point ¢(¢g) to the next point ¢(¢1), and then
straight to ¢(t2), and in this way till ¢(tx) = ¢(b). The length of this polygonal
approximation is

l(c; P) =d(c(ty),c(ty)) +d(c(tr),c(ta)) + ... +d(c(tn-1),c(tn)), (33.4)

where d(P, )) means the usual distance between points P and Q:

A(P.Q) = \/(xq — 2p)* + (ug — yp)? (33.5)

where
P = (zp,yp) and Q = (zg,yq)

If we refine the partition P by adding one more point, say s, which lies
between ¢;_; and ¢;, then for the new partition P; we have a corresponding
length

l(c; Py).

The difference between this and I(c; P) is clearly
e P1) = U P) = d(c(tj—), e(s)) +d(c(s), ct;))  —  d(e(tj-), clty)),
and this is > 0 because of the triangle inequality for distances:
d(P,S) +d(S,Q) = d(P,Q),

for any points P, S and (.
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Thus adding points to a partition increases the length of the correspond-
ing polygonal approximation. So if P and P’ are partitions of [a, b] with

PcP,
we have
l(c; P) <l(c; P). (33.6)

If we keep on adding points to a partition, making it finer and finer, intuitively
it is clear that the lengths of the polygonal approximations should approach
the ‘length’ of the path c itself. Hence we define the length of ¢ to be

l(c) = sup l(c; P). (33.7)

partitions P of [a,b]

If ¢ has a continuous derivative then we have a clean and simple formula
for the length of ¢;

b
l(c) = / V(xe) ()% + (ye) (t)2 dt. (33.8)
Let us apply this to the circle
c(t) = (cost,sin2) t € [0,2m].

We have

2 2
l(c) = V/(—sint)? 4 (cost)?dt = / Ldt = 2m,
0 0

confirming that the circumference of the unit circle is 2.

33.3 Paths and Curves

The notion of a curve is natural but there are some choices available in
defining what it is precisely. Briefly, a curve is a path but without worrying
about the specific speed at which the path moves. Thus,

R — R?:t s (t+1,sin(t+ 1))

and
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R — R?: ¢+ (t,sint)
are the same curve, the only difference between them being that the second
path is always a bit ‘ahead’ of the first one.
On the other hand, the paths
R — R?: ¢+ (t,2t)
and
R — R?: (t%,2t%)
don’t correspond to the same curve because the second path always has x-
coordinate nonnegative whereas the first one has negative values of x.

We say that a path
c : [a,b] — R?

is a reparametrization of a path
eyt [d,b] — R?
if
o (t) = c1(o(t)) for all ¢ € [, V],

for some clock-changing mapping

¢:[d 0] = [a,b] : t — ¢(t)
that is continuous and satisfies

o) =a and (b)) =b,
and

o(p) <¢lg) if  p<yq

for all p, g € [a,b]. Thus the path ¢ is at time ¢ where ¢; is at time ¢(t).
We can say that two paths which are reparametrizations of each other
correspond to the same curve. Alternatively, a curve is a path along with all
of its reparametrizations.
Here is an important observation:

Proposition 33.3.1 If a path ¢, is a reparametrization of a path co then
they have the same lengths:

Z(Cl) = Z(CQ).
Thus we can speak of the ‘length of a curve’. This is also called arc length.

There is some flexibility in defining curves. One could insist, for example,
that only differentiable reparametrizations be allowed.
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33.4 Lengths for graphs

Consider now a function

f:la,b) > R
where a,b € R with a < b. There is a corresponding natural path
[a,b] = R?: 2+ (:z:,f(x)),

which traces out the graph of f ‘from left to right’. The length of this path

/ VI f(@)de. (33.9)

Here is an example. The graph of
23 4?3 =1 (33.10)

had four parts, one in the positive quadrant and the others obtained by
reflections across the two axes. We will work out the length of the full curve
(a path that goes around the graph). This length is

4/01\/T(y’)2dx.

Now from the equation (33.10) we have on taking d/dx of both sides:

2 —-1/3 2 -1/3, 1
z z =0
31’ + 39 ) )

and so, on doing the algebra, we have

oyt
Yy = xl/3°
Then
2/3 2/3 2/3
N Yy Tty . 1
L+ (y) =1+ r2/3 r2/3 T r2/3
and so

2—1/3+1 1

1
—§+1 0

1 1 1
/ \/1+(3//)2dx:/ \/1:1:2/3d:6:/ eV dr =
0 0 0

_3
==
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So the length of the full curve is

Next consider the curve

for any a > 0. See Figure [33.4

y 2

a
Figure 33.4: Arc length for y = 22

The length is

1 a
/ V14 (y)de = / V1442 dx
0 0
Recall that

1
/\/1+w2dw:§ [w\/1+w2+log(w+\/1+w2] +C,

where C' is an arbitrary constant. Using
w=2r

then gives
1
/\/1 + 422 2dx = 5 [2x\/1 + 422 + log(2x + V1 +4x2} +C,

and so, dividing by 2, we have

1
/\/1 +4a?dx = 1 [21’\/1 + 422 + log(2z + V1 —1—4952} + C,



DRAF'T Calculus Notes 11/17/2011 299

for an arbitrary constant C'. Hence

@ 1
/ \/1+4x2dx:1 [2@\/1—|—4a2—|—10g(2a+\/1—|—4a2 :
0
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Chapter 34

Selected Solutions

Solutions for Exercise Set [8.9]

1. lim,_,; 5 = 5 because the sup’s and inf’s of the constant function 5 are
both 5 on any neighborhood of 1.

2. lim, (22 + 42 — 2) =124+ 4-1— 2 =0, by the rules for limits.

3. lim, ;220 = =9 = _8/(—2) = 4.
31 —1)(x? 1
i © — lim (x —1)(z*+2+1)
1722 —1 251 (v —1)(z+1)
?+r+1
= = 3/2.
z—1 r+1 /
5.
4 —1 3 2 1
limx :lim(x @'t tet )
=112 —1 291 (:L’ — 1)(ZE + 1)
3 2 1
S T e s Y S
r—1 [p—{—l

301
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423 —3x+2
z2—x+1

7. lim, oo

_ BS—Tx4+2 . G -5+3%
lim ———— = lim 1 2
vo0 300+ +2  avogf(34 L+ %)

I 4z’ +sinx i 2 (4 + 252)

4 4 snz

3

where we used (sinz)/x®> — 0 as * — oo by using, for example, the
‘squeeze theorem’:

1

3

sin x

— 0 asx — o0,

3

and also /7 /2* = 4z — 0 as z — oo.
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10.

T wtocos(zt) 2P (T4 L 4 et
lim — lim - .

1 cos 3
7+ i .

23&2_§+%
_7T+0+0 7
S 2-040 2

11. limy oo [V + 1 — /7]

Sol: At first this looks like oo — oo and that’s bad. In order to deterime
whether one of the two terms wins out over the other we need some
trick. Here is a method that works often when square-roots are in-
volved:

: . [V 1=z [Ve+ 1+ ]
Jim [VaFT v = Jim S

i FFL—a
z—oo \/x + 1+ /T
(using (A — B)(A+ B) = A — B?)

1
lim ————==0
z=oo \/x + 14 +/1
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12.

32 +1— 241 3r2+1 211
o [VEFFT V] = g T V] VAT L4 T
.32+ 1 — (2% +1)
11m
:p%oo\/gla_i_l_i_\/la_’_l

(using (A — B)(A + B) = A2 — B?)

. 222
= lim
TN 22 (3 4 1/22) + \/22(1+ 1/2?)
" 22?
= lim
e=00 gy /34 1/22 + x4/1 + 1/22
, 22*
= lim
me[\/3+1/x2+\/1+1/x2}
= lim 2
a=00 /34 1/22 4+ /14 1/22
00
V3+1
= 00

13, limy o0 [V42? +2 — Vat + 1]

Use the same method as for the previous problem and reach
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lim |[V4z4 +2 — vVt + 1] = stuff

Tr—r00
. 3zt +1
= lim
g2 | A 2w+ /T 1]
4 4
~ lim x4 (3+1/x%)
0 p2 [\/4—1—2/9344-\/1—1-1/3:4]
2 4
lim x*(3+1/x%)
700 \ /A4 2/xt + /1 + 1]z
_00(34+0)
241

14, limy oo YL = limy oo +/ZL = limy oo 4 /1 + 2 =VI4+0=1.
Nz T x

15. lim, oo @ [\/x2 +2— Va2 + 1J
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g Y2 VE L[V P24 VaeR b1 L (22 42) - @+

T—00 \/x2+2+\/x2+1 T—00 \/x2+2+\/x2+1

1
= lim x
v\ /22(1 +2/22) + \/22(1 + 1/,

: 1

- ﬂwxmmm

= lim z 1

R (e e

lim 1

oo /T4 2/a? + /T +1]a?
11
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16.
[Va1-ya] [VoFT+ i

lim V7 £ 2 [\/x+1—ﬁ] — lim vz +2
T—00 T—00

[Va+1+ /]

r+1 -z
= lim V2 + 2———
200 ve+1+z

1
= lim Vo 4+ 22—
200 Ve +1+z

. 7~ 1
N xh—glo o(1+2/7) r(1+1/z) +/x

T—00
= lim vz\/1+2/x
T—>00

1
Viy/1+1/x+/x
1
ﬁ(«/l—i—l/x%—l)
: 1
B AV ey
1

sin(6?)
92

siny

17. limg_,g = lim,_, =1, on setting
y =0

and noting that y — 0 as § — 0.

18. limg o 350 — Jimy o (224)° =12 = 1

sin x
T

r=0-—7/6

19. limg_, /6 = 1, on setting
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20.

21.

22.

23.
Sol:

24.
Sol:
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and noting that this — 0 as § — 7/6.

lim, 0 z?1g(x) = 0 from the ‘squeeze’ theorem on using

0 < [2?1g(z)| < 2® — 0 as v — 0.

lim, 0 2(1 — 2)1g(z) = 0 from the ‘squeeze’ theorem on using

lz(1 —2)1lg(z)| < |z(l —x)| — 0 as v — 0.

lim, ,; (1 — 2)1g(z) = 0 from the ‘squeeze’ theorem on using

|z(1 —2)1g(z)| < Jz(1—2)] =0 as v — 1.

Explain why lim, ,5 z(z — 1)1g(x) does not exist.

Near x = 3 the supremum of the values z(x — 1)1g(z) is around 3(3 —
1) = 6 (actually, more than this, because if z > 3, with x rational, then
z(r —1)1g(x) = z(x — 1) > 3(3 — 1)), whereas the inf is 0 on taking x
irrational.

Explain why lim,_,, cos x does not exist.

cos x oscillates between 1 and —1 as x runs from any integer multiple
of 27 (such as 0, 27, 47, 67,...) and the next higher such multiple. So
for any positive real number ¢ we have

sup cosz = 00, and inf cosx = —1.
TE(t,00) z€(¢,00)
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Since there is no unique value lying between 1 and —1, the limit
lim,_, ., cosx does not exist.

25. Explain why lim,_,, x sinz does not exist.

Sol: sinx oscillates between 1 and —1 as x runs from any integer multiple
of 21 (such as 0, 27, 47, 67,...) and the next higher such multiple. So
for any positive real number ¢ we have

sup sinx = oo, and inf sinz = —1.
€ (t00) 2€(t,00)

Since there is no unique value lying between 1 and —1, the limit
lim,_, ., sinx does not exist.

26. Explain why lim,_,. 32 = 0.
Sol: This follows, for instance, by the ‘squeeze’ theorem on observing that

sinx
—0 as r — 00.

r | |x

27. Explain why lim,_, % = 0.
Sol: This follows, for instance, by the ‘squeeze’ theorem on observing that
sin ‘ 1

S -

VA RNZ

Solutions for Exercise Set P1.1l

—0 as r — 00.

(i) For the set
S =[—o0,—1)U(1,2]U{6,8} U[9, x]

write down
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(i) an interior point: —2
(ii) a limit point: —5.
(iii) a boundary point: —1
(iv) an isolated point: 6.
(v) the interior S° = [—o0, —1) U (1,2) U (9, o0]
(vi) the boundary 05 =

Sol: 95 ={-1,1,2,6,8,9}. Note that —oco and co are interior point
of S.

2. Answer and explain briefly:

(i) If 4 < supT is 4 an upper bound of 77
(ii) In (i), is there a point of T" that is > 47
(iii) If inf 7" < 3 is 3 a lower bound of 177
Sol: Since inf T is the greatest lower bound of T, it follows that 3, being
> inf T, is not a lower bound of T
(iv) In (iii), is there a point of T that is < 37

Sol: Since 3 is not a lower bound of T" there must be a point of 7" that
is < 3.

3. Answer the following concerning limits, with brief explanations:

(i) If lim,,; F(z) = 2 does it follow that F(1) = 27
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Sol:

Sol:

No, the definition of the limit lim,_,; F'(x) contains no information
about the value of F' at 1. For example,

Fa) = 2z | for all x # 1,
0 ifx =1.

has lim,,; F'(x) = 2 but F(1) = 0.

If g is continuous at 3 is ¢ differentiable at 37

: No, a function can be continuous at a point without being differ-

entiable at that point. For example, the function g given by
g(x) =]z — 3 for all z € R,

is continuous everywhere but is not differentiable at 3.

If g is differentiable at 5 is g continuous at 57

: Yes, we have proved that if a function is differentiable at a point

then it is continuous at that point.

If B'(5) = 4 and h(5) = 8 then lim, 5 h(x) =

: Since h'(5) = 4 the function h is differentiable at 5. Therefore it

is continuous at 5. Hence lim, 5 h(x) is equal to h(5), which is
given to be 8. Thus, lim, ,5 h(x) = 8.

If H'(2) = 5 and H(2) = 3 then lim,,_,, Z02-3 —

w—2
The limit here is

lim L) =3 _ , HW) = H2)
w—2 W — 2 w—2 w— 2
We recognize this to be the derivative H'(2), which is given to be

5. Thus the value of the limit is 5.

If ¢'(5) = 1 and G(5) = 6 then lim,_,; W5 —

y—>

: The limit here is

lim W) =6 _ ), GW) = G6)
y—=5 Yy —>D y—2 y—>5

We recognize this to be the derivative G'(5), which is given to be
1. TThus the value of the limit is 1.
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(vii) limy,_,o 222 =

Sol: This is 1.

(viil) limy n/3 —Sinfﬂ—_s;ng/@ -

Sol: We recognize this limit as the derivative of sin at 7/3, and so its
value is sin’(7/3) = cos /3 = 1/2.
(ix) If G'(3) =4 then

L GB+h) —GE)
1m h =

h—0

Sol: We recognize this limit as the derivative of G at 3 and so its value
is G'(3) = 4, as given.

4. Work out the following derivatives:

(i) d\/W

Sol: Using the chain rule we have

dvw* —2w? + 4 1
= 4w — 4w + 0
dw 2vwt — 2w? + 4< )
(11) d[(1+\igj) tan y]
Sol: Using the product rule we have
dl(1+4 /y)tany]  d[(1+ /y) dtany

= t 1
v Tty + (14 Vi)

1
= 0—1——) tany + (1 + /y)sec’y
( NG (1+vy)

dy
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Sol: Using the quotient rule we have

d[lt:r:g] tanyd(H‘[ (1+ \/—)dtany
dy tan?y
tan y(0 + 7) — (14 /y)sec’y
tan?y
(tany) — (14 /y)sec’y
N tan Y
)

Sol: Using the quotient rule we have

COoS T
dcotx _ ng
dz dz
sinz - (—sinz) — cosx - cosx
sin? &
—(sin® z + cos® z)
sin?
1
sin?
= —csc’ 7.

(V) d sin(cos(tan(ﬁ) ))

dx
Sol: Using the chain rule repeatedly we have

dsin (cos ;’;an (V=) = cos (cos (tan (v/z))) - [ sin (tan (Vz))]
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5. Using the definition of the derivative, show that

diyz) 1

dx 2x\/1
Sol:

= lim VT VW
v (W — x)y/wy/x
iy WVE =)V £ VW)
w= (W — 2) V(v + Vw)
(V7)? — (Vw)? (34.1)

T ) VRV )
RalC —:v)\/_\/’(\/'+\/_>

= lim

v fﬂf Vo
\/51\/5 2V
2z

Solutions for Exercise Set [20.4]

1. Find the maximum and minimum values of z? for x € [—1,2].

Sol: The deriative of f(z) = x? is 2z, which is 0 at z = 0. Of the values
f(0) =0, f(=1) =1, and f(2) = 4, the minimum value is 0 and the
maximum is 4.

2. Find the maximum and minimum values of x(6 —x)(3—x) for x € [0, 2].

Sol: For f(z) = z(6 — z)(3 — z) = 2* — 922 + 18z, we have f'(z) = 322 —
182 + 18, and this is 0 when 22 — 62 + 6 = 0, the solutions of which
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Sol:

Sol:

are 3 + /3 (instead of using the formula for solutions of quadratic
equations it is easier to observe that 22 —6x +6 = 2> =2 %32 +9 = 3
and this is (z — 3)? = 3. Now 3 ++/3 is not in [0,2] and 3 — /3 is in
[0,2]. We compare the values f(0) = 0, f(2) = 8, and f(3 —/3) =
(3 —3)(3+V3)V3 = 6v/3 ~10.39. So the maximum of f on [0,2] is
6vV3atz =3 — \/3, and the minimum is 0 at z = 0.

A wire of length 12 units is bent to form an isosceles triangle. What
should the lengths of the sides of the triangle be to make its area
maximum?

Let the sides be z, z, and 2y (it will be clear soon that it is better
to take the third side to be 2y than y, the algebra being a bit easier).
Then 2x + 2y = 12, so x + y = 6. The minimum possible value of y is
0 (the triangle collapses into a line then) and the maximum value of y
is 3 (again the triangle collapses into a flat line).

2?2 =y? + h?

h= /a2 —y2

1
y h . A:§2yh:y x? —y?

=y\/6 —y)?2 —y?=1y/36 — 12y

) )

Thus y € [0,3]. Since we have to work out the derivative of A’ it
will be a little easier, for algebra, to actually work the maximizing
A% = y2(36 — 12y) = 36y> — 12y rather than A (of course, then we
can just take the square root at the end). The derivative is (A%) =
72y — 36y = 36y(2 —y). Thisis 0 at y = 0 and at y = 2, both of these
being in [0,3]. When y = 0 or y = 3 then A is 0. So the maximum
must occur when y = 2 and this value is 24/36 — 12 % 2 = 44/3.

A piece of wire is bent into a rectangle of maximum area. Show that
this maximal area rectangle is a square.

Let L be the length of wire, and the suppose the rectangle has sides
x and y. Then the perimeter is 2z + 2y = L, thus « +y = L/2. The
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Sol:

6.
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area is A = xy. Thus the problem is to maximize the product of two
numbers given that their sum is L/2. We write A as A = z(L/2—x) =
(L/2)xz—x?. The restriction of x is that it lies in [0, L/2]. We know that
the maximum value of a quadratic can be obtained without calculus,
but it is simple to work out the derivative A’ = L/2 — 2z and observe
that this is 0 when x = L/4. Then y = (L/2) — (L/4) = L/4. Thus
the rectangle has equal sides, which means that it is a square. This
confirms intuition.

. A piece of wire of length L is cut into pieces of length z and L — x

(including the possibilty that x is 0 or L), and each piece is bent into a
circle. What is the value of x which would make the total area enclosed
by the pieces maximum, and what is the value of x which would make
this area minimum.

If a length z is bent into a circle the radius of the circle is x/(27).
The area is 7T[$/(27T)]2. For the remaining length L — x the area is
m[(L - 93)/(27r)f. Thus the total area is

A(z) = wlz/(2m)]* + 7 [(L — 2)/(2m)]* = %gﬂ + i(L — 7).

The value z lies in [0, L]. The derivative of A is

Az) = %x + %(L _ ) (—1) = %(293 _ 1)

This is 0 when x = L/2, that is, with the wire split into two equal
pieces. The area enclosed is then

A(L)2) = ﬁ(L/Z)Q 4 i(L _1)2)

L2

8T
The end point values for x are 0 and L, corresponding to rolling the wire
up into just one large circle of length L/(27); its area is A(0) = = L?.
Thus the minimum are is obtained by splitting the wire into two equal
pieces, each rolled into a circle, and the maximum area is obtained by

rolling up the entire length of wire into a circle.

Here are some practice problems on straight lines and distances:



DRAF'T Calculus Notes 11/17/2011 317

(i) Work out the distance from (1,2) to the line 3z = 4y + 5
(ii) Work out the distance from (2, —2) to the line 4o — 3y — 5 = 0.

(iii) Find the point Py on the line L, with equation 3z + 4y — 7 = 0,
closest to the point (0,3). What is the angle between FyP and
the line L?

(iv) Let Py be the point on the line L, with equation 3z +4y — 11 = 0,
closest to the point P(1,3). What is the slope of the line P,P?

(v) Let Py be the point on the line L, with equation 3z +4y — 11 = 0,
closest to the point P(1,3). Find the equation of the line through
P and F,.

Solutions for Exercise Set [32.5

(a) Work out the following integrals using substitutions:

1. Use
u=4-— 3z and du = —3dzx.
So then
1
dr = —=du
3
1
/(4 —32)¥3de = /u2/3 <——du>
= —%/uQ/3 du
171 . (34.2)
_ u3+1 + O
32+1
1
= (- 37)"3 4 C.
ii. Use

y=2+5x and dy = bdx.
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Then
1
/\/2+5mdx:/\/§gdy
1
-~ g/ymdy
_ é_l Jlr O (34.3)
2
12
—530 HC
2
= 1—5(2 +52)32 4 C.
ili. Use
w=2-—3x and dw = —3dx.
So
dw——ldw
3
Then
1 1 1
——do = — ([ —= ) d
/\/2—33: g / w< 3) v
1/ 1 J
=— | —dw
3) Jw
= —l/w_l/de
? ) (34.4)
=37 1w’§+1—|—C’
2
2
:—§w1/2+0
2
= —5(2 —32)? 4 C.
iv. Use
y=3—2x.
Then

1
dy = —2dr and dxr = —§dy.
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/x(B — 22)4% dx = /:Ey4/5 (—%dy)

1 [3—
=-3 / Tyy4/5 dy (using x = 23¥)

1
= ——/(3y4/5 — %) dy

4
1 1 4 1 9
= ——13 st = g5t C
4{§+1y5 §+1y5 *
_ 0 9/5 ) 7/5
T LA A
5 9/5 5 7/5
=——(3-2 —(3 -2 C
1o (3204 55 (3= 20) +
(34.5)
Use the substitution
y =2+ 5.
Then
dy = bddzx,
and

Tr =

(y —2).
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2+ 52)7° — 5(2+ 5%)2/5:| +C.
(34.6)

_7<

vi. [ \/%cw Use y = 22 + x + 5, for which dy = (2z + 1)dx

and so the integral becomes

/ —2\/_—|—C’—2\/932+:B+ +C.

.. 2
vil. fe 20 dr

viii. Use y = —2%/2, for which
dy = —xdx

and so

/e_wz/Qm dx = /ey(—dy) = — /ey dy = —e¥+C = —e /24,

ix. f \/log(2z+5) d

2x+5
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Use y = log(2x + 5), for which

dy = 2d
Yo omxs
and then
\/10g2x—|—5 1
dy == [ y'/*d
/ 27+ 5 /\/_ Y 2/ Y
and this equals 23/2y3/2+0and SO
\/10g2$+5 1 3/2
r = — (log(2 .
/ o 15 3(og(x+5)) +C

f — 1 _  _dr
T log(z) log(log x) .
Using y = log x converts the integral to

1
[
ylogy
and then w = logy converts this to f idw = logw + C, and
SO .
dx = loglogl C.
/xlog(x) log(log z) 7 =logloglog T +

Xi.
1
/sin(5:c) cos(2z) dxr = / 5 [sin(5x + 2x) + sin(bz — 2x)] dx
1 1 1
=3 [—? cos(Tx) — 3 cos 3:)5] +C
(34.7)
Xil.

/sin(5a:) sin(2z) dx = [cos(bx — 2zx) — cos(bx + 2z)] dx

L\Jlr—t\
N —

1 1
{g sin 3z — = sin 730] +C

(34.8)
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xiii. [ cos(5z)cos(2z) dx = § [$sin 7z + §sin3z] + C
xiv. [sin®zdx

3

sinx = sinxsinxsinx
1
=3 [cos 0 — cos(2x)] sin x
1 )
= —[1 — cos2z|sinz
2
1
= E[SiHJI—SiHCL‘COSQCL’]
1 1 34.9
= — |sinz — = [sin 3z + sin(—z)] (34.9)
2 2
) 1 [ 3 . ]
= —sinz — = [sin3z —sinzx
2 4
1. +1 . -
= —sinz + —sinx — - sin 3z
2 4 4
3s'na: sin 3x
= — 981 - —
4 4

Integration gives

3 1
/sin3xda: = —ZCOS$+ECOSB$+C.

xv. [cos®zdx
COS® & = COS T COS T COS

= —[cos 0 + cos(2z)] cos =

[N =

= —[1 + cos2z|cosz

N — DN

= — [cos z + cos z cos 21

1 1
=5 |cosz + 3 [cos 3z + cos(—x)]

(34.10)

. +1[ 37 + ]
= 2COSI‘ 4 COS o COS T

3
= Zcosa:—l—zcosZ%x
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Integration gives

3 1
/cos3xdx = Zsinx—l— Esin3x+0.

Xvi.
1
/sin2(5x) dx = /sin(Bx) sin(5x) dr = /5 [cos 0 — cos(bx + bz)| dx
and so

1 1 1
102 = — — = — — — sl
/sm (bx) dx = 5 / [1 — cos(10x)] dx 5 {m Thi 104 +C.

xvil. [V3 — 6z —22dx

Completing the square for 22 4+ 62 — 3 we have
2+ 6r—3=2"+2x3%x1x+3* -3 -3 = (v+3)7—12

and so the integral is

/\/12— (x4 3)2dx
Substitute
T+ 3=+12sin6

for which
dz = V12 cos 0 df
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and so

/\/12—(x+3)2dm:/\/12—125in29\/ﬁd0
:\/ﬁ/\/12(1—sin29) cos 0 df

= 12/00890089(19

1
= 12/(:0829d0 = 12/ 5 [cos 0 — cos(20)] do

6/[1—00529] do
1.
:6{9—551n20]+0

=6[0 —sinfcosb] + C

(34.11)
Now substitute back in
+3
sin = —— and cosfl = /12 — (z + 3)2
Nip ( )
to get
r+3 x+3
V12 — (2 +3)2dx =6 [sin~! — 12 — (z + 3)2|+C.
IREREE N R AL

dx



Bibliography

[1] Havil, Julian, Gamma: Exploring Euler’s Constant. Princeton Univer-
sity Press (2009).

[2] Maor, Eli, e: The Story of a Number, Princeton University Press (2009).

[3] Nahin, Paul J., When Least is Best: How Mathematicians Discovered
Many Clever Ways to Make Things as Small (or as Large) as Possible,
Princeton University Press (2004).

[4] Napier, John, Mirifici Logarithm (1614).

325



Index

arc length, 296 composite function, [138
composite functions,
absolute value composites
definition, of continuous functions,
larger of z and —u, concave function, 206
AM-GM inequality, [212 strictly concave, 206
angle continuity
as a pair of rays, at a point, [87]
Archimedes, continuous
at a point, [85]
boundary at exactly one point,
notation _85 ) at exactly two points,
boundary points, nowhere
, t, ambiguity, B7
Cartesian product, On & S6%, ambIguILy,
. continuous functions,
chain rule

composites of,

polynomials,
convergence

of Y 1/n?
convex combination, [210]
convex function, 205

strict convexity, [200]
cosecant function csc, [74]
cosine

geometric meaning, [70]
cotangent function cot,

initiating examples,
proof,
statement, [I39]
chainrule
dy/dx form, [145]
closed sets,
complements of open sets,
codomain
of a function,

complement,

completeness
) ¢ curve
existence of suprema, definition, 296
of R,
of R*, decreasing functions, (102
completing squares, [153 dense
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irrationals in R, extended real line R*,
rationals in R, exterior points, [36]

dense subset
Qin R, factorials,
Q° in R, functions,

derivative definition,
as slopg of tangent line, [116 eraph
at a P(.)mt’ L1 of a function,
def'imuon,‘ 116. - of a function f,
finiteness implies continuity, [131 of 1nit circle,

con d(@) -

notation ==, |118

dz reatest lower bound, [30

notation df (z)/dx, &
notation f’(p), harmonic series

of constant is 0, [L16 divergence, 261

sign of, Hausdorft property,

zero and constancy, [180) Havil, Julian, 325
derivatives

algebraic rules, [133 increasing functions, [102
differential df, indefinite integral,
differential form, indicator function,
differential forms infimum

working rules, [248 larger for larger set,
discontinuity notation inf S,

removable, of 0,
discriminant, integers, [I§]
distance integrability

on R, and continuity, [240

triangle inequality, integral
divergence of a differential,

of 3 1/n, of a differential form, [253
domain integrand,

of a function, integration
dummy variable, 252 by parts, [286

by substitution, [269

elements, interior
empty set notation S°,

as subset, interior point, 35

empty set (), intermediate value theorem,
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constructing rational powers, local maximum, 168

with intervals, [04] local minmum, [I68
intersections, [I7] log
interval, and exp, [193
inverse sin: sin~! or arcsin, m as inverse exp, [193]
inverse function, [99] graph,
derivative of, [204] notation In, [193
inverse trigonometric functions, logarithm
irrational numbers, definition using 1/z,
irrationals, lower bounds,
of ),
L’Hospital’s rule, [225
least upper bound, magnitude,
length Maor, Eli, [325
of a path, mappings
IHospital’s rule definition,
proof, maps
limit definition,

as U.nique value between suprema maxima and minima

and infima, existence, [I07], [IT]

notation, 49| with infinities, [TT0

of 1/r as x — O+, Mean Value Theorem,

of 1/x as x — 0—, for 'Hospital’s rule,

of 1/ as x — —o0, minimizing quadratics, [152

of 1/z as x — oo, monotone function, [103
limits

‘squeeze’ theorem, Nahin, Paul J., [325

‘squeezing’, [64] Napier, John, [325

and ratios, neigborhoods,

between suprema and infima, neighborhoods

by comparision, and distance,

definition with neighborhoods, of £o0,
of composites,

of sums, open sets, 3§

products, complements of closed sets,
the notion, finite intersections,

with neighborhoods, unions are open, [39]

linear combination, [220 ordered pairs,
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polygonal approximation sets, [13]

to paths, [294] equality,
powers intersections of,

rational, definition, [196 unions of,

real, definition, [196 sin
product rule geometric meaning, [70]

and integration, [286 squeeze theorem,

) . strictly decreasing functions, [102

quadratic equations strictly increasing functions,

solutions,
quasi-tangents
definition, (115
flat at interior maxima/minima,
1163
Rolle’s theorem,

uniqueness and tangents, [115

subsets,

properties, [I6]
sum of cubes 13 + - -+ + N3 [268
sum of squares 12 + - -- + N2, [267]
summation notation, [53]
supporting line, 216

and tangent line, [216

radian measure, supremum
Ramanujan formula, notation sup S, 3]
range of 0,

of a function, smaller for larger set,
rational numbers,

; tan

notation Q, . '
real line geometric meaning, [70]
real numbers, [18] tangent

and maxima/minima, [168]

notation R, ]
tangent line

Riemann integral

definition. P36 and supporting line, 216
Riemann sum’, 237] definition,
Rolle’s Theorem, [171 triangle 1‘nequahty
Rolle’s theorem for dlStaI%Ce’

with derivatives, _ for magr'ntudes,'

trigonometric functions

secan function sec , sin(1/z) and cos(1/z),
secant sin® + cos? = 1,

to a graph, addition formulas,
semi-chord bounds,

and sin, bounds for (sinz)/x,

set theory, continuity, [7§
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geometric meanings, [70]
periodicity 2,

the limit lim,_o 222 = 1,
values at 0,

values at /2,

values at a and —a, [74]
values at a and 2a,

uniform continuity, 240

unions, [I7]
upper bounds,
for 0,

velocity
of a path, [293

weights, [219
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