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Preface to the Mathematical Background

We want you to reason with mathematics. We are not trying to get everyone to give
formalized proofs in the sense of contemporary mathematics; ‘proof’ in this course means
‘convincing argument.” We expect you to use correct reasoning and to give careful expla-
nations. The projects bring out these issues in the way we find best for most students,
but the pure mathematical questions also interest some students. This book of mathemat-
ical “background” shows how to fill in the mathematical details of the main topics from
the course. These proofs are completely rigorous in the sense of modern mathematics —
technically bulletproof. We wrote this book of foundations in part to provide a convenient
reference for a student who might like to see the “theorem - proof” approach to calculus.

We also wrote it for the interested instructor. In re-thinking the presentation of beginning
calculus, we found that a simpler basis for the theory was both possible and desirable. The
pointwise approach most books give to the theory of derivatives spoils the subject. Clear
simple arguments like the proof of the Fundamental Theorem at the start of Chapter 5 below
are not possible in that approach. The result of the pointwise approach is that instructors
feel they have to either be dishonest with students or disclaim good intuitive approximations.
This is sad because it makes a clear subject seem obscure. It is also unnecessary — by and
large, the intuitive ideas work provided your notion of derivative is strong enough. This
book shows how to bridge the gap between intuition and technical rigor.

A function with a positive derivative ought to be increasing. After all, the slope is
positive and the graph is supposed to look like an increasing straight line. How could the
function NOT be increasing? Pointwise derivatives make this bizarre thing possible - a
positive “derivative” of a non-increasing function. Our conclusion is simple. That definition
is WRONG in the sense that it does NOT support the intended idea.

You might agree that the counterintuitive consequences of pointwise derivatives are un-
fortunate, but are concerned that the traditional approach is more “general.” Part of the
point of this book is to show students and instructors that nothing of interest is lost and a
great deal is gained in the straightforward nature of the proofs based on “uniform” deriva-
tives. It actually is not possible to give a formula that is pointwise differentiable and not
uniformly differentiable. The pieced together pointwise counterexamples seem contrived
and out-of-place in a course where students are learning valuable new rules. It is a theorem
that derivatives computed by rules are automatically continuous where defined. We want
the course development to emphasize good intuition and positive results. This background
shows that the approach is sound.

This book also shows how the pathologies arise in the traditional approach — we left
pointwise pathology out of the main text, but present it here for the curious and for com-
parison. Perhaps only math majors ever need to know about these sorts of examples, but
they are fun in a negative sort of way.

This book also has several theoretical topics that are hard to find in the literature. It
includes a complete self-contained treatment of Robinson’s modern theory of infinitesimals,
first discovered in 1961. Our simple treatment is due to H. Jerome Keisler from the 1970’s.
Keisler’s elementary calculus using infinitesimals is sadly out of print. It used pointwise
derivatives, but had many novel ideas, including the first modern use of a microscope to
describe the derivative. (The I"'Hospital/Bernoulli calculus text of 1696 said curves consist
of infinitesimal straight segments, but I do not know if that was associated with a magni-
fying transformation.) Infinitesimals give us a very simple way to understand the uniform
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derivatives, although this can also be clearly understood using function limits as in the text
by Lax, et al, from the 1970s. Modern graphical computing can also help us “see” graphs
converge as stressed in our main materials and in the interesting Uhl, Porta, Davis, Calculus
& Mathematica text.

Almost all the theorems in this book are well-known old results of a carefully studied
subject. The well-known ones are more important than the few novel aspects of the book.
However, some details like the converse of Taylor’s theorem — both continuous and discrete —
are not so easy to find in traditional calculus sources. The microscope theorem for differential
equations does not appear in the literature as far as we know, though it is similar to research
work of Francine and Marc Diener from the 1980s.

We conclude the book with convergence results for Fourier series. While there is nothing
novel in our approach, these results have been lost from contemporary calculus and deserve
to be part of it. Our development follows Courant’s calculus of the 1930s giving wonderful
results of Dirichlet’s era in the 1830s that clearly settle some of the convergence mysteries
of Euler from the 1730s. This theory and our development throughout is usually easy to
apply. “Clean” theory should be the servant of intuition — building on it and making it
stronger and clearer.

There is more that is novel about this “book.” It is free and it is not a “book” since it is
not printed. Thanks to small marginal cost, our publisher agreed to include this electronic
text on CD at no extra cost. We also plan to distribute it over the world wide web. We
hope our fresh look at the foundations of calculus will stimulate your interest. Decide for
yourself what’s the best way to understand this wonderful subject. Give your own proofs.
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Part 1

Numbers and Functions






CHAPTER
Numbers

This chapter gives the algebraic laws of the number systems used
in calculus.

Numbers represent various idealized measurements. Positive integers may count items,
fractions may represent a part of an item or a distance that is part of a fixed unit. Distance
measurements go beyond rational numbers as soon as we consider the hypotenuse of a right
triangle or the circumference of a circle. This extension is already in the realm of imagined
“perfect” measurements because it corresponds to a perfectly straight-sided triangle with
perfect right angle, or a perfectly round circle. Actual real measurements are always rational
and have some error or uncertainty.

The various “imaginary” aspects of numbers are very useful fictions. The rules of com-
putation with perfect numbers are much simpler than with the error-containing real mea-
surements. This simplicity makes fundamental ideas clearer.

Hyperreal numbers have ‘teeny tiny numbers’ that will simplify approximation estimates.
Direct computations with the ideal numbers produce symbolic approximations equivalent
to the function limits needed in differentiation theory (that the rules of Theorem 1.12 give
a direct way to compute.) Limit theory does not give the answer, but only a way to justify
it once you have found it.

1.1 Field Axioms

The laws of algebra follow from the field azioms. This means that algebra
is the same with Dedekind’s “real” numbers, the compler numbers, and
Robinson’s “hyperreal” numbers.




1. Numbers

Axiom 1.1. Field Azioms
A “field” of numbers is any set of objects together with two operations, addition
and multiplication where the operations satisfy:

e The commutative laws of addition and multiplication,

a1 +az =az +ay & ai-az = a2 - aq
e The associative laws of addition and multiplication,
a1 + (a2 + a3) = (a1 + a2) + as & ay - (ag - a3) = (a1 - a2) - as
e The distributive law of multiplication over addition,
ar - (a2 +az) =a1-a2+ a1 - as

e There is an additive identity, 0, with 0 + a = a for every number a.

e There is an multiplicative identity, 1, with 1-a = a for every number a # 0.
e Each number a has an additive inverse, —a, with a + (—a) = 0.

e Fach nonzero number a has a multiplicative inverse, %, with a - % =1.

A computation needed in calculus is

Example 1.1. The Cube of a Binomial

23+ 322 Az + 3zAx? + Ag®
=2 + 322 Az + (Az(3z + Az)) Ax

(z + Az)?

We analyze the term ¢ = (Az(3z + Az)) in differentiation.

The reader could laboriously demonstrate that only the field axioms are needed to perform

the computation. This means it holds for rational, real, complex, or hyperreal numbers.
Here is a start. Associativity is needed so that the cube is well defined, or does not depend
on the order we multiply. We use this in the next computation, then use the distributive
property, the commutativity and the distributive property again, and so on.

(x + Az)® = (z + Az)(z + Az)(z + Ax)

= ( )((z + Az)(z + Ax))

= (z+ Ax)((z + Az)x + (z + Az)Ax)
= (z + Az)((2* + 2Ax) + (zAz + Az?))
= (z + Az)(2? + zAz + zAz + Az?)

= (z + Az)(2® + 22Ax + Ax?)

= ( )z?

+ (x4 Az)2zAz + (z + Az)Az?)

The natural counting numbers 1,2, 3, ... have operations of addition and multiplication,
but do not satisfy all the properties needed to be a field. Addition and multiplication do
satisfy the commutative, associative, and distributive laws, but there is no additive inverse
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0 in the counting numbers. In ancient times, it was controversial to add this element that
could stand for counting nothing, but it is a useful fiction in many kinds of computations.

The negative integers —1, —2, —3, ... are another idealization added to the natural num-
bers that make additive inverses possible - they are just new numbers with the needed
property. Negative integers have perfectly concrete interpretations such as measurements
to the left, rather than the right, or amounts owed rather than earned.

The set of all integers; positive, negative, and zero, still do not form a field because there
are no multiplicative inverses. Fractions, +1/2, £1/3, ... are the needed additional inverses.
When they are combined with the integers through addition, we have the set of all rational
numbers of the form +p/q for natural numbers p and ¢ # 0. The rational numbers are a
field, that is, they satisfy all the axioms above. In ancient times, rationals were sometimes
considered only “operators” on “actual” numbers like 1,2,3, .. ..

The point of the previous paragraphs is simply that we often extend one kind of number
system in order to have a new system with useful properties. The complex numbers extend
the field axioms above beyond the “real” numbers by adding a number i that solves the
equation 22 = —1. (See the CD Chapter 29 of the main text.) Hundreds of years ago this
number was controversial and is still called “imaginary.” In fact, all numbers are useful
constructs of our imagination and some aspects of Dedekind’s “real” numbers are much
more abstract than i2 = —1. (For example, since the reals are “uncountable,” “most” real
numbers have no description what-so-ever.)

The rationals are not “complete” in the sense that the linear measurement of the side
of an equilateral right triangle (1/2) cannot be expressed as p/q for p and ¢ integers. In
Section 1.3 we “complete” the rationals to form Dedekind’s “real” numbers. These numbers
correspond to perfect measurements along an ideal line with no gaps.

The complex numbers cannot be ordered with a notion of “smaller than” that is compat-
ible with the field operations. Adding an “ideal” number to serve as the square root of —1 is
not compatible with the square of every number being positive. When we make extensions
beyond the real number system we need to make choices of the kind of extension depending
on the properties we want to preserve.

Hyperreal numbers allow us to compute estimates or limits directly, rather than making
inverse proofs with inequalities. Like the complex extension, hyperreal extension of the reals
loses a property; in this case completeness. Hyperreal numbers are explained beginning in
Section 1.4 below and then are used extensively in this background book to show how many
intuitive estimates lead to simple direct proofs of important ideas in calculus.

The hyperreal numbers (discovered by Abraham Robinson in 1961) are still controver-
sial because they contain infinitesimals. However, they are just another extended modern
number system with a desirable new property. Hyperreal numbers can help you understand
limits of real numbers and many aspects of calculus. Results of calculus could be proved
without infinitesimals, just as they could be proved without real numbers by using only
rationals. Many professors still prefer the former, but few prefer the latter. We believe that
is only because Dedekind’s “real” numbers are more familiar than Robinson’s, but we will
make it clear how both approaches work as a theoretical background for calculus.

There is no controversy concerning the logical soundness of hyperreal numbers. The use
of infinitesimals in the early development of calculus beginning with Leibniz, continuing with
Euler, and persisting to the time of Gauss was problematic. The founders knew that their
use of infinitesimals was logically incomplete and could lead to incorrect results. Hyperreal
numbers are a correct treatment of infinitesimals that took nearly 300 years to discover.
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With hindsight, they also have a simple description. The Function Extension Axiom 2.1
explained in detail in Chapter 2 was the missing key.

( Exercise set 1.1 )

1. Show that the identity numbers 0 and 1 are unique. (HINT: Suppose 0' + a = a. Add
—a to both sides.)

2. Show that 0-a = 0. (HINT: Expand (O + 3) -a with the distributive law and show that
0-a+b=>5b. Then use the previous exercise.)

3. The inverses —a and % are unique. (HINT: Suppose not, 0 =a—a=a+b. Add —a
to both sides and use the associative property.)

4. Show that —1-a = —a. (HINT: Use the distributive property on 0 = (1—1)-a and use
the uniqueness of the inverse.)

5. Show that (—1) - (—1) = 1.

6. Other familiar properties of algebra follow from the axioms, for example, if az # 0 and
aq # 0, then

aptaz a1 a2 ay-az a1 a4z

=—+ ; =—" &  azras #0
as as as ag - a4 asz aq4

1.2 Order Axioms

Estimation is based on the inequality < of the real numbers.

One important representation of rational and real numbers is as measurements of distance
along a line. The additive identity 0 is located as a starting point and the multiplicative
identity 1 is marked off (usually to the right on a horizontal line). Distances to the right
correspond to positive numbers and distances to the left to negative ones. The inequality
< indicates which numbers are to the left of others. The abstract properties are as follows.

Axiom 1.2. Ordered Field Azioms
A a number system is an ordered field if it satisfies the field Axioms 1.1 and has a
relation < that satisfies:
e FEvery pair of numbers a and b satisfies exactly one of the relations
a=b,a<b, orb<a
o Ifa<bandb<c, thena < c.
e Ifa<b, thena+c<b+ec.
e I[f0<aand 0 <b, then 0 <a-b.

These axioms have simple interpretations on the number line. The first order axiom says
that every two numbers can be compared; either two numbers are equal or one is to the left
of the other.
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The second axiom, called transitivity, says that if a is left of b and b is left of ¢, then a is
left of c.

The third axiom says that if a is left of b and we move both by a distance ¢, then the
results are still in the same left-right order.

The fourth axiom is the most difficult abstractly. All the compatibility with multiplication
is built from it.

The rational numbers satisfy all these axioms, as do the real and hyperreal numbers. The
complex numbers cannot be ordered in a manner compatible with the operations of addition
and multiplication.

Definition 1.3. Absolute Value
If a is a nonzero number in an ordered field, |a| is the larger of a and —a, that is,
la| = a if —a < a and |a| = —a if a < —a. We let |0| = 0.

( Exercise set 1.2 )

1. If 0 < a, show that —a < 0 by using the additive property.

2. Show that 0 < 1. (HINT: Recall the exercise that (—1) - (—1) = 1 and argue by contra-
diction, supposing 0 < —1.)

3. Show that a-a > 0 for every a # 0.

4. Show that there is no order < on the complex numbers that satisfies the ordered field
azrioms.

5. Prove that if a < b and ¢ > 0, then c-a < c-b.
Prove that if 0 <a <band0<c<d, thenc-a <d-b.

1.3 The Completeness Axiom

Dedekind’s “real” numbers represent points on an ideal line with no gaps.

The number /2 is not rational. Suppose to the contrary that v/2 = ¢/r for integers ¢
and 7 with no common factors. Then 2r? = ¢2. The prime factorization of both sides must
be the same, but the factorization of the squares have an even number distinct primes on
each side and the 2 factor is left over. This is a contradiction, so there is no rational number
whose square is 2.

A length corresponding to v/2 can be approximated by (rational) decimals in various
ways, for example, 1 < 1.4 < 141 < 1414 < 1.4142 < 1.41421 < 1.414213 < .... There
is no rational for this sequence to converge to, even though it is “trying” to converge. For
example, all the terms of the sequence are below 1.41422 < 1.4143 < 1.415 < 142 < 1.5 < 2.
Even without remembering a fancy algorithm for finding square root decimals, you can test
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the successive decimal approximations by squaring, for example, 1.41421% = 1.9999899241
and 1.414222 = 2.0000182084.

It is perfectly natural to add a new number to the rationals to stand for the limit of
the better and better approximations to v/2. Similarly, we could devise approximations
to 7 and make m the number that stands for the limit of such successive approximations.
We would like a method to include “all such possible limits” without having to specify the
particular approximations. Dedekind’s approach is to let the real numbers be the collection
of all “cuts” on the rational line.

Definition 1.4. A Dedekind Cut
A “cut” in an ordered field is a pair of nonempty sets A and B so that:
o FEvery number is either in A or B.
e Fvery a in A is less than every b in B.

We may think of v/2 defining a cut of the rational numbers where A consists of all rational
numbers a with a < 0 or a® < 2 and B consists of all rational numbers b with b2 > 2. There
is a “gap” in the rationals where we would like to have /2. Dedekind’s “real numbers” fill
all such gaps. In this case, a cut of real numbers would have to have v/2 either in A or in
B.

Axiom 1.5. Dedekind Completeness
The real numbers are an ordered field such that if A and B form a cut in those
numbers, there is a number r such that r is in either A or in B and all other the
numbers in A satisfy a < r and in B satisfy r < b.

In other words, every cut on the “real” line is made at some specific number r, so there
are no gaps. This seems perfectly reasonable in cases like v/2 and 7 where we know specific
ways to describe the associated cuts. The only drawback to Dedekind’s number system
is that “every cut” is not a very concrete notion, but rather relies on an abstract notion
of “every set.” This leads to some paradoxical facts about cuts that do not have specific
descriptions, but these need not concern us. Every specific cut has a real number in the
middle.

Completeness of the reals means that “approximation procedures” that are “improving”
converge to a number. We need to be more specific later, but for example, bounded in-
creasing or decreasing sequences converge and “Cauchy” sequences converge. We will not
describe these details here, but take them up as part of our study of limits below.

Completeness has another important consequence, the Archimedean Property Theo-
rem 1.8. We take that up in the next section. The Archimedean Property says precisely that
the real numbers contain no positive infinitesimals. Hyperreal numbers extend the reals by
including infinitesimals. (As a consequence the hyperreals are not Dedekind complete.)
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1.4 Small, Medium and Large Num-
bers

Hyperreal numbers give us a way to simplify estimation by adding infinites-
imal numbers to the real numbers.

We want to have three different intuitive sizes of numbers, very small, medium size, and
very large. Most important, we want to be able to compute with these numbers using the
same rules of algebra as in high school and separate the ‘small’ parts of our computation.
Hyperreal numbers give us these computational estimates. Hyperreal numbers satisfy three
axioms which we take up separately below, Axiom 1.7, Axiom 1.9, and Axiom 2.1.

As a first intuitive approximation, we could think of these scales of numbers in terms of
the computer screen. In this case, ‘medium’ numbers might be numbers in the range -999 to
+ 999 that name a screen pixel. Numbers closer than one unit could not be distinguished by
different screen pixels, so these would be ‘tiny’ numbers. Moreover, two medium numbers
a and b would be indistinguishably close, a ~ b, if their difference was a ‘tiny’ number less
than a pixel. Numbers larger in magnitude than 999 are too big for the screen and could
be considered ‘huge.’

The screen distinction sizes of computer numbers is a good analogy, but there are diffi-
culties with the algebra of screen - size numbers. We want to have ordinary rules of algebra
and the following properties of approximate equality. For now, all you should think of is
that ~ means ‘approximately equals.’

(a) If p and ¢ are medium, so are p+ g and p - q.

(b) If € and ¢ are tiny, so is € 4 ¢, that is, € = 0 and 0 ~ 0 implies € + § =~ 0.
(c¢) If § = 0 and ¢ is medium, then ¢ -6 ~ 0.

(d) 1/0 is still undefined and 1/ is huge only when x ~ 0.

You can see that the computer number idea does not quite work, because the approximation
rules don’t always apply. If p = 15.37 and ¢ = —32.4, then p-¢ = —497.998 ~ —498, ‘medium
times medium is medium,” however, if p = 888 and ¢ = 777, then p - ¢ is no longer screen
size...

The hyperreal numbers extend the ‘real’ number system to include ‘ideal’ numbers that
obey these simple approximation rules as well as the ordinary rules of algebra and trigonom-
etry. Very small numbers technically are called infinitesimals and what we shall assume that
is different from high school is that there are positive infinitesimals.

Definition 1.6. Infinitesimal Number
A number § in an ordered field is called infinitesimal if it satisfies

1>1>1> >1> > |9]
2" 3 4 m
for any ordinary natural counting number m = 1,2,3,---. We write a = b and say

a 1s infinitely close to b if the number b — a =~ 0 is infinitesimal.

This definition is intended to include 0 as “infinitesimal.”
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Axiom 1.7. The Infinitesimal Aziom
The hyperreal numbers contain the real numbers, but also contain nonzero infinites-
imal numbers, that is, numbers § =~ 0, positive, § > 0, but smaller than all the real
positive numbers.

This stands in contrast to the following result.

Theorem 1.8. The Archimedean Property
The hyperreal numbers are not Dedekind complete and there are mo positive in-
finitesimal numbers in the ordinary reals, that is, if r > 0 is a positive real number,
then there is a natural counting number m such that 0 < % <.

PrROOF:

We define a cut above all the positive infinitesimals. The set A consists of all numbers a
satisfying a < 1/m for every natural counting number m. The set B consists of all numbers
b such that there is a natural number m with 1/m < b. The pair A, B defines a Dedekind
cut in the rationals, reals, and hyperreal numbers. If there is a positive § in A, then there
cannot be a number at the gap. In other words, there is no largest positive infinitesimal or
smallest positive non-infinitesimal. This is clear because d < J+3§ and 20 is still infinitesimal,
while if ¢ is in B, €/2 < ¢ must also be in B.

Since the real numbers must have a number at the “gap,” there cannot be any positive
infinitesimal reals. Zero is at the gap in the reals and every positive real number is in B.
This is what the theorem asserts, so it is proved. Notice that we have also proved that the
hyperreals are not Dedekind complete, because the cut in the hyperreals must have a gap.

Two ordinary real numbers, a and b, satisfy a ~ b only if a = b, since the ordinary real
numbers do not contain infinitesimals. Zero is the only real number that is infinitesimal.

If you prefer not to say ‘infinitesimal,” just say ‘0 is a tiny positive number’ and think
of =~ as ‘close enough for the computations at hand.” The computation rules above are still
important intuitively and can be phrased in terms of limits of functions if you wish. The
intuitive rules help you find the limit.

The next axiom about the new “hyperreal” numbers says that you can continue to do
the algebraic computations you learned in high school.

Axiom 1.9. The Algebra Aziom (Including < rules.)
The hyperreal numbers are an ordered field, that is, they obey the same rules of
ordered algebra as the real numbers, Aziom 1.1 and Aziom 1.2.

The algebra of infinitesimals that you need can be learned by working the examples and
exercises in this chapter.

Functional equations like the addition formulas for sine and cosine or the laws of logs
and exponentials are very important. (The specific high school identities are reviewed in
the main text CD Chapter 28 on High School Review.) The Function Extension Axiom 2.1
shows how to extend the non-algebraic parts of high school math to hyperreal numbers.
This axiom is the key to Robinson’s rigorous theory of infinitesimals and it took 300 years
to discover. You will see by working with it that it is a perfectly natural idea, as hindsight
often reveals. We postpone that to practice with the algebra of infinitesimals.

Example 1.2. The Algebra of Small Quantities
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Let’s re-calculate the increment of the basic cubic using the new numbers. Since the rules
of algebra are the same, the same basic steps still work (see Example 1.1), except now we
may take x any number and dx an infinitesimal.

Small Increment of f[z] = 2*

flz +6x] = (x + 62)® = 23 + 30202 + 3262? + 62°

fla+62] = |
fla+62] = f|

z] + 322 6z + (6z[3z + 6x]) oz
z] + f'[z] 6z + ¢ Sz

with f/[z] = 322 and ¢ = (6x[3x + §z]). The intuitive rules above show that ¢ ~ 0 whenever
x is finite. (See Theorem 1.12 and Example 1.8 following it for the precise rules.)

Example 1.3. Finite Non-Real Numbers

The hyperreal numbers obey the same rules of algebra as the familiar numbers from high
school. We know that r+A > r, whenever A > 0 is an ordinary positive high school number.
(See the addition property of Axiom 1.2.) Since hyperreals satisfy the same rules of algebra,
we also have new finite numbers given by a high school number r plus an infinitesimal,

a=r+9d>r

The number a = r + § is different from r, even though it is infinitely close to r. Since ¢ is
small, the difference between a and r is small

0<a—r=6=0 or a~r but a#r

Here is a technical definition of “finite” or “limited” hyperreal number.

Definition 1.10. Limited and Unlimited Hyperreal Numbers
A hyperreal number x is said to be finite (or limited) if there is an ordinary natural
number m =1,2,3,--- so that
lz| < m.

If a number is not finite, we say it is infinitely large (or unlimited).

Ordinary real numbers are part of the hyperreal numbers and they are finite because
they are smaller than the next integer after them. Moreover, every finite hyperreal number
is near an ordinary real number (see Theorem 1.11 below), so the previous example is the
most general kind of finite hyperreal number there is. The important thing is to learn to
compute with approximate equalities.

Example 1.4. A Magnified View of the Hyperreal Line

Of course, infinitesimals are finite, since § & 0 implies that |§| < 1. The finite numbers are
not just the ordinary real numbers and the infinitesimals clustered near zero. The rules of
algebra say that if we add or subtract a nonzero number from another, the result is a different
number. For example, 1—6 < m < w49, when 0 < § &~ 0. These are distinct finite hyperreal
numbers but each of these numbers differ by only an infinitesimal, 7 ~ 74+ 6 ~ 7 —J. If
we plotted the hyperreal number line at unit scale, we could only put one dot for all three.
However, if we focus a microscope of power 1/ at m we see three points separated by unit
distances.



12 1. Numbers

| | | | |
| | | | | X1/

Pi-d Pi Pi+d

Figure 1.1: Magnification at Pi

The basic fact is that finite numbers only differ from reals by an infinitesimal. (This is
equivalent to Dedekind’s Completeness Axiom.)

Theorem 1.11.  Standard Parts of Finite Numbers
FEvery finite hyperreal number x differs from some ordinary real number r by an
infinitesimal amount, x —r =~ 0 or x = r. The ordinary real number infinitely near
x s called the standard part of x, r = st(x).

PRrROOF:

Suppose z is a finite hyperreal. Define a cut in the real numbers by letting A be the
set of all real numbers satisfying a < z and letting B be the set of all real numbers b with
x < b. Both A and B are nonempty because z is finite. Every a in A is below every b
in B by transitivity of the order on the hyperreals. The completeness of the real numbers
means that there is a real r at the gap between A and B. We must have x ~ r, because if
x —r > 1/m, say, then r +1/(2m) < x and by the gap property would need to be in B.

A picture of the hyperreal number line looks like the ordinary real line at unit scale.
We can’t draw far enough to get to the infinitely large part and this theorem says each
finite number is indistinguishably close to a real number. If we magnify or compress by new
number amounts we can see new structure.

You still cannot divide by zero (that violates rules of algebra), but if § is a positive
infinitesimal, we can compute the following:

1
-5, &2, 5 What can we say about these quantities?

The idealization of infinitesimals lets us have our cake and eat it too. Since § # 0, we
can divide by 0. However, since ¢ is tiny, 1/J must be HUGE.

Example 1.5. Negative infinitesimals

In ordinary algebra, if A > 0, then —A < 0, so we can apply this rule to the infinitesimal
number § and conclude that —d < 0, since § > 0.

Example 1.6. Orders of infinitesimals

In ordinary algebra, if 0 < A < 1, then 0 < A? < A, s0 0 < 6% < 4.

We want you to formulate this more exactly in the next exercise. Just assume ¢ is
very small, but positive. Formulate what you want to draw algebraically. Try some small
ordinary numbers as examples, like § = 0.01. Plot § at unit scale and place 62 accurately
on the figure.

Example 1.7. Infinitely large numbers
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For real numbers if 0 < A < 1/n then n < 1/A. Since ¢ is infinitesimal, 0 < § < 1/n
for every natural number n = 1,2, 3,... Using ordinary rules of algebra, but substituting
the infinitesimal §, we see that H = 1/6 > n is larger than any natural number n (or is
“infinitely large”), that is, 1 <2 <3 < ... <n < H, for every natural number n. We can
“see” infinitely large numbers by turning the microscope around and looking in the other
end.

The new algebraic rules are the ones that tell us when quantities are infinitely close,
a = b. Such rules, of course, do not follow from rules about ordinary high school numbers,
but the rules are intuitive and simple. More important, they let us ‘calculate limits’ directly.

Theorem 1.12.  Computation Rules for Finite and Infinitesimal Numbers
(a) Ifp and q are finite, so are p+ q and p - q.
(b) Ife and 0 are infinitesimal, so is e+ 9.
(¢) Ifd =0 and q is finite, then q- 6 ~ 0. (finite x infsml = infsml)
(d) 1/0 is still undefined and 1/x is infinitely large only when z ~ 0.

To understand these rules, just think of p and ¢ as “fixed,” if large, and § as being as
small as you please (but not zero). It is not hard to give formal proofs from the definitions
above, but this intuitive understanding is more important. The last rule can be “seen” on
the graph of y = 1/x. Look at the graph and move down near the values x ~ 0.

y

Figure 1.2: y = 1/x

Proor:
We prove rule (c) and leave the others to the exercises. If ¢ is finite, there is a natural
number m so that |g| < m. We want to show that |q-d| < 1/n for any natural number n.

Since 4 is infinitesimal, we have |§| < 1/(n-m). By Exercise 1.2.5, |g| - |§] <m - -1 = L.

Example 1.8. y =2 = dy = 322 dx, for finite x

The error term in the increment of f[z] = 2, computed above is
e = (0z[3x + 0x))

If = is assumed finite, then 3z is also finite by the first rule above. Since 3z and dx are finite,
so is the sum 3z + dx by that rule. The third rule, that says an infinitesimal times a finite
number is infinitesimal, now gives dxx finite = dz[3x + dz|] = infinitesimal, £ ~ 0. This
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justifies the local linearity of 2 at finite values of x, that is, we have used the approximation
rules to show that

flx + 6x] = flz] + f'[x] 6x + ¢ Sz
with ¢ ~ 0 whenever §x ~ 0 and z is finite, where f[z] = 2® and f'[z] = 322

( Exercise set 1.4 )

1. Draw the view of the ideal number line when viewed under an infinitesimal microscope
of power 1/5. Which number appears unit size? How big does % appear at this scale?
Where do the numbers § and §° appear on a plot of magnification 1/5%?

2. Backwards microscopes or compression
Draw the view of the new number line when viewed under an infinitesimal microscope
with its magnification reversed to power 6 (not 1/8§). What size does the infinitely large
number H (HUGE) appear to be? What size does the finite (ordinary) number m = 10°
appear to be? Can you draw the number H? on the plot?

3. y=aP=>dy=paPldr,p=1,2,3,...
For each flz] = aP below:

(a) Compute flx + dz] — flx] and simplify, writing the increment equation:

flz + 6x] — flz] = f'[z] - 6z + ¢ - ox
= [term in x but not dx]dx + [observed microscopic error]dx

x
(b) Show that € ~ 0 if dx ~ 0 and x is finite. Does x need to be finite, or can it be
any hyperreal number and still have € ~ 07

Notice that we can solve the increment equation for e =

(1) If flz] = 2*, then f'[z] = 12° =1 and e = 0.
(2) If flz] = 22, then f'[x] = 2z and € = dz.
(3) If flx] = a:3 then f'[x] = 32 and € = (3z + 6x)dz.
(4) If flo] = 2, then f'lx] = 423 and € = (622 + 4xdz + 622)dz.
(5) If flz] = 2°, then f'[x] = 52* and e = (1023 + 10220z + 5x02% + d23)dx.
4. Exceptional Numbers and the Derivative of y = i
(a) Let f[x] = 1/x and show that
flo+ox] — flz] -1
ox - z(z + dx)
(b) Compute
-1 1 1

z(z + 0x) tE s 0w - 22(x + 0x)
(¢) Show that this gives
flz + dz] — flz] = f'[z] - 6z + € - b=

when f'[x] = —1/22.
(d) Show that € ~ 0 provided x is NOT infinitesimal (and in particular is not zero.)
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5. Exceptional Numbers and the Derivative of y = \/z
(a) Let flx] = +/z and compute

(b)

()

(d)

f[ﬂﬁ‘irfm]—f[ﬂ?]z\/ﬁ++\/E
Compute
1 1 -1
T Vards+i 2VE 2/a(Vatow+a

Show that this gives

€ )2-533

flx+0x] — flz] = f'[z] - bz + ¢ - dx

when f'lz] = 5=

1
7

Show that € = 0 provided x is positive and NOT infinitesimal (and in particular
is not zero.)

6. Prove the remaining parts of Theorem 1.12.
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CHAPTER
Functional ldentities

In high school you learned that trig functions satisfy certain iden-
tities or that logarithms have certain “properties.” This chapter
extends the idea of functional identities from specific cases to a
defining property of an unknown function.

The use of “unknown functions” is of fundamental importance in calculus, and other
branches of mathematics and science. For example, differential equations can be viewed as
identities for unknown functions.

One reason that students sometimes have difficulty understanding the meaning of deriva-
tives or even the general rules for finding derivatives is that those things involve equations in
unknown functions. The symbolic rules for differentiation and the increment approximation
defining derivatives involve unknown functions. It is important for you to get used to this
“higher type variable,” an unknown function. This chapter can form a bridge between the
specific identities of high school and the unknown function variables from rules of calculus
and differential equations.

2.1 Specific Functional Identities

All the the identities you need to recall from high school are:

(Cos[z])? 4 (Sin[z])*> =1 CircleIlden
Cos|z + y] = Cos|z] Cos[y] — Sin[z] Sin[y] CosSum
Sin[z + y] = Sin[z] Cos[y] + Sin[y] Cos[z] SinSum

b=ty = p% pY ExpSum
b*)Y =0v"Y RepeatedExp
Log|x - y] = Log[z] + Log|y] LogProd
Log[2?] = p Log|x] LogPower

but you must be able to use these identities. Some practice exercises using these familiar
identities are given in main text CD Chapter 28.

17
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2.2 General Functional lIdentities

A general functional identity is an equation which is satisfied by an unknown
function (or a number of functions) over its domain.

The function
flz] =27

satisfies f[x + y] = 2@+¥) = 222¥ — f[z|f[y], so eliminating the two middle terms, we see
that the function f[z] = 2% satisfies the functional identity

(ExpSum) flz+yl = fl=] fly]

It is important to pay attention to the variable or variables in a functional identity. In order
for an equation involving a function to be a functional identity, the equation must be valid for
all values of the variables in question. Equation (ExpSum) above is satisfied by the function
flz] = 2% for all z and y. For the function f[z] = x, it is true that f[2 + 2] = f[2]f[2], but
fI3+ 1] # fI3]f[1], so = = does not satisfy functional identity (ExpSum).

Functional identities are a sort of ‘higher laws of algebra.” Observe the notational simi-
larity between the distributive law for multiplication over addition,

m-(x+y)=m-z+m-y
and the additive functional identity
(Additive) flz+yl = fla] + f[y]

Most functions f[z] do not satisfy the additive identity. For example,

1 1 1
x+y7éx+y and VI+y#Vr+Vy
The fact that these are not identities means that for some choices of z and y in the domains
of the respective functions f[z] = 1/x and f[z] = /z, the two sides are not equal. You
will show below that the only differentiable functions that do satisfy the additive functional
identity are the functions f[z] = m - x. In other words, the additive functional identity is
nearly equivalent to the distributive law; the only unknown (differentiable) function that
satisfies it is multiplication. Other functional identities such as the 7 given at the start of
this chapter capture the most important features of the functions that satisfy the respective
identities. For example, the pair of functions f[z] = 1/z and g[z] = /= do not satisfy the
addition formula for the sine function, either.

Example 2.1. The Microscope Equation

The “microscope equation” defining the differentiability of a function f[z] (see Chapter
5 of the text),

(Micro) flz+0x] = flz] + f'[z] - 6z + ¢ - dx
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with e = 0 if dx ~ 0, is similar to a functional identity in that it involves an unknown
function f[z] and its related unknown derivative function f’[z]. It “relates” the function
f[z] to its derivative % = f'[z].

You should think of (Micro) as the definition of the derivative of f[x] at a given z, but
also keep in mind that (Micro) is the definition of the derivative of any function. If we let
f[z] vary over a number of different functions, we get different derivatives. The equation
(Micro) can be viewed as an equation in which the function, f[z], is the variable input, and
the output is the derivative g—J;.

To make this idea clearer, we rewrite (Micro) by solving for %: )

o fleron -l
dr ox

or

& _ Sl 8n— fla]

dx T Az—0 Az

If we plug in the “input” function f[z] = x? into this equation, the output is % = 2x. If we

plug in the “input” function f[z] = Log[z], the output is % = % The microscope equation

involves unknown functions, but strictly speaking, it is not a functional identity, because
of the error term € (or the limit which can be used to formalize the error). It is only an

approximate identity.

Example 2.2. Rules of Differentiation

The various “differentiation rules,” the Superposition Rule, the Product Rule and the
Chain Rule (from Chapter 6 of the text) are functional identities relating functions and
their derivatives. For example, the Product Rule states:

d(flzlgl=]) _ df dg

2y = I+ flal o

We can think of f[z] and g[z| as “variables” which vary by simply choosing different actual

functions for f[z] and g[z]. Then the Product Rule yields an identity between the choices

of flx] and g[z], and their derivatives. For example, choosing f[z] = 2% and g[z] = Log[z]
and plugging into the Product Rule yields

d(? Loglx])

1
T = 2z Log[z] + 332;

Choosing f[x] = 2% and g[x] = Exp[z] and plugging into the Product Rule yields

d(z>E
d(a” Explr]) = 32° Exp[r] + z° Exp[z]
dx
If we choose f[x] = z°, but do not make a specific choice for g[z], plugging into the
Product Rule will yield
d(@’glz]) _ . 4 5 dg
e S5z glx] + x e

The goal of this chapter is to extend your thinking to identities in unknown functions.
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( Exercise set 2.2 )

1. (a) Verify that for any positive number, b, the function f|x] = b® satisfies the func-
tional identity (ExpSum) above for all x and y.
(b) Is (EzpSum) valid (for all x and y) for the function flx] = 22 or flx] = x3¢
Justify your answer.

2. Define flx] = Log[x] where x is any positive number. Why does this f[x] satisfy the
functional identities

(LogProd) flz -yl = flz] + fly]
and
(LogPower) flz") = kfla]

where x, y, and k are variables. What restrictions should be placed on x and y for the
above equations to be valid? What is the domain of the logarithm?

3. Find values of x and y so that the left and right sides of each of the additive formulas
for 1/x and \/x above are not equal.

4. Show that 1/x and \/T also do not satisfy the identity (SinSum), that is,
1 1 1
= VY + Vi ;

Tty
is false for some choices of x and y in the domains of these functions.

5. (a) Suppose that f[x] is an unknown function which is known to satisfy (LogProd)
(so f[x] behaves “like” Log[x], but we don’t know if f|x] is Log[z]), and suppose
that f[0] is a well-defined number (even though we don’t specify exactly what f[0]
is). Show that this function flx] must be the zero function, that is show that
flz] =0 for every x. (Hint: Use the fact that 0% x =0).
(b) Suppose that f[x] is an unknown function which is known to satisfy (LogPower)
for all z > 0 and all k. Show that f[1] must equal 0, f[1] = 0. (Hint: Fix x =1,
and try different values of k).

6. (a) Let m and b be fized numbers and define
flz]=maz+b
Verify that if b = 0, the above function satisfies the functional identity
(Mult) flz) =@ f11

for all x and that if b # 0, flx] will not satisfy (Mult) for all x (that is, given a
nonzero b, there will be at least one x for which (Mult) is not true).

(b) Prove that any function satisfying (Mult) also automatically satisfies the two
functional identities

(Additive) flz+yl = fla]+ fly]
and
(Multiplicative) flryl =2 fly]

for all x and y.
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(¢c) Suppose f[x] is a function which satisfies (Mult) (and for now that is the only
thing you know about f[x]). Prove that flx] must be of the form flx] = m - x,
for some fized number m (this is almost obvious).

(d) Prove that a general power function, f[x] = ma* where k is a positve integer and
m is a fized number, will not satisfy (Mult) for all x if k # 1, (that is, if k # 1,
there will be at least one x for which (Mult) is not true).

(e) Prove that f[x] = Sin[x] does not satisfy the additive identity.

(f) Prove that f[x] = 2% does not satisfy the additive identity.

7. (a) Let flz] and g[z] be unknown functions which are known to satisfy f[1] = 2,
%(1) =3, g(1) = -3, g—g(l) = 4. Let h(z) = flz]g[z]. Compute 2(1).
(b) Differentiate the general Product Rule identity to get a formula for

d*(fg)

dx?

Use your rule to compute d;gj) (1) ¢ %(1) =5 and d;ﬁ-;’) (1) = —2, using other

values from part 1 of this exercise.

2.3 The Function Extension Axiom

This section shows that all real functions have hyperreal extensions that are
“natural” from the point of view of properties of the original function.

Roughly speaking, the Function Extension Axiom for hyperreal numbers says that the
natural extension of any real function obeys the same functional identities and inequalities
as the original function. In Example 2.7, we use the identity,

[l + 6z] = fla] - floa]

with z hyperreal and dx ~ 0 infinitesimal where f[x] is a real function satisfying f[z + y] =
flz] - fly]. The reason this statement of the Function Extension Axiom is ‘rough’ is because
we need to know precisely which values of the variables are permitted. Logically, we can
express the axiom in a way that covers all cases at one time, but this is a little complicated
so we will precede that statement with some important examples.

The Function Extension Axiom is stated so that we can apply it to the Log identity in
the form of the implication

(x >0 & y > 0) = Log[z] and Log[y] are defined and Log[xz - y] = Log[x] + Log[y]

The natural extension of Log[-] is defined for all positive hyperreals and its identities hold for
hyperreal numbers satisfying x > 0 and y > 0. The other identities hold for all hyperreal x
and y. To make all such statements implications, we can state the exponential sum equation
as

(r=z2 & y=y) = "TV=¢" ¢
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The differential
d(Sin[6]) = Cosld] df

is a notational summary of the valid approximation
Sin[f + d6] — Sin[#] = Cos[0]60 + € - 60

where € ~ 0 when 60 ~ 0. The derivation of this approximation based on magnifying a
circle (given in a CD Section of Chapter 5 of the text) can be made precise by using the
Function Extension Axiom in the place where it locates (Cos[f 4 6], Sin[f + 66]) on the unit
circle. This is simply using the extension of the (Circlelden) identity to hyperreal numbers,
(Cos[f + 66])? + (Sin[f + 66])% = 1.
LocicAL REAL EXPRESSIONS, FORMULAS AND STATEMENTS

Logical real expressions are built up from numbers and variables using functions. Here
is the precise definition.

(a) A real number is a real expression.

(b) A variable standing alone is a real expression.

(¢c) If By, Es,---, E, are a real expressions and f[z1, 22, ,Z,] is a real function of n
variables, then f[Eq, Eo,--- , Ey,] is a real expression.

A logical real formula is one of the following;:

(a) An equation between real expressions, F1 = Es.

(b) An inequality between real expressions, Fy < Ea, F1 < Eo, E1 > Es, E1 > Es, or
B\ # B

(c) A statement of the form “E is defined” or of the form “F is undefined.”

Let S and T be finite sets of real formulas. A logical real statement is an implication of the
form,

S=T

or “whenever every formula in S is true, then every formula in T is true.”

Logical real statements allow us to formalize statements like: “Every point in the square
below lies in the circle below.” Formalizing the statement does not make it true or false.
Consider the figure below.

Figure 2.1: Square and Circle
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The inside of the square shown can be described formally as the set of points satisfying the
equationsin theset S = {0 < 2z,0 <y, z < 1.2,y <1.2 }. The inside of the circle shown can
be defined as the set of points satisfying the single equation T = { (z—1)?+(y—1)? < 1.6% }.
This is the circle of radius 1.6 centered at the point (1,1). The logical real statement S = T
means that every point inside the square lies inside the circle. The statement is true for
every real x and y. First of all, it is clear by visual inspection. Second, points (x,y) that
make one or more of the formulas in S false produce a false premise, so no matter whether
or not they lie in the circle, the implication is logically true (if uninteresting).

The logical real statement 7" = S is a valid logical statement, but it is false since it
says every point inside the circle lies inside the square. Naturally, only true logical real
statements transfer to the hyperreal numbers.

Axiom 2.1. The Function Extension Aziom
Every logical real statement that holds for all real numbers also holds for all hyper-
real numbers when the real functions in the statement are replaced by their natural
extensions.

The Function Extension Axiom establishes the 5 identities for all hyperreal numbers,
because ¢ = x and y = y always holds. Here is an example.

Example 2.3. The Extended Addition Formula for Sine

S={zx=u2,y=y}=T = {Sin[z] is defined ,
Sin[y] is defined ,
Cos[z] is defined ,
Cos[y] is defined ,
Sin[z 4 y] = Sin[z] Cos[y] + Sin[y] Cos[z]}
The informal interpretation of the extended identity is that the addition formula for sine
holds for all hyperreals.

Example 2.4. The Extended Formulas for Log

We may take S to be formulas z > 0, y > 0 and p = p and T to be the functional
identities for the natural log plus the statements “Log[ | is defined,” etc. The Function
Extension Axiom establishes that log is defined for positive hyperreals and satisfies the two
basic log identities for positive hyperreals.

Example 2.5. Abstract Uses of Function Extension

There are two general uses of the Function Extension Axiom that underlie most of the
theoretical problems in calculus. These involve extension of the discrete maximum and
extension of finite summation. The proof of the Extreme Value Theorem 4.4 below uses a
hyperfinite maximum, while the proof of the Fundamental Theorem of Integral Calculus 5.1
uses hyperfinite summation.

Equivalence of infinitesimal conditions for derivatives or limits and the “epsilon - delta”
real number conditions are usually proved by using an auxiliary real function as in the proof
of the limit equivalence Theorem 3.2.
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Example 2.6. The Increment Approzimation

NoOTE: The increment approximation
flz+ dz] = fla] + f'[z] - 0z + € - bz
with € ~ 0 for dz =~ 0 and the simpler statement

flz] + 6x) — [fla]

dr~0 = [fz]= 5

are not real logical expressions, because they contain the relation ~, which is not included
in the formation rules for logical real statements. (The relation ~ does not apply to ordinary
real numbers, except in the trivial case x = y.)

For example, if 0 is any hyperreal and 60 = 0, then

Sin[# + §6] = Sin[f] Cos[dd] + Sin[66] Cos|f]

by the natural extension of the addition formula for sine above. Notice that the natural
extension does NOT tell us the interesting and important estimate

Sin[6 + 66] = Sin[6] + 66 - Cos[d] + < - 66

with € =~ 0 when 60 ~ 0. (L.e., Cos[d0] = 1 + 1660 and Sin[06]/60 ~ 1 are true, but not real
logical statements we can derive just from natural extensions.)

( Exercise set 2.3 )

1. Write a formal logical real statement S = T that says, “Every point inside the circle
of radius 2, centered at (—1,3) lies outside the square with sides v =0, y =0, z = 1,
y = —1. Draw a figure and decide whether or not this is a true statement for all real
values of the variables.

2. Write a formal logical real statement S = T that is equivalent to each of the functional
identities on the first page of the chapter and interpret the extended identities in the
hyperreals.

2.4 Additive Functions

An identity for an unknown function together with the increment approxi-
mation combine to give a specific kind of function. The two ideas combine
to give a differential equation. After you have learned about the calculus
of the natural exponential function in Chapter 8 of the text, you will easily
understand the exact solution of the problem of this section.
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In the early 1800s, Cauchy asked the question: Must a function satisfying
(Additive) fle+yl = flzl + flyl

be of the form f[x] = m-x? This was not solved until the late 1800s by Hamel. The answer
is “No.” There are some very strange functions satisfying the additive identity that are not
simple linear functions. However, these strange functions are not differentiable. We will
solve a variant of Cauchy’s problem for differentiable functions.

Example 2.7. A Variation on Cauchy’s Problem

Suppose an unknown differentiable function f[x] satisfies the (ExpSum) identity for all
x and y,
flr+y] = flal - fly]
Does the function have to be f[z] = b* for some positive b?
Since our unknown function f[z] satisfies the (ExpSum) identity and is differentiable,
both of the following equations must hold:

flz+yl = fl=]- fly]
flz+ dz] = fla] + f'[z] - 0z + € - bz
We let y = dx in the first identity to compare it with the increment approximation,

fle+ o0z = flz] - f0x]
flz+ dz] = fla] + f'[z] - 0z + € - bz

Sl 1100] = ] + la] -0+ <0
Slfloa] 1] = F'le] -dn + ¢ b
Pla) = =2

Sl gl =1

flz] o= c

with € &~ 0 when dx =~ 0. The identity still holds with hyperreal inputs by the Function
Extension Axiom. Since the left side of the last equation depends only on x and the right
hand side does not depend on z at all, we must have % =~ k, a constant, or % — k
as Az — 0. In other words, a differentiable function that satisfies the (ExpSum) identity

satisfies the differential equation
daf
R
dx /
What is the value of our unknown function at zero, f[0]? For any x and y = 0, we have

flal = flz + 0] = fla] - £[0]

so unless f[z] = 0 for all , we must have f[0] = 1.
One of the main morals of this course is that if you know:
(1) where a quantity starts,
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and

(2) how a quantity changes,
then you can compute subsequent values of the quantity. In this problem we have found
(1) f[0] =1 and (2) % =k f. We can use this information with the computer to calculate
values of our unknown function f[z]. The unique symbolic solution to

flo]=1
af
@
is
fla] =™

The identity (Repeated Exp) allows us to write this as

where b = eF. In other words, we have shown that the only differentiable functions that

satisfy the (ExpSum) identity are the ones you know from high school, b*.

Problem 2.1. SmooTH AppITIVE FUNCTIONS ARE LINEAR
Suppose an unknown function is additive and differentiable, so it satisfies both

(Additive) flz +ox] = flz] + f[ox]
and
(Micro) flz +0x] = flz] + f'[z] - 6z + ¢ - dx

Solve these two equations for f'[x] and argue that since the right side of the equation does
not depend on x, f'[x] must be constant. (Or % — f'lx1] and % — f'xa], but since
the left hand side is the same, f'[x1] = f'[z2].)

What is the value of f[0] if flx] satisfies the additive identity?

The derivative of an unknown function flx] is constant and f[0] = 0, what can we say
about the function? (Hint: Sketch its graph.)
A

A project explores this symbolic kind of ‘linearity’ and the microscope equation from
another angle.

2.5 The Motion of a Pendulum

Differential equations are the most common functional identities which arise
in applications of mathematics to solving “real world” problems. One of the
very important points in this regard is that you can often obtain significant
information about a function if you know a differential equation the function
satisfies, even if you do not know an exact formula for the function.
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For example, suppose you know a function 0[t] satisfies the differential equation

d*0 .

W = Sln[@[t]]
This equation arises in the study of the motion of a pendulum and 6[t] does not have a
closed form expression. (There is no formula for §[t].) Suppose you know #[0] = 5. Then

the differential equation forces
d*0
dt?
We can also use the differential equation for 8 to get information about the higher deriva-

tives of 0[t]. Say we know that %2[0] = 2. Differentiating both sides of the differential
equation yields

0] = Sin[6[0]] = sm[g] =1

d30 do

by the Chain Rule. Using the above information, we conclude that
d30 do

101 = Coslool) = [0] = Cos[g]2 =0

Problem 2.2.

Derive a formula for % and prove that %[O] =1.
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CHAPTER

The Theory of Limits

The intuitive notion of limit is that a quantity gets close to a “lim-
iting” value as another quantity approaches a value. This chapter
defines two important kinds of limits both with real numbers and
with hyperreal numbers. The chapter also gives many computations
of limits.

A basic fact about the sine function is

lim Sin[z] _
r—0 x

Notice that the limiting expression Sme is defined for 0 < |z —0| < 1, but not if z = 0. The
sine limit above is a difficult and interesting one. The important topic of this chapter is,
“What does the limit expression mean?” Rather than the more “practical” question, “How
do I compute a limit?”

Here is a simpler limit where we can see what is being approached.

2
-1
x _

1m
rx—1 1 — 1

While this limit expression is also only defined for 0 < |z — 1|, or & # 1, the mystery is
easily resolved with a little algebra,

=1 (z—1)(x+1)

= = 1
xz—1 (x—1) v
So,
2 _
lim =lim(z4+1)=2
rx—1 1 — rx—1

The limit lim,_,;(z + 1) = 2 is so obvious as to not need a technical definition. If z is
nearly 1, then  + 1 is nearly 1+ 1 = 2. So, while this simple example illustrates that the
original expression does get closer and closer to 2 as x gets closer and closer to 1, it skirts
the issue of “how close?”

31
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3.1 Plain Limits

Technically, there are two equivalent ways to define the simple continuous
variable limit as follows.

Definition 3.1. Limit
Let f[x] be a real valued function defined for 0 < |x—a| < A with A a fized positive
real number. We say
lim flz] =b

r—a

when either of the equivalent the conditions of Theorem 3.2 hold.

Theorem 3.2. Limit of a Real Variable
Let f[x] be a real valued function defined for 0 < |x—a| < A with A a fized positive
real number. Let b be a real number. Then the following are equivalent:
(a) Whenever the hyperreal number z satisfies 0 < |x — a| ~ 0, the natural
extension function satisfies
flzl = b
(b)  For every accuracy tolerance 6 there is a sufficiently small positive real num-
ber v such that if the real number x satisfies 0 < |x — a| < 7, then

|flz] =0 <0

PROOF:

We show that (a) = (b) by proving that not (b) implies not (a), the contrapositive.
Assume (b) fails. Then there is a real § > 0 such that for every real v > 0 there is a real =
satisfying 0 < |x — a| < v and |f[z] — b] > 6. Let X[y] = x be a real function that chooses
such an zx for a particular . Then we have the equivalence

{v> 0} & {X[] is defined ,0 < |X[y] — af <, [f[X[y] - 0] = 6}

By the Function Extension Axiom 2.1 this equivalence holds for hyperreal numbers and
the natural extensions of the real functions X[-] and f[-]. In particular, choose a positive
infinitesimal v and apply the equivalence. We have 0 < | X[y] —a| <y and |f[X[y] —b] > 0
and 6 is a positive real number. Hence, f[X[7]] is not infinitely close to b, proving not (a)
and completing the proof that (a) implies (b).

Conversely, suppose that (b) holds. Then for every positive real , there is a positive real
v such that 0 < |z — a| < v implies |f[z] — b] < 6. By the Function Extension Axiom 2.1,
this implication holds for hyperreal numbers. If £ = a, then 0 < |£ — a| < « for every real 7,
so | f[€] — b| < @ for every real positive 6. In other words, f[£] ~ b, showing that (b) implies
(a) and completing the proof of the theorem.

Example 3.1. Condition (a) Helps Prove a Limit
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Suppose we wish to prove completely rigorously that

1 1

lim ——— = -
The intuitive limit computation of just setting Ax = 0 is one way to “see” the answer,

L 11
Az—02(2+ Az)  22+0 4

but this certainly does not demonstrate the “epsilon - delta” condition (b).
Condition (a) is almost as easy to establish as the intuitive limit computation. We wish
to show that when dx ~ 0

11
202+6x) 4
Subtract and do some algebra,
1 12 (2 + z)
22+6x) 4  4Q2+6x) 4(2+0x)
=0 -1
T12+0r) OV a2+ o)

We complete the proof using the computation rules of Theorem 1.12. The fraction —1/(4(2+
dx)) is finite because 4(2 + dx) &~ 8 is not infinitesimal. The infinitesimal dx times a finite
number is infinitesimal.

_ 1.

224 6x) 4
11

22+ 6x) 4

This is a complete rigorous proof of the limit. Theorem 3.2 shows that the “epsilon - delta”
condition (b) holds.

( Exercise set 3.1 )

1. Prove rigorously that the limit lima,_.g m = %. Use your choice of condition (a)
or condition (b) from Theorem 3.2.

2. Prove rigorously that the limit ima,_.o m = %. Use your choice of condition
(a) or condition (b) from Theorem 3.2.

3. The limit lim,_ Sl%[x] = 1 means that sine of a small value is nearly equal to the value,
and near in a strong sense. Suppose the natural extension of a function flx] satisfies
fl€] = 0 whenever & =~ 0. Does this mean that lim,_.o % exists? (HINT: What is
lim, 0/ ? What is \//£7)

4. Assume that the derivative of sine is cosine and use the increment approzimation

fle+o0x] — fla] = f'la] - 0z + ¢ - ox
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with € = 0 when éx = 0, to prove the limit lim,_,g Sme = 1. (It means essentially the
same thing as the derivative of sine at zero is 1. HINT: Take x = 0 and dx = x in the
increment approzimation.)

3.2 Function Limits

Many limits in calculus are limits of functions. For example, the derivative
is a limit and the derivative of x> is the limit function 3x2. This section
defines the function limits used in differentiation theory.

Example 3.2. A Function Limit

The derivative of 22 is 3 2, a function. When we compute the derivative we use the limit
x4+ Azx)® — 23
lim %
Az—0 Az

Again, the limiting expression is undefined at Az = 0. Algebra makes the limit intuitively
clear,

(x + Az)® — 23 _ (23 + 322 Az + 3z Ax? + Ax?) — 23 327 430 Aw 4+ A

Ax Az
The terms with Az tend to zero as Az tends to zero.
A 3 _ .3
lim M: lim (322 + 3z Az + Ax?) = 32°
Az—0 Az Axz—0

This is clear without a lot of elaborate estimation, but there is an important point that
might be missed if you don’t remember that you are taking the limit of a function. The
graph of the approximating function approaches the graph of the derivative function. This
more powerful approximation (than that just a particular value of x) makes much of the
theory of calculus clearer and more intuitive than a fixed x approach. Intuitively, it is no
harder than the fixed x approach and infinitesimals give us a way to establish the “uniform”
tolerances with computations almost like the intuitive approach.

Definition 3.3. Locally Uniform Function Limit
Let f[z] and F[z, Ax] be real valued functions defined when x is in a real interval
(a,b) and 0 < Az < A with A a fized positive real number. We say
lim Flz,Az] =
Aim Flz, Az] = fz]
uniformly on compact subintervals of (a,b), or “locally uniformly” when one of the
equivalent the conditions of Theorem 3.4 holds.




Function Limits 35

Theorem 3.4. Limit of a Real Function
Let f[z] and F[z, Ax] be real valued functions defined when x is in a real interval
(a,b) and 0 < Az < A with A a fized positive real number. Then the following are
equivalent:

(a) Whenever the hyperreal numbers dx and x satisfy 0 < |0x| ~ 0, z is finite,
and a < x < b with neither x ~ a nor x = b, the natural extension functions
satisfy

Flz,dz] ~ f[x]

(b) For every accuracy tolerance 6 and every real o and (B in (a,b), there is
a sufficiently small positive real number v such that if the real number Ax
satisfies 0 < |Az| < v and the real number x satisfies « < x < 3, then

|Fz, Ax] — flz]| < 6

PROOF:
First, we prove not (b) implies not (a). If (b) fails, there are real @ and 5, a < a < § < b,
and real positive § such that for every real positive v there are x and Az satisfying

0<Az <y, a<z<pg, |Flzx,Az]— flz]|>¥0
Define real functions X [y] and DX[y] that select such values of  and Az,
0<DX[]<v, a<XQ]<B, [FIX[H,DXN]-fIXN]l =0
Now apply the Function Extension Axiom 2.1 to the equivalent sets of inequalities,
{v>0t «{0<DX[] <7, a<XPh<p, [FIXN], DX} - fIXNH =0}
Choose an infinitesimal v ~ 0 and let © = X[y] and 6z = DX[y]. Then
0<dx<y=0, a<z<f, |Flx,dx]— flz]]>06

so Flz,dz] — f[z] is not infinitesimal showing not (a) holds and proving (a) implies (b).

Now we prove that (b) implies (a). Let dx be a non zero infinitesimal and let x satisfy
the conditions of (a). We show that F[z,dz] ~ f[x] by showing that for any positive real 6,
|F[z,dz] — f[z]| < 0. Fix any one such value of 6.

Since z is finite and not infinitely near a nor b, there are real values a and ( satisfying
a < a < <b. Apply condition (b) to these o and 3 together with 6 fixed above. Then
there is a positive real v so that for every real ¢ and Ax satisfying 0 < |Az| < v and
a < ¢ < B, we have |F[¢, Az] — f[€]| < 6. In other words, the following implication holds in
the real numbers,

{0 <[A2] <7, <§ < B} = {[F[S, Az] - fIE]] < 0}

Apply the Function Extension Axiom 2.1 to see that the same implication holds in the
hyperreals. Moreover, x = & and nonzero Ax = dx ~ 0 satisfy the left hand side of the
implication, so the right side holds. Since # was arbitrary, condition (a) is proved.

Example 3.3. Computing Locally Uniform Limits
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The following limit is uniform on compact subintervals of (—oo, 00).

Az)3 — 23
lim @+he)’ —a” = lim (32 + 32 Az + Az?) =322
Axz—0 Ax Az—0
A complete rigorous proof based on condition (a) can be obtained with the computation
rules of Theorem 1.12. The difference is infinitesimal

(322 + 32z + 62%) — 32> = (3 + dx)dx

when dz is infinitesimal. First, 3 x+Jz is finite because a sum of finite numbers is finite. Sec-
ond, infinitesimal times finite is infinitesimal. This is a complete proof and by Theorem 3.4
shows that both conditions (b) and (c¢) also hold.

1. Prove rigorously that the locally uniform function limit lima, o m = # Use

your choice of condition (a) or condition (b) from Theorem 3.4.
. ‘ o 1 _ 1

2. Prove rigorously that the locally uniform function limit lima, o ViAnivE T avE
Use your choice of condition (a), condition (b), or condition (c) from Theorem 3.4.

3. Prove the following:
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3.3 Computation of Limits

Limits can be computed in a way that rigorously establishes them as results
by using the rules of Theorem 1.12.

Suppose we want to compute a limit like
z+d)? —z?
i EH D" 27
d—0 d

First we observe that it does no good to substitute d = 0 into the expression, because we
get 0/0. We do some algebra,

(x+d)? -2 22+2xd+d* —2?

d

B 2xd+ d?

N d

=2x+d

Now,
2 2

1imw =lim2zx+d=2x
d—0 d—0

because making d smaller and smaller makes the expression closer and closer to 2x. The
rules of small, medium and large numbers given in Theorem 1.12 just formalize the kinds of
operations that work in such calculations. Theorem 3.2 and Theorem 3.4 show that these
rules establish the limits as rigorously proven facts.

Exercise 3.3.1 below contains a long list of drill questions that may be viewed as limit

computations. For example,
1 1 1
lim = | ———=) =7
£$d<b+d b>

is just asking what happens as d becomes small. Another way to ask the question is

1 1 1

| —— == =7 hen §=0

6<b+6 b) v

The latter approach is well suited to direct computations and can be solved with the rules

of Theorem 1.12 that formalize our intuitive notions of small, medium and large numbers.
Following are some sample calculations with parameters a,b,c,d,e, H, K from Exer-

cise 3.3.1.

Example 3.4. Infinitesimal, Finite and Infinite Computations

We are told that a ~ 2 and b =~ 5, so we may write a =2+ ¢ and b =5+ 6 with . = 0
and 6 =~ 0. Now we compute b—a=5+6 —-2—1=5—-2+4 (0 —1) =3+ (0 — ) by rules
of algebra. The negative of an infinitesimal is infinitesimal and the sum of a positive and
negative infinitesimal is infinitesimal, hence 8 — ¢ &~ 0. This makes

b—a~3



38 3. The Theory of Limits

Another correct way to do this computation is the following
a~?2
b~b
b—a~b5-2=3
However, this is NOT use of ordinary rules of algebra, because ordinary rules of algebra do
not refer to the infinitely close relation ~. This form of the computation incorporates the

fact that negatives of infinitesimals are infinitesimal and the fact that sums of infinitesimals
are infinitesimal.

Example 3.5. Small, Medium and Large as Limits

The approximate computations can be re-phrased in terms of limits. We can replace the
occurrences of § &~ 0 and ¢ ~ 0 by variables approaching zero and so forth. Let’s just do
this by change of alphabet, limy .o for § ~0 and lim, 5 for a=2.

The computation b — a ~ 3 can be viewed as the limit

lim —a=3
a—>2,ﬁ—>5ﬁ

The computation (2 — §)/a & 1 becomes

2—-d
lim —— =1
d—0&a—2 «
The computation 7”‘4'2_‘/5 = ﬁ becomes
Va+d—ya 1
1m =
d—0&a—2 d 2v/2

Example 3.6. Hyperreal Roots

When a ~ 2 and ¢ =~ —7, the Function Extension Axiom guarantees in particular that
Va is defined and that +/c is undefined, since a > 0 is positive and ¢ < 0 is negative. The
computation rules may be used to show that \/a ~ v/2, that is, we do not need any more
rules to show this. First, /a is finite, because a < 3 implies

Va<V3<2

by the Function Extension Axiom. Next,

(Va-v2)(Va+v2)
Va++/2
a—2
T Va+ 2
1

VAt va

an infinitesimal times a finite number, by approximation rule (4). Finally, approximation
rule (3) shows

Va- V2 -

Va—+v2=~0 or Va2
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The “epsilon - delta” proof (condition (b) of Theorem 3.2) of
lin%) V0|x| =0

is somewhat difficult to prove. We establish the equivalent condition (a) as follows.

Let 0 < € = 0 be a positive infinitesimal. Since 0 > x implies /z is defined and positive,
The Function Extension Axiom 2.1 guarantees that /€ is defined and positive.

Suppose /€ is not infinitesimal. Then there is a positive real number 0 < a with a < /€.
Squaring and using the Function Extension Axiom on the property 0 < b < ¢ implies 0 <
Vb < /¢, we see that 0 < a® < & contradicting the assumption that ¢ ~ 0 is infinitesimal.

We know that ¢+ 7 # 0 because we are given that ¢ # —7 and ¢ = —7 or ¢ = —7 + ¢ with
t =0, but ¢ # 0. This means that ¢+ 7 = # 0 and so

c+T7=0

This, together with what we know about reciprocals of infinitesimals tells us that

is infinite

c+7

We do not know if it is positive or negative; we simply weren’t told whether ¢ < 7 or ¢ > 7,
but only that ¢ ~ 7.
In this example, the limit formulation has the result

. 1 . .
lim —— does not exist or lim |——| = +o0
F=T Y — Y=T |y — 7

The precise meaning of these symbols is as follows.

The symbol co means “gets bigger and bigger.” This is equivalent to the following
hyperreal condition.

ProoF: Left as an exercise below.
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The symbol co cannot stand for a number because it does not obey the usual laws of
algebra. Viewed as a numerical equation oo - co = oo says that we must have co = 1 or
oo = 0, by ordinary rules of algebra. Since we want to retain the rules of algebra, co in the
sense of ‘very big’ can not be a hyperreal number.

Example 3.10. An Infinite Limit with Roots

The limit
lim 2]

0 Ja)

= 400

PRrROOF:
Let 0 < &£ = 0. We know from the previous example that /€ ~ 0. We know from algebra
and the Function Extension Axiom that

/!

& Ve

Using Theorem 1.12, we see that this expression is infinitely large.

Example 3.11. Indeterminate Forms

Even though arguments similar to the ones we have just done show that a +b+c~ 0 we
can not conclude that ﬁ is defined. For example, we might have a =2 — 6, b =5+ 30
and ¢ = —7—2). Thena =~ 2, b~ 5 and c~ —7, but a + b+ ¢ = 0. (Notice that it is true
that a + b+ ¢ = 0.) In this case m is not defined. Other choices of the perturbations
might make a + b+ ¢ # 0, so ﬁ is defined (and positive or negative infinite) in some
cases, but not in others. This means that the value of

1
a+b+c
can not be determined knowing only that the sum is infinitesimal.

In Webster’s unabridged dictionary, the term “indeterminate” has the following symbolic
characters along with the verbal definition

0 o0

0 oo
In the first place, Webster’s definition pre-dates the discovery of hyperreal numbers. The
symbol oo does NOT represent a real or hyperreal number, because things like co - 0o = 0o
only denote ‘limit of big times limit of big is big.” The limit forms above do not have a
definite outcome.

Each of the symbolic short-cuts above has a hyperreal number calculation with indeter-
minate outcomes in the sense that they may be infinitesimal, finite or infinite depending on
the particular infinitesimal, finite or infinite numbers in the computation. In this sense, the
older infinities are compatible with infinitely large hyperreal numbers.

00-0, 1%, 0% oo oo—o0

Example 3.12. The Indeterminate Form oo — oo

Consider co — co. The numbers H and L = H + § are both infinite numbers, but
H — L = —¢ is infinitesimal. The numbers K and M = K + b are both infinite and
K — M =~ —5. The numbers H and N = H? are both infinite and H — N = (1 — H) - H is
a negative infinite number.



Computation of Limits 41

We may view the symbolic expression “oo — 0o is indeterminate” as a short-hand for the
fact that the difference between two infinite hyperreal numbers can be positive or negative
infinite, positive or negative and finite or even positive or negative infinitesimal. Of course,
it can also be zero.

Example 3.13. The Indeterminate Form 0 - oo

The short-hand symbolic expression “0-co is indeterminate” corresponds to the following
kinds of choices. Suppose that H = 1/4. Then 6 - H = 1. An infinitesimal times an infinite
number could be finite. Suppose K = H?, so K is infinite. Now § - K = H is infinite.
An infinitesimal times an infinite number could be infinite. Finally, suppose ¢ = 6°. Then
e+ K = 6°/6% = 82 is infinitesimal.

The following is just for practice at using the computation rules for infinitesimal, finite,
and infinite numbers from Theorem 1.12 to compute limits rigorously. These computations
prove that the “epsilon - delta” conditions hold.

( Exercise set 3.3 )

1. Drill with Rules of Infinitesimal, Finite and Infinite Numbers
In the following formulas,

0<e~0 and 0<d=~0, H and K are infinite and positive.

a~2, brb cx-T7, but a#2, b#5, c#-T7

Say whether each expression is infinitesimal, finite (and which real number it is near),
infinite, or indeterminate (that is, could be in different categories depending on the
particular values of the parameters above.)

1 y=exo 2 y=e—94 3 y=c¢/b
4 y=¢/d 5 y= 45 6 y=b/e
7 y=a+b-—c 8 y=a+56 9 y=c—c¢
10 y=a—2 11 y:a_iQ 12 y:ﬁ
13 y=-%5 14 y=22 15 y:554—3652+25
16 y=7 17 y= 3% 18y = PR
19 y= 1030 20 y= i3l 21 y= 20
2 y="5" 23 y=4E 2f y=HK
25 y=vVH 26 y=+/6 27 y= HiE
vH

28 y= 1. 29 y=+va+d—+a 30 y:b%&_%
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31 y= Ba0iid 32 y=Yatiova

2. Re-write the problems of the previous exercise as limits.
3. Prove Theorem 3.7.

53 y=4(

1
b+

)

SIE

)




CHAPTER
Continuous Functions

A function f|x] is continuous if a small change in its input only
produces a small change in its output. This chapter gives some
fundamental consequences of this property.

Definition 4.1. Continuous Function
Suppose a real function f|x] is defined in a neighborhood of a, |xt —a] < A. We
say flz] is continuous at a if whenever x = a in the hyperreal numbers, the natural
extension satisfies flz] ~ fla].

Notice that continuity assumes that f[a] is defined. The function

Sin[z]
fla] =
x
is technically not continuous at x = 0, but since lim,_,o f[z] = 1 we could extend the

definition to include f[0] =1 and then the function would be continuous.

Theorem 4.2. Continuity as Limit
Suppose a real function f[z] is defined in a neighborhood of a, |x — a| < A. Then
flz] is continuous at a if and only if lim,_, f|z] = f[a].

PRrROOF:

Apply Theorem 3.2.

We show in Section ?? that differentiable functions are continuous, so rules of calculus
give us an easy way to verify that a function is continuous.

4.1 Uniform Continuity

A function is uniformly continuous if given an “epsilon,” the same “delta”
works “uniformly” for all x.

The simplest intervals are the ones of finite length that include their endpoints, [a, b], for
numbers a and b. These intervals are sometimes described as ‘closed and bounded,” because
they have the endpoints and have bounded length. A shorter name is ‘compact’ intervals.

43
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Every hyperreal number satisfying a < x < b is near a real number x ~ ¢ with a < ¢ <.
First, the hyperreal z has a standard part since it is finite. Second, ¢ must lie in the
interval because real numbers r outside the interval are a noninfinitesimsl distance from the
endpoints. We cannot have x ~ r and r a noninfinitesimal distance from the interval.

The fact that every hyperreal point of a set is near a standard point of the set is equivalent
to the “finite covering property” of general topologically compact spaces. The hyperreal
condition is easy to apply directly. The following theorem illustrates this (although we do
not need the theorem later in the course.)

Theorem 4.3. Continuous on a Compact Interval
Suppose that a real function f[x] is defined and continuous on the compact real
interval [a,b] = {z : a < x < b}. Then for every real positive 6 there is a real
positive v such that if |z1 — z2| < 7y in [a,b], then |flz1] — flxe]| < 6.

PRrROOF:

Since f[z] is continuous at every point of [a, ], if £ &~ ¢ for a < ¢ < b, then f[¢] = f[d].

Further, since the interval [a,b] includes its real endpoints, if a hyperreal number z
satisfies a < x < b then its standard part from Theorem 1.11 ¢ lies in the interval and = = c.

Let 1 and x2 be any two points in [a,b] with 21 &~ 5. Both of these numbers have the
same standard part (since the real standard parts have to be infinitely close and real, hence
equal.) We have

flaa] = fle] = flas]

so for any numbers z1 & x9 in [a,b], flz1] = f[z2].

Suppose the conclusion of the theorem is false. Then there is a real 8 > 0 such that for
every v > 0 there exist x; and x5 in [a, b] with |21 — 22| < v and | f[z1] — f[z2]| > 0. Define
real functions X7 [v] and Xs[v] that select such values and give us the real logical statement

{v>0} = {a < Xi[y] <ba < X5[y] < b, [Xaly] = Xo[y]| <, [f[Xal]] = fIXa[H]I] = 6}

Now apply the Function Extension Axiom 2.1 to this implication and select a positive
infinitesimal v & 0. Let 21 = X1[y], 2 = X2[y] and notice that they are in the interval,
X1 & g, but f[z1] is not infinitely close to f[zz]. This contradiction shows that the theorem
is true.

4.2 The Extreme Value Theorem

Continuous functions attain their max and min on compact intervals.

Theorem 4.4. The Extreme Value Theorem
If flx] is a continuous real function on the real compact interval [a,b], then f
attains its mazximum and minimum, that is, there are real numbers x,, and Tz
such that a <z, < b, a < xzpr < b, and for all x with a < x < b

flam] < flz] < flow]

INTUITIVE PROOF:
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We will show how to locate the maximum, you can find the minimum. Partition the
interval into steps of size Az,

a<at+Azr<a+2Az<---<b
and define a real function
M[Az] = the x of the form 21 = a + kAx

so that
fIM[Az] = f[z1] = max[flz] : ® =a+ hAz, h=0,1,--- ,n]

This function is the discrete maximum from among a finite number of possibilities, so that
M[Az] has two properties: (1) M[Az] is one of the partition points and (2) all other
partition points x = a + hAx satisfy flx] < f[M[Ax]].

Next, we partition the interval into infinitesimal steps,

a<a+dr<a+20r<---<b

and consider the natural extension of the discrete maximizing function M[dx]. By the
Function Extension Axiom 2.1 we know that (1) 1 = M|[dz] is one of the points in the
infinitesimal partition and (2) f[z] < f[z1] for all other partition points z.

Since the hyperreal interval [a,b] only contains finite numbers, there is a real number
xp &~ x1 (standard part) and every other real number zo in [a,b] is within dz of some
partition point, zs ~ x.

Continuity of f means that f[z] = f[zz] and flxa] =~ flx1]. The numbers x5 and x
are real, so f[zo] and f[x,s] are also real and we have

flws] = flz] < flai] = flaa]

Thus, for any real x2, flza] < flza], which says f attains its maximum at xp;. This
completes the proof.

PARTITION DETAILS OF THE PROOF:

Let a and b be real numbers and suppose a real function f[z] is defined for a < < b.
Let Az be a positive number smaller than b — a. There are finitely many numbers of the
form a + k Ax between a and b; a = a+ 0Ax, a+ Az, a+2Ax,--- ,a+nAzx < b. The
corresponding function values, f[a], fla + Az], fla+2Az],---, fla + n Ax] have a largest
amongst them, say fla +mAx] > fla + k Az] for all other k. We can express this with a
function M[Az] = a + m Az “is the place amongst the points a < a + Az < a + 2 Az <
-+ < a+nAz < bsuch that f[M[Az]] > fla + kAz].” (There could be more than one,
but M[Ax] chooses one of them.)

A better way to formulate this logically is to say, ‘if = is of the form a + k Az, then
flz] < f[M]Az]].” This can also be formulated with functions. Let I[z] be the ‘indicator
function of integers,” that is I[x] =1 if = 0, £1, 42,43, --- and I[z] = 0 otherwise. Then
the maximizing property of M[Az] = a + m Az can be summarized by

Tr—a

Az

a<zx<b and I( >:1] = flz] < f[M]Az]]

The rigorous formulation of the Function Extension Axiom covers this case. We take S to
be the set of formulas, Az > 0, a <z, x < b and I[[xr — a]/Ax] = 1 and take T to be the
inequality flz] < f[M[Az]]. The Function Extension Axiom shows that M [0x] is the place
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where f[z] is largest among points of the form a + k dz, even when dx ~ 0 is infinitesimal,
but it says this as follows:

Tr—a

[agxgb and 1( = ):1} = fla] < f[M[oz]]

We interpret this as meaning that, ‘among the hyperreal numbers of the form a + k dz, f[z]
is largest when « = M[0z],” even when dx is a positive infinitesimal.

4.3 Bolzano’'s Intermediate Value The-
orem

The graphs of continuous functions have no “jumps.”

Theorem 4.5. Bolzano’s Intermediate Value Theorem
If y = flz] is continuous on the interval a < x < b, then f[z] attains every
value intermediate between the values fla] and f[b]. In particular, if fla] <0 and
f[b] > 0, then there is an xo, a < zo < b, such that flzo] = 0.

PRrROOF:
The following idea makes a technically simple general proof. Suppose we want to hit a
real value v between the values of f[a] = a and f[b] = §. Divide the interval [a, b] up into
small steps each Ax long, a, a + Az, a + 2Az, a + 3Az, ---, b. Suppose o < v < . The
function f[x] starts at © = a with fla] = a < . At the next step, it may still be below =,
fla+ Az] < v, but there is a first step, a + kAxz where fla+ kAx] > v and f[z] < v for all
x of the form x = a + hAx with h < k.
S B
I N N B

Figure 4.1: [a,b] in steps of size Az
We need a general function for this. Let the function

M[Az] =Min[z : flz] >, a<z<b, z=a+Ax,a+2Az,a+3Az,- -]
=a+kAz

give this minimal x as a function of the step size Ax.

The natural extension of this Min function has the property that even when we compute
at an infinitesimal step size, £ = M [0x] satisfies, f[£] > v, and f[z] < v for z = a+ hoz < &,
in particular f[¢ — dx] < ~. Infinitesimals let continuity enter the picture.

Continuity of f[r] means that if ¢ &~ z, then f[c] = f[z]. We take c to be the standard
real number such that ¢ = £ = M[dx]. We know f[c] ~ f[¢] > v and f[c] =~ f[§ — dx] < 7.
Since f[c] must be a real value for a real function at a real input, and since we have just
shown that f[c] = v, it follows that f[c] = 7, because ordinary reals can only be infinitely
close if they are equal.
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CHAPTER
The Theory of Derivatives

This chapter shows how the traditional “epsilon-delta” theory, rig-
orous infinitesimal analysis, and the intuitive approzimations of the
main text are related.

The chapter shows that

lim = f'[z] locally uniformly

fle+o0x] = flz] + f'[x]dz +e- 0z with e~0 for dx=0

with all the provisos needed to make both of these exactly formally correct. Then this
approximation is used to prove some of the basic facts about derivatives.

5.1 'll'he Fundamental Theorem: Part

We begin with an overview that illustrates the two main approximations of
calculus, how they fit together, and how the fine details are added if you
wish to make formal arguments based on an intuitive approximation.

We re-write the traditional limit for a derivative as an approximation for the differential.
Then we plug this differential approximation into an approximation of an integral to see
why the Fundamental Theorem of Integral Calculus is true. The two main approximations
interact to let us compute integrals by finding antiderivatives. For now, we simply treat
the symbol “wiggly equals,” =, as an intuitive “approximately equals.” Subsections below
justify the use both in terms of hyperreal infinitesimals and in terms of uniform limits. The
point of the section is that the intuitive arguments are correct because we can fill in all the
details if we wish.

THE INTUITIVE DERIVATIVE APPROXIMATION
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The traditional approach to derivatives is the approximation of secant lines approaching
the slope of the tangent. Symbolically, this is

- [fle + Az] — fla]
AI;}CIEO Ax

= f'la]

The intuitive meaning of this formula is that (f[z + Ax] — f[z])/Ax is approximately equal
to f’[z] when the difference, Az, is small, Az = dx ~ 0. We write this with an explicit
error,

flz + 6x] — fla]

ox
where the error given by the Greek letter epsilon, €, is small, provided that dx is small. We
use lower case or small delta to indicate that the approximation is valid for a small difference
in the value of x. [4 is lower case A. Both stand for “difference” because the difference in
a-input is dz = (z + dx) — .
This approximation can be rewritten using algebra and expressed in the form

= f'la] +e

flx+o0x] — flx] = f'|x]dx +e-dx with e~0 for dx=~0

where now the wiggly equals ~ only means “approximately equals” in an intuitive sense.
This expresses the change in a function f[z + dz] — f[z] in moving from z to z + dx as
approximately given by a change f’[z]dz, linear in dz, with an error € - 0z that is small
compared to dz, (¢ -dx)/dx =€ =~ 0.

This is a powerful intuitive formulation of the approximation of derivatives. (It is often
called ‘Landau’s small oh formula.”) This also has a direct geometric counterpart in terms
of microscopes given in the main text, but here we use it symbolically.

AN ANTIDERIVATIVE
Suppose that we begin with a function f[z] and know an antiderivative F'[z], that is,

z—i[a:]:f[a:] for a<z<b

The approximation above becomes

Flx +z] — Flz] = fz]dz+¢e-dx with e~0 for dz=0
Flip this around to tell us

flz)dx = (Flz 4 0x] — Flz]) —e-0x with e~0 for dx~0

provided that a < z <b.
INTEGRALS ARE SUMS OF SLICES

The main idea of integral calculus is that integrals are ‘sums of slices.” One way to express
this is

b
/ flz]dx = Aligo(f[a]Ax + fla+ Az]Ax + fla + 2Az]Ax

+ fla+3Az]Az + - - - + f]b — 2Az]Az + f[b— Ax]Ax)

where the sum is over values of f[z] Az where z starts at a and goes in steps of size Az
until we get to the slice ending at b.
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The limiting quantity is approximately equal to the integral when the step size is “small
enough.”

/f flaldéx + fla+ 0x]ox + - - - + f[b — dx]éx for dz~0

where = temporarily only means the intuitive “approximately equals.”
Now we incorporate the differential approximation above at each of the = points, x = a,
r=a+4dx, - -, x =>b—dr, in our sum approximation, obtaining

/ Izl
([F(a + 6x) — Fla]) + (Fla + 26z] — Fla + dz]) + - - - + (F[b] — F[b — éx])

— (ela, 6x] dx + ela + dz, dz]) dx + - - - + €[b, dx] dx)

The first sum ‘telescopes,’” that is, positive leading terms in one summand cancel negative
second terms in the next, all except for the first and last terms,

(Fla + dz] — Fla]) + (Fla + 20z] — Fla + 6z]) + - - - + (F[b] — F[b — éz])
= —Fla] + F[b]
The second sum and can be estimated as follows,
le[a, 0x] 0z + €la + dx, dx] dx + - - - + €[b — dz, dx] x|
< |ela, 0z]| dz + |e[a + Oz, dz]| b + - - - + |e[b — dz, §z]| o
< lemaz| (02 + 6 + -+ - + )
< leMaz|(b — a)

where |€p1q42| 18 the largest of the small errors, e[z, ], coming from the differential approx-
imation. The sum of dz enough times to move from a to b is b — a, the distance moved.
As long as we make the largest error small enough, the summed error less than | prq.|(b—

a) will also be small, so
b
/ flz]dx = F[b] — Fla]

But these are both fixed and do not depend on how small we take dx, hence

/ fla)dz = F[5] - Fld]

This intuitive estimation illustrates the Fundamental Theorem of Integral Calculus.

Theorem 5.1.  Fundamental Theorem of Integral Calculus: Part 1
Suppose the real function flx] has an antiderivative, that is, a real function F[z]
so that the derivative of Flx] satisfies
dF

d:c[] fla] for all x with a <x <b

b
/ flz]dz = F[b] — Fla]

Then
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The above is not a formal proof, because we have not kept track of the “approximately
equal” errors. This can be completed either from the “c — §” theory of limits or by using
hyperreal infinitesimals. Both justifications follow in separate subsections.

5.1.1 Rigorous Infinitesimal Justification

First, we take as our definition of derivative, £ = f[z], condition (a) of Theorem 3.5:
for every hyperreal x with a < z < b and every dx infinitesimal, there is an infinitesimal
so that the extended functions satisfy

Flz + éz] — Flz] = flz] oz + € - oz
The only thing we need to know from the theory of infinitesimals is that

EMazx

exists in the sense that

le[a, 0x] dz+ela + dx,0x] 0z + - - - + g[b — dx, dx] O]
< |ela, dz]| dx + |e[a + oz, dz]| dx + - - - + |e[b — dx, x]| oz
< [ertas] (62 + 62 + - + 62)
< leMaz|(b—a)

still holds when dx is infinitesimal. This follows from the Function Extension Axiom. Let
e[z, Ax] be the real function of the real variables x and Az,

el Ax] = F[Jc—|—AAxi — Flz] fle]

For each ordinary real Az, there is an z of the form z,, = a + mAz (m = 1,2,3,--+)
so that the inequalities above hold with €par = €T, Az]. This is just a finite maximum
being attained at one of the values. Define a real function m[Az] = z,,.

Define a real function

S[Az] = |e[a, Az] Az + ela + Az, Ax] Az + - - - + e[e[b — Az, Ax] Az
The inequalities above say that for real Ax
S[Az] < |e[m[Ax], Az]|(b — a)
The Function Extension Axiom says
Slox] < |e[m[dx], 6x]|(b — a)

and the definition of derivative says that e[m[dx], dz] is infinitesimal, provided dz is infinites-
imal. Since an infinitesimal times the finite number (b — a) is also infinitesimal, we have
shown that the difference between the real integral and the real answer

b
S(ox] = / flz] de — (F[8] - Fla))

is infinitesimal. This means that they must be equal, since ordinary numbers can not differ
by an infinitesimal unless they are equal.
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5.1.2 Rigorous Limit Justification

We need our total error to be small. This total error, Errorr,iegral, is the difference
between the quantity F[b] — F[a] and the integral, so by the calculation above,

Erroriptegrat = €la, Az] Az + ela + Az, Az] Az + - - - + e[b — Az, Az] Ax

We know from the calculation above that |Errorrntegrail < |eamaz|(b — @). If we choose
an arbitrary error tolerance of 6, then it is sufficient to have |epsq.] < /(b — a), because
then we will have |Errory,tegrar| < 6. This means that we must show that the differential
approximation

flz]Az = (Flz + Az] — Flz]) — e - Ax
holds with |e| < 8/(b — a) for every x in [a,b]. Using the algebra above in reverse, this is
the same as showing that
Flz + Azx] — Flz]
Az

~ fla] = ela, Aal

is never more than 6/(b— a), provided that Az is small enough. The traditional way to say
this is
Flx + Azx] — F[z]

. _ . <y <
Alirgo AL flz] uniformly for a <z <b

The rigorous definition of the limit in question is: for every tolerance ) and every z in [a, ],
there exists a p such that if |Ax| < p, then
|F[Jc—|—AJU] — Flx]
Az

= flall <n

This is the formal definition of derivative condition (b) of Theorem 3.5. Our proof of the
Fundamental Theorem is complete (letting n = /(b — a)). The hypothesis says that if we
can find a function f[z] so that

. Flz+ Az] — F[z] .
= <z<
Alglgrgo A flz] uniformly for a <z <b

then the conclusion is
b
[ flalde=Fp) - Pl

(Notice that the existence of the limit defining the integral is part of our proof. The function
fz] is continuous, because of our strong definition of derivative.)

5.2 Derivatives, Epsilons and Deltas

The fundamental approximation defining the derivative of a real valued
function can be formulated with or without infinitesimals as follows.




54 5. The Theory of Derivatives

All derivatives computed by rules satisfy this strong approximation provided the formulas
are valid on the interval. This is proved in Theorem 5.5 below.

5.3 Smoothness - Continuity of Func-
tion and Derivative

This section shows that differentiability in the sense of Definition 5.2 implies
that the function and derivative are continuous.

One difficult thing about learning new material is putting new facts together. Bolzano’s
Theorem and Darboux’s Theorem have hypotheses that certain functions are continuous.
This means you must show that the function you are working with is continuous. How do
you tell if a function is continuous? You can’t ‘look’ at a graph if you haven’t drawn one
and are using calculus to do so. What does continuity mean? Intuitively, it just means that
small changes in the independent variable produce only small changes in the dependent
variable.
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In Theorem ?? we showed that the following are equivalent definitions

Definition 5.3. Continuity of f[z]
Suppose a real function f[z] is defined for at least a small neighborhood of a real
number a, |r — al < A, for some positive real A.
(a) flx] is continuous at a if whenever a hyperreal © satisfies © = a, the natural
extension satisfies f|x] ~ f|a].
(b)  flz] is continuous at a if lim,_,, f[z] = fla].

Intuitively, this just means that f[x] is close to f[a] when z is close to a, for every x =~ a,
flz] is defined and

flz] = fla]
The rules of calculus (together with Theorem 5.5) make it easy to verify that functions
given by formulas are continuous: Simply calculate the derivative.

Theorem 5.4.  Continuity of f[z] and f'[x]
Suppose the real function flx] is smooth on the real interval (a,b) (see Defini-
tion 5.2). Then both flx] and f'[x] are continuous at every real point c in (a,b).

PROOF FOR flx]:

Proof of continuity of f is easy algebraically but is obvious geometrically: A graph that is
indistinguishable from linear in a microscope clearly only moves a small amount in a small
z-step. Draw the picture on a small scale.

Algebraically, we want to show that if 21 =~ o then f[z1] = f[x2], condition (a) above.
Let ¢ be any real point in (a,b) and = 21 = ¢. Let 2 = 22 — x1 be any infinitesimal and
use the approximation f[zs] = flz+dx] = flz1]+ f'[x1]dx+¢€ dx. The quantity [f'[x1]+¢e]dz
is medium times small = small, so f[z1] = f[z2], by Theorem 1.12 (¢). That is the algebraic
proof.

PROOF FOR f'[z]:

Proof of continuity of f’[x] requires us to view the increment from both ends. First take
any real ¢ in (a,b), x = 1 = ¢, and dx = x3 — x1 any nonzero infinitesimal. Use the
approximation

flaz] = flo + Az] = flz1] + f'[z1]d2 + €10z

Next let = x5, dx = £1 — 22 and use the approximation
fle1] = flz + Az] = flzo] + f'[22]0% + e202.
The different z-increments are negatives, so we have

flea] = flaa] = f'[ze](z1 — 29) + ea(1 — 22)
and
flaa] = flar] = f[za](ze — 21) + €1 (2 — 21)
Adding, we obtain
0= ((f'[x2] = f'z1]) + (62 — 1)) (21 — 22)
Dividing by the non-zero (z1 — x2), we see that
f'lwo] = f'lza] + (e1 —€2), so f'[za] = f'[ad]

NOTE:



56 5. The Theory of Derivatives

The derivative defined in many calculus books is a weaker pointwise notion than the
notion of smoothness we have defined. The weak derivative function need not be continuous.
(The same approximation does not apply at both ends with the weak definition.) This is
explained in Chapter 6 on Pointwise Approximations.

( Exercise set 5.3 )

1. (a) Consider the real function f[z] = 1/x, which is undefined at x = 0. We could
extend the definition by simply assigning f[0] = 0. Show that this function is not
continuous at x = 0 but is continuous at every other real x.

(b) Give an intuitive graphical description of the definition of continuity in terms of
powerful microscopes and explain why it follows that smooth functions must be
continuous.

(¢) The function flx] = v/x is defined for x > 0; there is nothing wrong with f|0].
However, our increment computation for \/x above was not valid at x = 0 because
a microscopic view of the graph focused at x = 0 looks like a vertical ray (or half-
line). Explain why this is so, but show that f[x] is still continuous “from the

right;” that is, if 0 < x ~ 0, then /r ~ 0 but % is very large.

5.4 Rules - Smoothness

This section shows that when we can compute a derivative by rules, then
the smoothness Definition 5.2 is automatically satisfied on intervals where
both formulas are defined.

Theorem 5.5. Rules = Smooth
Suppose a function y = f[z] is given by a formula to which we can apply the rules
of Chapter 6 of the main text, obtaining a formula for f'[z]. If both flx] and
f'lx] are defined on the real interval (a,b), then then satisfy Definition 5.2 and, by
Theorem 5.4, are continuous on (a,b).

PRrROOF:
This is a special case of Theorem 10.1.

( Exercise set 5.4 )

1. What is the simple way to tell if a function is continuous?

2. Suppose that y = f[x] is given by a formula that you can differentiate by the rules of
calculus from Chapter 6 of the main text. As you know, you can differentiate many
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many formulas. What property does the function g—z = f'[z] have to have so that you
can conclude f[x] is continuous at all points of the interval a < x < b? (What about
flz]=1/x at z =07%)

Give examples of:

(a) One y = flz] which you can differentiate by rules and an interval [a,b] where
f'lx] is defined and f[x] is continuous on the whole interval.

(b) Another y = f[z] which you can differentiate by rules, but where f'[x] fails to be
defined on all of [a,b] and where f[x] is not continuous at some point a < ¢ < b.
(Hint: Read Theorem 5.4. What about y =1/x7?)

What properties does the function % = f'[z] have to have so that you can conclude
f'[x] is continuous at all points of the interval a < x < b?
Give Examples of:

(a) One y = flx] which you can differentiate by rules and an interval [a,b] where
f'[z] is defined and f'[z] is continuous on the whole interval.

(b) Another y = flx] which you can differentiate by rules, but where f'[x] fails to be
defined on all of [a,b] and where f'[x] is not continuous at some point a < ¢ < b.
(Note: If f'[x] is undefined at x = ¢, it cannot be considered continuous at c.
Well, there is a sticky point here. Perhaps f’[x] could be extended at an undefined
point so that it would become continuous with the extension. It is actually fairly
easy to rule this out with one of the functions you have worked with in previous

homework problems.)

5.5 The Increment and Increasing

A positive derivative means a function is increasing near the point. We
prove this algebraically in this section.

It is ‘clear’ that if we view a graph in an infinitesimal microscope at a point xy and
see the graph as indistinguishable from an upward sloping line, then the function must be
‘increasing’ near xo. Certainly, the graph need not be increasing everywhere - draw y = 22
and consider the point g = 1 with f/[1] = 2. Exactly how should we formulate this? Even
if you don’t care about the symbolic proof of the algebraic formulation, the formulation
itself may be useful in cases where you don’t have graphs.

One way to say f[z] increases near xy would be to say that if 1 < 29 < 22 (and these
points are not ‘too far’ from zg), then flz1] < flro] < f[z2]. Another way to formulate
the problem is to say that if 1 < 2 (and these points are not ‘too far’ from xzg), then
flz1] < flz2]. Surprisingly, the second formulation is more difficult to prove (and even fails
for pointwise differentiable functions). The second formulation essentially requires that we
can move the microscope from xy to x; and continue to see an upward sloping line. We
know from Theorem 5.4 that if 21 =~ x¢ the slope of the microscopic line only changes an
small amount, so we actually see the same straight line.
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Theorem 5.6. Local Monotony
Suppose the function f|x] is differentiable on the real interval a < x < b and x
is a real point in this interval.
(a) If f'[zo] > 0, then there is a real interval [, ], a < o < zg < B < b, such
that f[z] is increasing on |a, (], that is,

a<lzr <z <f = flz1] < flza]

(b) If f'[xo] < 0, then there is a real interval [, (], a < a < zg < f < b, such
that f[z] is decreasing on [, 5], that is,

a<lz <23 <f = flz1] > flza]

Proor

We will only prove case (a), since the second case is proved similarly. First we verify that
f[z] is increasing on a microscopic scale. The idea is simple: Compute the change in f[z]
using the positive slope straight line and keep track of the error.

Take 1 and x4 so that xp ~ 21 < x3 & xg. Since f’[z1] ~ f'[xo] by Theorem 5.4 we may
write f/[x1] = m + €1 where m = f[xo] and &1 = 0. Let 0z = x5 — 21 so

flwe] = flar + 0z] = fla1] + f'la1] - 6z + &2 - O
= flx1]+m -0z + (e1 + £2) - 0x

The number m is a real positive number, so m + e1 + &2 > 0 and , since dz > 0, (m + &1 +
€2) - 6x > 0. This means f[zs] — flz1] > 0 and flxs] > f[z1]. This proves that for any
infinitesimal interval [«, 8] with o < zg < (3, the function satisfies

a<zi <x2 < = flza] < flz2]

The Function Extension Axiom guarantees that real numbers o and [ exist satisfying the
inequalities above, since if the equation fails for all real o and 3, it would fail for infinitely
close ones. That completes the proof.

Example 5.1. A Non-Increasing Function with Pointwise Derivative 1

fla] 0, ifx=0
Tl =
x+2?Sin[Z], if 2 #0

The function

has a pointwise derivative at every point and D, f[0] = 1 (but is not differentiable in the
usual sense of Definition 5.2). This function is not increasing in any neighborhood of zero
(so it shows why the pointwise derivative is not strong enough to capture the intuitive idea
of the microscope). See Example 6.3.1 for more details.

5.0 Inverse Functions and Derivatives

If a function has a nonzero derivative at a point, then it has a local inverse.
The project on Inverse Functions expands this section with more details.
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The inverse of a function y = f[z] is the function = = g[y] whose ‘rule un-does what the
rule for f does.’
glf =]l ==
If we have a formula for f[z], we can try to solve the equation y = f[z] for . If we are
successful, this gives us a formula for g[y],

y = flz] & r = gly]

Example 5.2. y =22 and the Partial Inverse x = N

For example, if y = f[a] = 22, then = = g[y] = /¥, at least when z > 0. These two
functions have the same graph if we plot g with its independent variable where the y axis
normally goes, rather than plotting the input variable of g[y] on the horizontal scale.

y=f[x], x>0
y

x=g[y]

Figure 5.1: y = fx] and its inverse x = g[y|

The graph of @ = g[y] operationally gives the function g by choosing a y value on the
y axis, moving horizontally to the graph, and then moving vertically to the x output on
the z axis. This makes it clear graphically that the rule for g ‘un-does’ what the rule for
f does. If we first compute f[z] and then substitute that answer into g[y|, we end up with
the original z.

Example 5.3. y = f[z] = 2% + 27 + 2° + 2 + x its Inverse

The graph of the function y = flx] = 2% + 27 + 2° + 2 + 1 is always increasing because
f'[z] = 928+725+52*+3 2%+1 > 0is positive for all z. Since we know lim,_, _, f[z] = —00
and lim,_, ;o f[z] = +00, Bolzano’s Intermediate Value Theorem 4.5 says that f[z] attains
every real value y. By Theorem 5.6, f[x] can attain each value only once. This means that
for every real y, there is an x = g[y| so that f[z] = y. In other words, we see abstractly that
flx] has an inverse without actually solving the equation y = 2% + 27 4+ 2° + 23 + x for z as
a function of y.

Example 5.4. ArcTan[y]

The function y = Tan[x] has derivative Z—z = m When —7/2 < z < 7/2, cosine is

not zero and therefore the tangent is increasing for —n/2 < z < w/2. How do we solve for
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x in the equation y = Tan[z|?

y = Tan[x]
ArcTan[y] = ArcTan|[Tan[z]] = z
x = ArcTanly]

But what is the arctangent? By definition, the inverse of tangent on (—7/2,7/2). So how
would we compute it? The Inverse Function project answers this question.

Example 5.5. A Non-Elementary Inverse

Some functions are do not have classical expressions for their inverses. Let
y = flz]=2"
This may be written using z = 8%l 0 27 = (elogl#l)® = ¢= Loglz] and f[z] has derivative

dy d(ex Log[:c])
dv dx
1
= (Logla] +z —)e” Loglz]
= (1 + Logla)) z°
It is clear graphically that y = f[z] has an inverse on either the interval (0,1/e) or
(1/e,00). We find where the derivative is positive, negative and zero as follows. First,
z* = e* Logl] is always positive, never zero, so
0 = (1 + Log|[z]) =*
0 = (1 + Log|z])

—1 = Log|[z]
el = eLog[z]
1
=z
e

If z < 1/e, say @ = 1/e% then % = (1 + Logle™?])(+) = (1 — 2)(+) = (=) < 0. If
z=e>1/e, & = (1+ Logle])(+) = (2)(+) = (+) > 0. So % < 0 for 0 < = < 1/e and
% > 0 for 1/e < x < oco. (Note our use of Darboux’s Theorem 7.2.) This means that
flz] = «® has an inverse for x > 1/e.

It turns out that the inverse function x = g[y| can not be expressed in terms of any of the
classical functions. In other words, there is no formula for g[y]. (This is similar to the non-
elementary integrals in the Mathematica NoteBook SymbolicIntegr. Computer algebra
systems have a non-elementary function w|x] which can be used to express the inverse.) The
Inverse Function project has you compute the inverse approximately.

Example 5.6. A Microscopic View of the Graph

We view the graph © = g[y] for the inverse as the graph y = f[z] with the roles of the
horizontal and vertical axes reversed. In other words, both functions have the same graph,
but we view y as the input to the inverse function g[y]. A microscopic view of the graph
can likewise be viewed as that of either y = f[x] or z = g[y].
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ay
y —
|
dy
l
yO dx
x|
x0 x1

Figure 5.2: Small View of x = g[y] and y = f[z] at (x0,y0)

The ratio of a change in g-output dz to a change in g-input dy for the linear graph is
the reciprocal of the change in f-output dy to the change in f-input dx for the function.
In other words, if the inverse function really exists and is differentiable, we see from the
microscopic view of the graph that we should have

dy dx 1

—:l —:—:I
I f'lwo]  and &y~ dyjds g [yo]

The picture is right, of course, and the Inverse Function Theorem 5.7 justifies the needed
steps algebraically (in case you don’t trust the picture.)

Example 5.7. The Symbolic Inverse Function Derivative

Assume for the moment that f[z] and g[y] are smooth inverse functions. Apply the Chain
Rule (in function notation) as follows.

v = glfla]
X gl £
1=g/lfla] - /'l
, 1
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In differential notation, this reads like ordinary fractions,

=gyl &  y=fla]
Tl e L1l
dr 1 dy
dy ~ dz

A concrete example may help at this point.

Example 5.8. Derivative of ArcTangent

x = ArcTan[y] & y = Tan|x]
dz dy 1
= — ArcTan’ -~ - -
dy reTan’ly] < dz  (Cos[z])?
i, dr o dy 9
ArcTan'[y] = 0y 1 i (Cos[z])

Correct, but not in the form of a function of the same input variable y. We know that

2 _ Sin?[z] _ 2 .2 2 o 2 .
Tan®[x] = Go?fz] = ¥~ and Sin [z] + Cos®[z] = 1, so we can express Cos®[x] in terms of y,

Sin?[x] 4+ Cos?[z] = 1
Sin?[z] 1

Cos?[z] ~ Cos? [x]

1+

1492 =

Cos?[z]

1
Cos’[z] =
os”[z] e

So we can write
1

ArcTan’[y] = (Cos|z])? = T+42

The point of this concrete example is that we can compute the derivative of the arctangent
even though we don’t have a way (yet) to compute the arctangent. In general, the derivative
of an inverse function at a point is the reciprocal of the derivative of the function. In this
case a trig trick lets us find a general expression in terms of y as well.

Example 5.9. Another Inverse Derivative

It is sometimes easier to compute the derivative of the inverse function and invert for the
derivative of the function itself — even if it is possible to differentiate the inverse function.
For example, if y = 22+ 1 and z = /y — 1 when y > 1, then Z—z = 2x. The inverse function
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rule says

dr

o

dy 1

dr 2z
- 1
2y —1

The point of the last two examples is that computing derivatives by reciprocals is some-
times helpful. The next result justifies the method.

PROOF:

Suppose we have a function y = f[z] and know that f’[z] exists on an interval around a
point z = 2y and we know the values yo = f[zo] and m = f'[zo] # 0. In a microscope we
would see the graph

ay
y —
|
dy
l
y0 dx
x|
x0 x1

Figure 5.3: Small View of y = f[z] at (z0,yo)

The point (dz, dy) = (0,0) in local coordinates is at (zo,yo) in regular coordinates.

Suppose we are given y near yg, ¥y =~ yg. In the microscope, this appears on the dy axis
at the local coordinate dy = y — yo. The corresponding dz value is easily computed by
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inverting the linear approximation

dy = mdz
mdx = dy
dx = dy/m

The value z7 that corresponds to dz = dy/m is dz = x1 — xy. Solve for z1,

1 = 29 +dx
=9+ dy/m
=20 + (Y — yo)/m

Does this value of x = 1 satisfy y = f[z1] for the value of y we started with? We wouldn’t
think it would be exact because we computed linearly and we only know the approximation

flxo + dx] = flzo] + f'[xo] dx + € - dx
flaa] = flzo] +m - (21 — x0) + & - (21 — o)

We know that the error € =~ 0 is small when dx ~ 0 is small, so we would have to move the
microscope to see the error. Moving along the tangent line until we are centered over z1,
we might see

7y

?X

Figure 5.4: Small View at (z1,y)

The graph of y = f[z] appears to be the parallel line above the tangent, because we have
only moved x a small amount and f’[z] is continuous by Theorem 5.4. We don’t know how
to compute x = g[y] necessarily, but we do know how to compute y; = f[z1]. Suppose we
have computed this and focus our microscope at (x1,y1) seeing
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ay
Yy —
|
dy
l
yl ] dx
dx
x1 Xx2

Figure 5.5: Small View at (z1,y1)

We still have the original y ~ y; and thus y still appears on the new view at dy =y —y;.
The corresponding dx value is easily computed by inverting the linear approximation

dy = mdz
mdxr = dy
dx = dy/m

The z value, x5, that corresponds to dx = dy/m is dx = x9 — x1 with 2o unknown. Solve
for the unknown,
To = x1 +dx
=1 +dy/m
=z1+(y—y1)/m

This is the same computation we did above to go from xg to x1, in fact, this gives a discrete
dynamical system of successive approximations

To = given
Tpg1 = Tn + (Y — f[xn])/m
Tnt1 = Glen],  with Gz =z + (y — flz])/m

The sequence of approximations is given by the general function iteration explained in
Chapter 20 of the main text,

x1 = Glzo), w2 =Gla1] = G[Glxo]], x3 = G[G[Glxo]]],---
and we want to know how far we move,

lim =z, =7
n—oo

The iteration function G[z] is smooth, in fact,

G'la] = 1= f'l2]/m
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and in particular, G'[zg] = 1— f'[zg]/m = 1—m/m = 0. By Theorem 5.4, whenever z ~ zg,

G'[z] = 0. Differentiability of G[x] means that if z; = z; ~ xo,

Glzi] = Glaj) = G'[zg] - (v — x5) + ¢ (2 — 25)
|Gl2i] = Glaj]| = |G [xj] + o] - |2 — 2]
|Gla;] — Gla]| < 7o — a4

Lj

for any real positive r, since G'[z;] &~ G'[z¢] = 0 and some ¢ ~ 0.

If y = yo, then 21 = 29 — (y — yo)/m =~ x¢. Similarly, if x,, = zg, then flz,] ~ y and

Tnt1 R To, 50 |G[Tnt1] — Glan]| <7+ |@ny1 — xn|. Hence,

|z2 — x1| = |Gz1] — Glwo]| < 7rlw1 — 20
|xs — xo| = |Gx2] — Gz1]| < vl — 21| < r(r|z1 — 20|) = r2|x1 — x|
|zs — 23] = |G[zs] — Glz2]| < rles — z2] < r(r2|x1 —xo|) = 7“3|x1 — Zp|

and in general
|Znt1 — xn] <72 — 20|

The total distance moved in z is estimated as follows.

|Znt1 — o] = |(Tnt1 — Tn) + (@n — Tp—1) + (Tn—1 — Tn—2) + -+ (x1 — 20)|

< |xn+1 - xn| + |1‘n - l‘n—1| + |xn—1 - l‘n—2| + -+ |1‘1 - $O|
<oy — x| + oy — 20| ..+ |21 — 20

S(r"+rn_1+...+r+1)|x1—x0|

1— pntl
< ———|z1 — 20|
1—r

_pnl . . .o .
The sum 14+ 7472 473 ... 47 = 1= is a geometric series as studied in the main

1—r

1
text Chapter 25. Since lim, oo™ = 0if [r| < 1, 1+7r+ 72 +73 + - 41" — .

|r] < 1. Thus, for any y ~ yo and any real r with 0 < r < 1,

|Tn — @o| < |1 — 20
1—r
foralln=1,2,3,...
Similar reasoning shows that when y =~ yg
|Zkgn — xk| < ¥ |x1 — x0
- 1-r

because
|Tht1 — zi| < r¥loy —
|kt2 = 21| = |Glewia) = Glaw]| < rlewir — ax] < r(r¥en — o)

k43 — Tpo| = |Glente) = Glepia]] < rlapse — zpr| <2 (% — o))

-T

for
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Take the particular case r = 2. We have shown in particular that whenever 0 < § =~ 0
and |y — yo| < d, then for all k£ and n,

|zn — 20| < 2|21 — 29| and  |xpgn — k| < |71 — 20|

2k
and f[z] is defined and |f'[z] — f'[zo]| < |m]|/2 for |z — x| < 36/|m|. By the Function
Extension Axiom 2.1, there must be a positive real A such that if |y — yo| < A, then for all
k and n,
2
|z — xo| < 2|21 — 20| and |zpgn — zi| < 2—k|fc1 — x|

and f[z] is defined and |f’'[z] — f'[zo]| < |m|/2 for |z — 2| < 3A/|m|. Fix this positive real
A.

Also, if |z — z9| < E = 0, then |f[z] — yo| < A with A as above. By the Function
Extension Axiom 2.1, there is a real positive € so that if |[x — zg| < € < 3A/|m|, then
|fla] = yol <A and [f'[z] = f'[zo]| < [m]/2.

Now, take any real y with |y — yo| < A and consider the sequence

xr, = G[J?o], To = G[wl] = G[G[-T?O]]a r3 = G[G[G[IO]]L U

This converges because once we have gotten to the approximation xx, we never move beyond
that approximation by more than

2
|Thyn — k] < —|z1 — @0
2k

In other words, if we want an approximation good to one one millionth, we need only take
k large enough so that

?|x1 — x| <107
(1 — k) Log[2] + Logf|z1 — 2o|] < —610g[10]
k> Log[2] 4+ Log|[|x1 — o] + 6 Log[10]
- Log[2]

This shows by an explicit error formula that the sequence x,, converges. We define a real
function g[y] = lim,— o &, Whenever |y — yo| < A. We can approximate g[y] = T using
the recursive sequence. (This is a variant of “Newton’s method” for uniform derivatives.)
Moreover, if |y — yo| < A, then f[zs] is defined and |f'[zeo] — f'[z0]| < |m|/2 because
oo — @o| < 2[w1 — ol = 2|y — wol/|m| < 3A/[m].
Consider the limit
Too = lim z,
n—oo
= lim Glzp_1]
n—oo
=G| lim zp_1]
n—oo
= Glzoo]
0=(y— flzec])/m
Y= flrs]
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S0 gly] = Too is the value of the inverse function and proves that the inverse function exists
in our real interval [zg — &, xo + €].

We conclude by showing that g[y] is differentiable. Take y; & y2 in the interval (yo —
A, yo+A), not near the endpoints. We know that f[z;] is defined and |f'[z;]| > |m|/2 where
x; = gly;] for i =1,2.

We have o & 1 because the defining sequences stay close. Let ;1 = 2o+ (y; — f[zo])/m
and Z;(p41) = Tin + (Yi + flrin])/m, for i = 1,2. Then |z21 — 11| = |y2 — y1l/|m| = 0
and since |z; — xo| < 3A/|m/|, f[z] is differentiable at z;,. We can show inductively that
|To(nt1) — T1(nt1)| < B - }%| for some finite multiplier B when n is finite, because

Y2 — 1 f[x2n] - f[xln]

Ta(n+1) = Pa(n1) = (T2n = T1n) + =+ —
_ "] +0) - (w2n —
= (Ton — T1n) + y2my1 + (f'[z1n] )m( 2n 1n)
— !
- %—’_ <1+%> - (x2n — T1n)

For any real positive 0, choose k large enough so that |z; — x| < 2%|le — 20| < 0/3. Then
|ze — x1| < |x2 — @ak| + |T1 — T1k| + |22k — 11K| < 6. Since @ is arbitrary, we must have
To R XT1q.

Differentiability of f[z] means that

flze] = flo] = fl[$1](a?2 —z1)+ - (2 — 1)
with ¢ &~ 0. Solving for (zo — x1) gives
Y2 — Y1
f'[ﬂ?l] +t

1
glye] — gly1] = m :

(w2 —a1) =

(y2 — 1)

Since |f'[z41]] > |m|/2, = ﬁ + n with 1 ~ 0. Hence,

1
flmal+e
1
gly2] — gly1] = m (Y2 —y1) +n-(y2 —y1)
and g[y] is differentiable with ¢'[y1] = 1/ f'[z1].



CHAPTER
Pointwise Derivatives

This chapter explores the pathological consequences of weakening
the definition of the derivative to only requiring the limit of differ-
ence quotients to converge pointwise.

Could a function have a derivative of 1 at = a and not be increasing near x = a?
Could we have F'[z] = f[z] on [a,b] and yet not have f; flz] de = F[b] — Fla]? The
strange answer is “yes” if you weaken the definition of derivative to allow only “pointwise”
derivatives. We chose Definition 5.2 because ordinary functions given by formulas do not
exhibit these pathologies, as shown in Theorem 5.5. We make the theory simple and natural
with Definition 5.2 and lose nothing more than strange curiosities. If f[z] is smooth on an
interval around x = @ and f’[a] = 1, then f[z] is increasing. (See Theorem 5.6.) The
Fundamental Theorem of Integral Calculus above holds for smooth functions, as our proof
shows, whereas a pointwise derivative need not even be integrable.

It is an unfortunate custom in many calculus texts to use the pointwise derivative. (As Pe-
ter Lax said in his lecture at a conference in San Jose, ‘No self-respecting analyst would study
the class of only pointwise differentiable functions.”) This chapter explores the pathologies
of the pointwise derivative and concludes with the connection with Definition 5.2 in Theo-
rem 7.4: If pointwise derivatives are continuous, they satisfy Definition 5.2. The contrast
of the straightforward proofs by approximation in this book with the round-about proofs of
things like the Fundamental Theorem in many “traditional” books is then clear. The Mean
Value Theorem 7.1 is used to make an approximation uniform. The traditional approach
obscures the approximation concepts, makes the Mean Value Theorem seem more central
than it actually is, and contributes no interesting new theorems other than the Mean Value
Theorem whose main role is to recover from the over-generalization using Theorem 7.4.

6.1 Pointwise Limits

This section reviews the idea of a limit both from the point of view of “ep-
silons and deltas” and infinitesimals.

Suppose g[Az] is a function that only depends on one real variable, Az, and is defined
when 0 < |Az| < b. (The function may or may not be defined when Az = 0.) Let go be a

69
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number. The intuitive meaning of
lim Azx] =
1 Og [ ] 90

is that g[dz] is close to the value g, when 0z is small or close to zero, but not necessarily equal
to zero. (We exclude dz = 0, because we often have an expression which is not defined at the
limiting value, such as g[Az] = Sin[Az]/Az and want to know that lima,_.o Sin[Az]/Az =
1.) Technically, the limit is go if the natural extension function satisfies g[0x] ~ go, whenever
0 # dx =~ 0.

We proved the following in Theorem 3.2.

We want to see why a limit need not exist in the case

b
Az] = Sin[-—

gla] = Sin[]

Notice that g[Ax] is defined for all real Az except Az = 0. The fact that it is not defined

is not the reason that there is no limit. We will show below that

. LT
AI;QO Az SIH[E] =0
even though this second function is also undefined at Az = 0.

We know from the 27 periodicity of sine that

Sin[0] = +1  if 0 =2kr+ g and  Sin[f]=—-1 if 6=2kr— g

whenever k = £1,+2,--- is an integer. Hence we see that
[Azq] = Sin[L =+1 if Azxy = L
JIs = A YToptl
T 1
Axs] = Sin[—] = -1 if Axy =
g[ m2] ln[Axg] ! 2 2k — %

INTUITIVE REASON FOR NO LIMIT
We can take k as large as we please, making Axz; and Axy both close to zero, yet
g[Azq] = +1 and g[Azs] = —1, so there is no single limiting value go.
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Figure 6.1: y = Sin[ -]

RIGOROUS INFINITESIMAL REASON FOR NO LIMIT

We want an infinite integer K, so we can let dz1 = 1/(2K + %) and dz2 = 1/(2K — 3)
and have 0x1 =~ dxa = 0, g[0z1] = +1 and g[dxs] = —1. We can rigorously define infinite
integers by function extension.

Let N[z] be the function that indicates whether or not a number is an integer,

Nla] = {0, if z is not an integer

1, if z is an integer

Then we know that if N[k] = 1, then Sin[(2 K + 1)r] = +1 (respectively). We also know
that every real number is within % unit of an integer; for every x, there is a k with |z —k| < %
and N[k] = 1. The natural extension of N[z] also has these properties, so given any infinite
hyperreal H, there is another K satisfying |[H —K| < 3, N[K] = 1 and Sin[(2 K +3)7] = +1.
This technically completes the intuitive argument above, since we have two infinitesimals

1
dx1 = —— and dzp = —— with g[éx,] a distance of 2 units from g[dxs].

2K + 1 2K — 1

RIGOROUS € — D REASON FOR NO LIMIT
No limit means that the negation of the € — D statement holds for every real value
go. Negation of quantifiers is tricky, but the correct negation is that for every gg, there is
some real € > 0 so that for every real D > 0 there is a real Az such that |[Az| < D and
|g[Az] — go| > .
Let ¢ = % and let gy and D > 0 be arbitrary real numbers. We know that we can take
an integer k large enough so that 0 < |Az1| < |Azs| < D, g[Az1] = +1 and g[Azs] = —1.
L then

At most one of the two values can be within % of go, because if |g[Az1] — go| < 1,
|g[Azs] — go| > 3 or vice versa. This shows that the negation of the e — D statement holds.

Example 6.2. lima, oAz Sin[r/Az] =0

Since | Sin[f]| < 1, |Az Sin[anything]| < |Az|, so if |Az]| is small, |Ax Sin[r/Ax]| is small.
The rigorous justification with infinitesimals is obvious and the rigorous € — D argument
follows simply by taking D[e] = e.
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Figure 6.2: y = Az Sin[1-]

( Exercise set 6.1 )
1. Show that lima, o Ax? Sin[r/Ax] = 0.
2. Show that lima, .o A Cos[r/Ax?] does not ewist.

6.2 Pointwise Derivatives

What happens if we apply the pointwise limit idea to g[Az] = (f[z + Az] —
flz])/ Az, “holding x fized”? In fact, many books use this to define the
following weak notion of derivative.

Definition 6.2. Pointwise Derivative
We say that the function f[x] has pointwise deriative D, f[xo] at a point xg if

. flzo + Az] — flxzo)
Alalngo Az

What is the difference between this definition and Definition 5.27 We can explain this
either in terms of the € — D definition, or in terms of infinitesimals. In terms of € — D limits,
the input allowance D[e] can depend on the point xg in the pointwise definition. In the
following example, f[x] = 22 Sin[r/x], a D[¢] that works at x = 0 does not work at z = /€.

In terms of infinitesimals, the increment approximation

flxo + 6x] — flzo] = f'|xo] -0z + - 0x
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only holds at fixed real values. In the following example, this approximation fails at hyperreal
values like z = 1/(2 K).

Before we proceed with the example, we repeat an important observation of Theorem 5.5.
Derivatives computed by rules automatically satisfy the stronger approximation, provided
the formulas are valid on intervals. If you compute derivatives by rules, you know that you
will see straight lines in microscopic views of the graph. The next example shows that this
is false for the weaker approximation of pointwise derivatives.

Example 6.3. A Non-Smooth, Pointwise Differentiable Function

From the exercise above, the following definition makes f[z] a continuous function,
0, ifx=0
flal =95 qimr
x® Sin[Z], if 2 #0

That is, lim,_.o f[x] = f[0] = 0. Differentiation of f[z] by rules does not apply at x = 0,
since we obtain

flr]=2x Sin[g] - Cos[g]

which is undefined at z = 0.
We can apply the pointwise definition of derivative to this function at xg = 0,

_ flwo+ Az] — flzo] . f]0+ Az] — f[0]
lim = lim ——m————
Az—0 Az Az—0 Az
Az? Sin[-Z] -0
= i Ax
Armo Az
. . ™
= dim A Sl =0
So the pointwise derivative at z = 0 isD, f[0] = 0.
If we focus a microscope at (z,y) = (0,0) and magnify enough, we will see only a
horizontal straight line for the graph of y = 22 Sin[Z].
a) b) c)

A\/{\ ,\v/\v V/\v/\v/\ A vl\v/\\/\

Three Views of y = 2% Sin[Z]
However, if we first magnify this much and then move the focus point to

x = 1/4/magnification

we will no longer see a straight line, but rather a pure sinusoid!

Example 6.4. Why we see a sinusoid
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Suppose we focus our microscope at the point = 1/(2 K), for a very large K. We know
that Sin[Z] = +1 for # = 1/(2 K & £). This makes the function values z? Sin[Z] differ by

1 -1 1 1 1
_ — +
CK-1? K+1? QK7 [U-7&P 0+ k)

so that we see 2 after magnification by (2 K)?,
.
(1-75)?  (1+1g)?

We compute the distance between these x points,

1 1 2K+3-2K+3
2K—3 2K+1 (2K-3(2K+3)
1

T K2 _ 1
4K? -1
S
2K)?1 - =

These points are one unit apart on the 1/(2 K)? scale,
1 ~1
— &
1 - 5xe

We will see a difference of two units in function values at magnification (2 K)? and the
differing points lie one unit apart at this magnification.

We can say more. If we magnify by 4 K2 and observe the function f[z + dz] with the
microscope centered at (x,0) = (1/(2 K),0), we see the magnified values

T
T+ 0w

4 K?(x + 6z)? Sin] 1, x fixed, dx varying.

But we also see magnified values on the dx axis. Let éx = dx/(4 K?), for dx finite and let

]

Fldz] = 4 K*(xz + 6z)? Sin
o] = 4 K*(o + 52)* Sin[——
with this relationship between the true dx and the dx we see in the microscope. Our
microscopic view is the same as F[dx] at unit scale. The coefficient in front of the sine
above is actually constant on the scale of our microscope,

1 dr
2 2 __ 2 2
4K (x+0x)° =4K (—2 t Ik 5)
2K dsz)Q

9K T TIR?

= (

dr
(1+ﬁ)
1

Q
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for dzx finite, so F[dx] =~ Sin[-—7] on this scale. By algebra (as in Chapters 5 and 28 of the

x+ox
main text)
1 n —oz
r+or x  x(x+dx)
dz dz
=2K — +
QK2 (zx)(sx  (K)?
1+ 5%
~2K —dx

This means that Sin[r/(x+0x)] = Sin[2 K 7 — 7 dz] = — Sin[7 dz]. At the point x = 1/(2 K)
with magnification (2 K)?, we see the function

dy = — Sin[r dz]

dy

Figure 6.3: y = flz] at x = 1/(2 K)

Example 6.5. More Trouble with Pointwise Derivatives

The sinusoidal view we see in the microscope is just a hint of what can go wrong with
derivatives that are only given by pointwise limits. A pointwise derivative can be 1 and yet
the function need not be increasing near the point. The Fundamental Theorem of Integral
Calculus is false if we only assume that D, F(x) = f[z], because then f: flz] dz need not
exist. The section below on the Mean Value Theorem unravels the mystery. A pointwise
derivative D, f[z] is a continuous function on an interval if and only if it is actually an
ordinary derivative, D, f[z] = f'[z].

( Exercise set 6.2 )

1. Show that lim, ¢ f'[z] = limy—o (22 Sin[Z] — 7 Cos[Z]) does not eist.
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2. Use Mathematica to Plot y = x? Sin[Z] from -0.0001 to + 0.0001. Use AspectRatio ->
1 and PlotRange -> {-0.0001,0.0001}. You should see a straight line, but if you do not
control the PlotRange, you won’t. (Try the plot without setting equal scales.)

Now mowve the focus point of your microscope to x = 0.01. Plot from 0.0099 to 0.0101

with PlotRange -> {-0.0001,0.0001}. You will see a sinusoid. (If you use equal scales.)

3. Show that the function flz] = x Sin[Z] is continuous if we extend its definition to
fl0] = 0. Show that the extended function does not even have a pointwise derivative at
x =0. What do you see if you Plot this function at a very small scale at zero?
Show that the function flz] = x® Sin[Z] is continuous if we extend its definition to
fI0] = 0. Show that the extended function has a pointwise derivative at x = 0. What
do you see if you Plot this function at a very small scale near zero? Do wiggles appear?

Figure 6.4: y = x Sin[Z]

6.3 Pointwise Derivatives Aren’t Enough
for Inverses

A function can have a pointwise derivative at every point, D frlxo] = 1, but
not be increasing in any neighborhood of xg.

The function

0, ifx=0
wlz] = 2qsrx]
r+2?Sin[T], ifz#0

has pointwise derivative D,w[0] = 1. However, this function does not have an inverse in
any neighborhood of zero. It is NOT increasing in any neighborhood of zero. You can verify
this yourself. Here are plots of w[z]| on two scales:
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y=wr] =z + 2? Sin[Z]

—-1<x<1 and 0.0099 < x <0.0101

( Exercise set 6.3 )

(a) Show that the function wlx] above has an ordinary derivative at every x # 0.

(b) Show that the function wx] above has a pointwise derivative at every x, in par-
ticular, the pointwise deriative Dyw[0] = 1. (HINT: Write the definition and
estimate. )

(¢) Verify the plots shown using Mathematica with equal scales. One plot is from
-1 to 1 and the other is from 0.0099 to 0.0101 both with AspectRatio -> 1 and
PlotRanges equal to x ranges.

(d) Prove that for every real 6 > 0, there are numbers x1 < xg with wlxi] > w[ws]
as shown on the decreasing portion of the small scale graph above.
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CHAPTER
The Mean Value Theorem

The following situation illustrates the main result of this chapter.

You travel a total distance of 100 miles in an elapsed time of 2 hours for an average or
“mean” speed of 50 mph. However, your speed varies. For example, you start from rest,
drive through city streets, stop at stop signs, then enter the Interstate and travel most of
the way at 65 mph. Were you ever going exactly 50 mph? Of course, but how can we show
this mathematically?

( Exercise set 7.0 )

1. Sketch the graph of a trip beginning at 2 pm, 35 miles from a reference point, ending at
4 pm 135 miles from the point and having the features of stopping at stop signs, etc.,
as described above.

Sketch the line connecting the end points of the graph (a, fla]) and (b, f[b]). What is
the slope of this line?
Find a point on your sketch where the speed is 50 mph and sketch the tangent line at

that point. Call the point c. Why does this satisfy f'[c] = W?

7.1 The Mean Value Theorem

The Mean Value Theorem asserts that there is a place where the value of
the instantaneous speed equals the average speed. This theorem is true even
if the derivative is only defined pointwise.

We want to formulate the speed problem above in a general way for a function y = f[z]
on an interval [a, b]. You may think of = as the time variable with z = a at the start of the
trip and x = b at the end. The elapsed time traveled is b — a, or 2 hours in the example.
(Perhaps you start at 2 and end at 4, 4 - 2 = 2.) You may think of y = f[x] as a distance
from a reference point, so we start at f[a], end at f[b] and travel a total of f[b] — f[a]. The

average speed is (f[b] — f[a])/(b — a).

79
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We state the Mean Value Theorem in its ultimate generality, only assuming weakly
approximating pointwise derivatives and those only at interior points. This complicates the
proof, but will be the key to seeing why regular derivatives and pointwise derivatives are
the same when the pointwise derivative is continuous.

Theorem 7.1. The Mean Value for Pointwise Derivatives
Let f|x] be a function which is pointwise differentiable at every point of the open
interval (a,b) and is continuous on the closed interval [a,b]. There is a point ¢ in
the open interval a < ¢ < b such that

f1o] — fla]

D.fld = 15—

Figure 7.1: Mean Slope and Tangents

There may be more than one point where D, f[c] equals the mean speed or slope.
Proor

The average speed over a sub-interval of length Ax is

and this new function is defined and continuous on [a,b — Azx].

Suppose we let Azq; = (b — a)/3 compute the average of 3 averages, the speeds on
[a,a 4+ Az1], [a + Azy,a + 2Ax;] and [a + 2Az1,a + 3Ax;]. This ought to be the same as
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the overall average and the telescoping sum below shows that it is:

* (ola] + gla+ Az + gl + 20,]) =
1 (f[a—i— Azxq] — fla] n fla+2Az1] — fla + Axzq] n fla+3Az1] — fla+ 2Aﬂc1]>
3 Az Axq Azy
fla+ Axq] = fla] + fla+ 2Az1] — fla + Azy] + fla + 3Azq] — fla + 2Az4]
3A£L‘1

This implies that there is an adjacent pair of sub-intervals with

ol] = flzo + AAl‘xll] — flzo] < f[bg = g[a] < floni + AAﬂ;ll] — flonil _ glzni

because the average of the three sub-interval speeds equals the overall average and so either
all three also equal the overall average, or one is below and another is above the mean slope.
(We know that z;, and xj; differ by Azq, but we do not care in which order they occur
Zlo < Tpi OF Thy < Tio.)

Since g[z] is continuous, Bolzano’s Intermediate Value Theorem 4.5 says that there is an
x1 between z;, and xp; with glx1] = (flz1 + Ax] — flz1])/Azy = (f[b] — fla])/(b—a). The
subinterval [z1, 21 + Az1] lies inside (a, b), has length (b—a)/3 and f[z] has the same mean
slope over the subinterval as over the whole interval. (So far we have only used continuity
of fla].

Let Azy = (b — a)/32, one third of the length of [z1,71 + Az;]. We can repeat the
average of averages procedure above on the interval [x1,x1 + Az1] and obtain a new sub-
interval [za, 29 + Axs] inside the old sub-interval such that (f[xe + Axs] — flz2])/Azs =
(/[b] — f1a])/(b - a).

Continuing recursively, we can find z,, in (z,—1,Zn—1 + Az,_1) with Az, = (b —a)/3"
and (flen + Azn] — flzn])/Azn = (f[b] = fla])/(b— a).

The sequence of numbers a, = x, increases to a limit ¢ in (a,b), and the sequence
b, = x, + Az, decreases to c. In addition, we have

b—a Az,
:f[bn]_f[an]:f[bn]_f[c]+f[c]_f[an]
b, — an b, — an
- b, — ¢ f[bn]_f[c]+ C— anp f[c]_f[an]
T b, —a, by, —c b, —a, c—ay,

Notice that coefficients are positive and satisfy

b, — ¢ c—an
by —an by —an 1
Also notice that
flbn] — flc] flel = flan]

lim = lim
n—oo bn —C n—oo C— Qp
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Hence
lim b, —c f[bn]_f[c] n C— anp f[c]_f[an]

n—oo b, —a, b, —c b, —a, c—ay,

= D:cf[c]

and we have proved the general result of the graphically ‘obvious’ Mean Value Theorem,
by finding a sequence of shorter and shorter sub-intervals with the same mean slope and
‘taking the limit.’

( Exercise set 7.1 )

1. Suppose f[x] satisfies Definition 5.2. Show that the step in the proof of the Mean Value
Theorem where we write

b, —c f[bn]_f[c]+ C—an f[c]_f[an]

b, —a, b,—c b, —a, c—ay

can be skipped. If we take an infinite n, we must automatically have
flbn] = flan]
bn — Gn
when f[z] satisfies Definition 5.2. Why?
2. This exercise seeks to explain why we call the fraction
f1b] — fla]
b—a

the average speed in the case of the ordinary derivative, Definition 5.2.
The average of a continuous function glx] over the interval [a,b] is

1 b
g / glz] d

If f|x] satisfies Definition 5.2, show that the average of the speed is

What theorem do you use to make this general calculation? Why do you need Defini-
tion 5.2 rather than only a pointwise derivative?

Write an approximating sum for the integral and substitute the microscope approrima-
tion f'[x]dx = flx + dz] — flz] — e 0z as the summand. The latter sum telescopes to
fIb] — fla] with your adjusting constants.

Write the average of small interval speeds, (f[x + dx] — f[x])/(dz) for enough terms to
move from a to b. How many terms are there in the sum? Why is this sum

1 ' [ flz+ ba] — fla]
(b—a)/dz Z { dx

r=aqa
step dx

~ ['lan] = f'lbn] = f'[¢]

approximately the integral above?
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3. Alternate Proof to Averaging Averages
Let f[x] satisfy the hypotheses of the Mean Value Theorem for Pointwise Derivatives.
Let the constant m denote the mean slope,

Define a function
hlz] = flz] =m - (z —a)

Show that hlz] has the following properties:
(a) hl[z] is continuous on [a,b].

(b) hlx] is pointwise differentiable on (a,b).

(¢) hla] = fla]

(d) h[b] = fla] = hla], so that the mean slope of h[z] is zero,
hlb] — hla] _
“b-a "

(e) For any x, we have Dzhlx]=0 << Dyf[z]=m
The function hlx] has a horizontal mean cord. We want you to show that there
is a point ¢ in (a,b) where Dghlc] = 0.

(f) Show that hlx] satisfies the hypotheses of the Extreme Value Theorem 4.4 on
[a, b], hence must have both a max and a min.

(g) Show that either h[z] is constant or not both the maz and min occur at endpoints.
In other words, there is a ¢ in the open interval (a,b) where either h[c] is a maz
or min for |a,b].

(h) Prove a pointwise version of the the Interior Critical Points Theorem 10.2 from
the main text and show that Dyh[c] = 0.

(i) Show that Dy f[c] = (f[b] - fla])/(b — a).

7.2 Darboux’s Theorem

Suppose that f[z] is pointwise differentiable, but D, f[x] is not necessarily
continuous. The derivative function still has the intermediate value prop-
erty. In other words, a derivative cannot be defined and take a jump in val-
ues. (Pointwise derivatives can oscillate to a discontinuity, be defined, and
NOT be continuous. Ordinary derivatives are continuous by Theorem 5.4)

How do we know that it is sufficient to just check one point between the zeros of f'[z]
in the graphing procedure of the main text Chapter 97 If f’[z] is not zero in an interval
a <z < bandif f'[z] cannot change sign without being zero, then the sign of any one point
determines the sign of all the others in the interval. Derivatives have the property that they
cannot change sign without being zero, but not every function has this property.
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It was 5°C when I woke up this morning, but has warmed up to a comfortable 16°
now (61° F). Was it ever 10° this morning? Most people would say, ‘Yes.” They implicitly
reason that temperature ‘moves continuously’ through values and hence hits all intermediate
values. This idea is a precise mathematical theorem and its most difficult part is in correctly
formulating what we mean by ‘continuous’ function. See Theorem 4.5.

Darboux’s Theorem even holds for the discontinuous weak pointwise derivatives defined
above. We showed in Theorem 5.4 that our definition of f’[z] makes it a continuous function.
This means we can apply Bolzano’s Theorem to f’[z] to prove the case of Darboux’s theorem
for the ordinary derivatives we have defined. This is the result:

Theorem 7.2. Darboux’s Intermediate Value Theorem
If f'[x] exists on the interval a < x < b, then f'[x] attains every value intermediate
between the values f'a] and f'|b]. In particular, if f'la] < 0 and f'[b] > 0, then
there is an xo, a < xg < b, such that f'[zo] = 0.

Theorem 7.3. Intermediate Values for Pointwise Derivatives
Suppose that f[x] is pointwise differentiable at every point of [a,b]. Then the
deriwative function D, f[z] attains every value between D, fla] and D, f[b], even
though it can be discontinuous.

PRrROOF:
The functions
o] = D,fla], ifz=a and  hla] = w, ifx#£b
Hel=lal - if g £ a D.fb], ifx=b

are continuous on [a,b]. The function g[z] attains every value between D, f[a] and [f[b] —
fla]]/[b — a], while h[z] attains every value between [f[b] — f[a]]/[b — a] and D, f[b]. Con-
sequently, one or the other attains every value between D, f[a] and D, f[b] by Bolzano’s
Intermediate Value Theorem 4.5. In either case, an intermediate value v satisfies

_ 8- Jla]

00—«
so the Mean Value Theorem for Derivatives above asserts that there is a v with D, f[y] = v.
This proves the theorem.

( Exercise set 7.2 )

1. Show that the function y = jlx] = 7”?;21‘”“ equals —1 when x = —2, equals +1 when
x = 43, but never takes the value y = % for any value of x. Why doesn’t jlx| violate

Bolzano’s Theorem 4.5¢

2. 1) Show that the function y = k[z] = /22 + 2z + 1 has k'[z] = —1 when x = —2, has
K'[x] = +1 when x = +3, but k'[z] never takes the value y' = 5 for any value of x.
Why doesn’t k[x] violate Darbouzx’s Theorem above?

2) In the graphing procedures using the first and second derivatives, you must compute
all values where the derivative is zero or fails to exist. Why is this a crucial part of
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making the shape table? In particular, suppose you missed one x value where f'[x] failed
to exist or was zero. How could this lead you to make an incorrect graph?

7.3 Continuous Pointwise Derivatives
are Uniform

Pointwise derivatives are peculiar because they do not arise from computa-
tions with rules of calculus. This section explores the question of when a
pointwise derivative is actually the stronger uniform kind. The answer is
simple.

Theorem 7.4. Continuous Pointwise Derivatives are Uniform
Let f[z] be defined on the open interval (a,b). The following are equivalent:
(a) The function f[z] is smooth with derivative f'[x] on (a,b) as defined Defi-
nition 5.2.
(b)  The pointwise derivative exists at every point of (a,b) and defines a contin-
uous function, D, f[z] = g[x].
(¢) The double limit
i T2l = ]
xT1—T,T2—T To — X1

= h[z]

exists at every point x in (a,b).

Proor

(1) = (3) : Assume that (1) holds. Let z2 =~ z1 = ¢, a real value in (a,b). Then
To = x1 + 0z with dx = 29 — x1 = 0 and 1 is not infinitely near the ends of the interval
(a,b). By smoothness at x1,

flxe] = flaa] + flx1] - (22 — 21) + ¢ - (22 — 21)

so [flz2] — flx1])/[z2 — ®1] = f'[z1]. We know from Theorem 5.39 of the main text that
f'[z] is continuous, so f'[z1] & f’'[z¢] and we have shown that for any real value ¢ in (a, b)
and any pair of nearby values,

flza] = flz1]

T2 —T1

~ f'[xo]

which is equivalent to (3).

(3) = (2): Now assume (3). As a special case of the double limit, we may let 1 = x¢
and take limg, 4, [f[x2] — flzo]]/[z2 — xo] = h[xo] = D f[xo], showing that the pointwise
derivative exists. It remains to show that h[z] = D, f[z] is continuous.

If 21 =~ o, we need to show that hlx1] &~ h[zg]. We may apply the Function Extension
Axiom to show that given an infinitesimal e, for ‘sufficiently small’ differences between o
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and 1,
[flaa] — flai]
T2 — I1
with |e;| < e. We know that D, f[x] = h[z] at all real points, hence by Extension, at all
hyperreal points and hlx1] = [f[z2] — flz1]]/[x2 — z1].
The double limit means that whenever x5 ~ 1 ~ g,

f[l‘g] - f[l‘l] ~ h[xo]

T2 — X1

= sz[xl] +e1

Hence, h[x1] & h[zo] and h[z] = D, f[z] is continuous.

(2) = (1): Finally, assume that the pointwise derivative exists at every point of (a,b)
and that g[z] = D, f[z] is continuous. This means that for any real z¢ in (a,b) and z1 =~ x,
we have g[zo] ~ g[r1]. We must show that for any finite z in (a,b), not infinitely near an
endpoint, and any infinitesimal §z,

flz + éx]) = flz] + Dy flx] - 0z + € - 6z

for an infinitesimal e.
By the Mean Value Theorem on [z, + dz], there is an z; in (2,2 + dx) such that

flz + bz] — fla]
ox

By the continuity hypothesis, since © &~ z1, we have D, flz] ~ D, f[z1], so D,f[z] =
D, flxz1] + €, with € ~ 0. This means

fla + 0] [l
oz
so by algebra we have shown (1) with f'[z] = D, f[z]:
flz + dx] = flz] + Dy flz] - 0z + € - 6z

We have shown (1) = (3) = (2) = (1), so all three conditions are equivalent.

= D:cf[xl]

= Dxf[x] +e



CHAPTER
Higher Order Derivatives

This chapter relates behavior of a function to its successive deriva-
tives.

The derivative is a function; its derivative is the second derivative of the original function.
Taylor’s formula is a more accurate local formula than the “microscope approximation”
based on a number of derivatives. It has versions for each order of derivative and has many
uses. Taylor’s formula of order n is equivalent to having n successive derivatives.

Higher order derivatives can also be defined directly in terms of local properties of a
function. The first derivative arises from a local fit by a linear function. We can successfully
fit a quadratic locally if and only if the function has two derivatives. We give a general
result for nth order fit and n derivatives.

8.1 Taylor’'s Formula and Bending

The first derivative tells the slope of a graph and the second derivative
says which way the graph bends. This section gives algebraic forms of the
graphical “smile” and “frown” icons that say which way a graph bends.

When the second derivative is positive, a curve bends upward like part of a smile. When
the second derivative is negative, the curve bends downward like part of a frown. The smile
and frown icons are based on a simple intuitive mathematical idea: when the slope of the
tangent increases, the curve bends up. We have two questions. (1) How can we formulate
bending symbolically? (2) How do we prove that the formulation is true? First things first.

If a curve bends up, it lies above its tangent line. Draw the picture. The tangent line at
xo has the formula y = b+ m(z —xo) with b = f[zg] and m = f’[z¢]. If the graph lies above
the tangent, f[x1] should be greater than b+ m(z1 — x¢) = f[zo] + f'[zo](x1 — o) or

flza] > flao] + f'[zol (21 — 20)

This is the answer to question (1), but now we are faced with question (2): How do we
prove it? The increment approximation says

flza] = flzo] + f'lzo](z1 — 20) + (21 — 20)

87
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so this direct formulation of ‘bending up’ requires that we show that the whole error (1 —
xo) stays positive for z; ~ xg. All we have to work with is the increment approximation
for f'[z] and the fact that f”[zg] > 0. A direct proof is not very easy to give - at least we
don’t know a simple one.

‘We have formulated the result as follows.

PrROOF:

This algebraic formulation of convexity (or bending) follows easily from the second order
Taylor formula. This formula approximates by a quadratic function in the change variable
0x (where z is considered fixed), not just a linear function in dx. A general higher order
Taylor Formula is proved later in this chapter. We want to use the second order case as
follows to show the algebraic form of the smile icon.

Suppose that f”[zg] > 0 at the real value zg. If 27 ~ =z, substitute z = xy and
dx = x1 — x¢ into Taylor’s Second Order Formula to show:

fla+ 6] = fla] + '[a] 62 + %f”[x](éw)z be-oa?
flaa] = flwo] + f'[wo] (21 — o) + %f”[mo] (1 — @0) + & (21 — m0)?
The infinitesimal smile formula follows from using the fact that 3(f”[zo] +€)(z1 — 20)? > 0
flza] > flwo] + f'[wo] (21 — 20)

The Function Extension Axiom 2.1 says that since f[z1] > f[zo] + f'[zo] (x1 — z0) for
all |z1 — xo| < d, for infinitesimal d, there must be a non-infinitesimal D such that f[zq] >
flzo] + f'[xo] (x1 — o) whenever |z1 — x9| < D. This proves the Local Bending Theorem.
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( Exercise set 8.1 )

1. Give an algebraic condition that says a curve bends downward. One way to do this is to
“say” the curve lies below its tangent line. Prove that your condition holds for a small
real interval containing xo provided f"[xo] < 0.

8.2 Symmetric Differences and Tay-
lor's Formula

The symmetric difference

ot el fle =00/ _

gives a more accurate approrimation to first derivative than the formula

(f[z + 0x] — fla]) /0w = f'[x].

In the computations for Galileo’s Law of Gravity in Chapter 10 of the main text, we
used symmetric differences to approximate the derivative. There is an obvious geometric
reason to suspect this is a better approximation. Look at the figure below. Graphically, the
approximation of slope given by the symmetric difference is “clearly” better on a “typical”
graph as illustrated in Figure 8.1 below.

A line through the points (z, f[z]) and (x + 0z, f[z + dz]) is drawn with the tangent at =
in the left view , while a line through (z —dz, f[r —dz]) and (z+dz, flx+dx]) is drawn with
the tangent at x in the right view. The second slope is closer to the slope of the tangent,
even though the line does not go through the point of tangency.

a) b)

Figure 8.1: (f[x + 0] — f[z])/dxz and (f[x 4+ dx] — flz — dx])/dx
Now we use the second order Taylor formula to prove the algebraic form of this geometric
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condition. Substitute dz/2 and —dx/2 into Taylor’s Second Order Formula to obtain

fla+60/2) = flal + f[a162/2 + £ '] (52)° + 2622

flo— b2/2) = fle] ~ £lelon/2 + £ 1) (5)° + eada?

subtract the two to obtain

flz+0x/2] — flx — 6x/2] = f'[x]dx + (e1 + £2) 622

Solve for f’[z] obtaining

o=l da2 = o= 0e2 s,

with e4 ~ 0. This formula algebraically a better approximation for f’[z] than the ordinary
increment approximation f[z + dz] = f[z] + f'[z]0x + 30« which gives

fla] = W — &3

Note the importance of dx being small: 4 - §z is a product of two small quantities.

1.

( Exercise set 8.2 )

(a) Sketch the line through the points (x — dx, f[x —dx]) and (z, f[z]) on the left view
of Figure 8.1.

(b) Substitute x + dx into Taylor’s second order formula and do some algebra to
obtain the approximation

flz + dx] — flz — dx]
20x

f'lz] = +e5-0x

(¢) Show that the average of the slopes of the two secant lines on the left figure is
(flx 4+ dx] — flx — dx])/(20x), the same as the slope of the symmetric secant line
in the second view.

(d) A quadratic function q[dx] in the local variable dzx that matches the graphy = f|x]
at the three x values, T — 0x, x, and x + dx is given by

Y3 —2y1 + Y2
28x2

Y2

qldx] =1 + ;yl dx +

)
where y1 = flx], y2 = flx + 0] and y3 = flz — dx]. Verify that the values agree
at these points by substituting the values dr = 0, dr = dx and dr = —dx into
qldz].

(e) Show that the derivative ¢'[0] = (f[x + dx] — flx — dx])/(20x), the same as the
symmetric secant line slope.

A quadratic fit gives the same slope approximation as the symmetric one, which is also

the same as the average of a left and right approzimation. All these approximations are

“second order.”

[dx(dx — )]
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It is interesting to compare numerical approximations to the derivative in a difficult, but
known case. The experiments give a concrete form to the error estimates of the previous
exercise. When we only have data (such as in the law of gravity in Chapter 9 of the main text
or in the air resistance project in the Scientific Projects), we must use an approximation.
In that case the symmetric formula is best.

2. Numerical Difference Experiments
In the Project on Ezponentials, you compute the derivative of y = bt directly from
the increment approximation. Type and enter the following Mathematica program and
compare the two methods of finding y'[0]
b =2;
yft_] := bAL;
t = 0;
Do/
dt = 0.5\n;
Print[dt, (y[t + dt] - 1)/dt,(y[t + dt] - y[t - dt])/(2 dt)]
,{n,0,16}]
N[Log[b], 10]

8.3 Approximation of Second Deriva-
tives

porgy — et del = 2fla] 4 fle—oa]

0z

Substitute dx and —dx into Taylor’s Second Order Formula to obtain
1
fle +6a] = fla] + f'lz)ow + 5 f[a] (62)* + £162°

flo = 6] = fla] - f'le)o + 57" [a] (50)° + eada?

add the two to obtain
flx + 6x] — 2f[z] + flo — 6z] = f"[x]6x? + (61 + €2) 62
Solve for f”[z] to give a formula approximating the second derivative with values of the

function:
flz + 6x] — 2f[x] + flx — da]
+
ox2

[l =

€

( Exercise set 8.3 )
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1. Second Differences for Second Derivatives

(a) The acceleration data in the electronic homework for the Chapter on wvelocity
and acceleration is obtained by taking differences of differences. Suppose three
x values are © — dx, x and x + dx. Two velocities correspond to the difference
quotients

fle) = fle=8a)  fle+dx) - fla]
ox ox

Compute the difference of these two differences and divide by the correct x step
size. What formula do you obtain?

(b) Compare the approzimation for f"[x] preceding the Exercise Set to the answer
from part (a) of this exercise. What does the comparison tell you?

(¢c) Make a program like the one in Ezercise 8.2.2 above to compute this direct nu-
merical approximation to the second derivative and compare it with the exact
symbolically calculated derivative of bt.

8.4 The General Taylor Small Oh For-
mula

The general higher order Taylor formula is the following approximation of
the change function g[ox] = flx+dx] by a polynomial in the change variable
dx (or sometimes dx) when x is held fized.

Continuity of all the derivatives is equivalent to the fact that the approximation works
for all the values of x strictly inside the interval. The converse result is given below.

Theorem 8.3.  Taylor’s Small Oh Formula
Suppose that the real function f[x] has n real function continuous derivatives on
the interval (a,b). If x is not infinitely near a or b and dx ~ 0 is infinitesimal,
then the natural extension functions satisfy

flz+6x) = f[a:]—i—f’[:c]'533—1—%]””[3:]-512—1—3%]‘(3) [z]-023 +- - -—|—l'f(") [z]-02" +¢e-0x™
. n!
fore = 0.
Equivalently,for every compact subinterval [o, 5] C (a,b),
fle+ Aa] = (fla] + £la] -0+ 37"[e]- Aa® + -+ 2 FV]a] - Aa)

lim =
Az—0 Az™

uniformly in [a, O].

Before we give the proof of this approximation formula, we would like you to see for
yourself how it looks. The claim of the theorem is “local,” that is, the approximations are
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better than dx™, but only for small §z, or only ‘in the limit.” (Notice that if = = 0.01 and
n = 3, this means that the error is small compared to §z° = 0.000001.)

Figure 8.2: Sine and Taylor

You will need to review Integration by Parts from Chapter 12 of the main text,

b b
/F[u] dG[u]zF[m]G[mH’;—/ Glu] dF[u]

in order to follow the proof of Taylor’s formula.

TAYLOR’S REMAINDER FORMULA USING INTEGRATION BY PARTS

When n = 1, Taylor’s approximation is the increment equation of Definition 5.2. However,
we want to derive a general formula for the error € using integration. In the case where
n = 1, this is just uses the Fundamental Theorem of Integral Calculus 5.1.

ox ox ox
| i sela= [ farada [ d
ox ox
= ; f[a:—l—u]du—f[x]/o du
ox

= [z +u] du — f'[z] - 6=
0

= flo+dz] = flz] - f'[2] - o=

because if we take F[u] = f[z+u], then dF[u] = f'[z+u] du and the Fundamental Theorem

of Integral Calculus says f; dF[u] = F[b] — Fla]. Rearranging the calculation we have the
first order formula

o
flo+ 62 = fla] + fa] - 62 + / e+ ) — ffa]] du
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Integration by Parts shows
1
flo+oa) = fla] + f'la] - 0w + 5 f"[a] - 02% + -+

5 (n—1) 0w
et %f“’) [z] - 62" + h ' /0 (1= u/6z) " [ ]z 4+ u] — f™[a]] du

because

Spm=1) o 5= 5 s

n

and Integration by Parts with F[u] = (1 — u/éx)™~Y and dG[u] = f™ [z + u] du gives

e [0 wfoa)e e =
- % - fD(2) + % ' /051’(1 —u/6z)"D Dy 4] du
which could be further reduced (or used as an inductive hypothesis),
%. /Oax(l _ u/(sx)(nﬂ) [f(nfl)[x +u] — Ja) (2] du
- e e B[ e

THE ERROR FORMULA: We have shown that
flot+02) = flal + fl) o+ 5] -0 4 5o f O] 62 4ot O a] 6" e b
with the explicit formula
_ 1 /‘Sx (1 —u/dz)n=1

ox Jo (n—1)!

Now we will show that ¢ is small when dz is small.

PROOF OF TAYLOR’S SMALL OH FORMULA

To show that € ~ 0, it is sufficient to notice that continuity makes f™ [z +u]— f™[z] ~ 0
for 0 < u < dx, so the maximum

m = Max[|f™ [z +u] — fM[z]] : 0<u<dz]~0

€ [z +u] = f]a] du

and

WP T
~ oz Jy (n—1)!

m or m

or n! n!

du

This completes the proof. The equivalent “epsilon - delta” condition follows as in the proof
of Theorem 3.4.
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8.4.1 The Converse of Taylor's Theorem

Theorem 8.4. The Converse of Taylor’s Theorem,
Let f[z] be a real function defined on an interval (a,w). Suppose there are real

functions ap[z], h =0,--- , k, defined on (o,w) such that whenever a hyperreal x is
in (a,w) and not infinitely near the endpoints, and dx ~ 0, the natural extensions
satisfy
"1
flz + dx] = mah[x]éxh—l—e-éxk
h=0

with € = 0. Then f[z] is k-times differentiable with derivatives f™[z] = ap[z].

PRrROOF:
First, we show that the coefficient functions are continuous. Consider kK = 0. Take §dz = 0
to see that f[z + 0] = ag[z] + 0. Take dz ~ 0 to see f[x] is continuous,

fle+6z] = fla] + ¢
with € ~ 0.
Consider k£ = 1 and take two infinitesimals dxo and dz1 of comparable size, dz/dz1 and

dx1/0xg both finite. Expand at £ = x 4 dx¢ and at z,

flz + dxo + dx1] — flx + 0xo] = a1z + dxo] 21 + £1 621

flz + 0xo + dz1] — flz] + flz] — flx + dxo] = ar[z] (0zo + dz1) — a1x] Sz + €2 01

flz + dxo + dx1] — flx + 0xo] = ar[z] dz1 + 2 621
Solving, a1[x 4+ dxg] = a1[z] + (€2 — €1) proves continuity,

a1z + 0xo] =~ aq]z]

The case k = 2 is Exercise 8.4.3 below. The general case follows by expanding the
deleted differences (dz; indicates it is deleted from the expression) for k + 1 comparable
infinitesimals, dxg, 01, - -, 0k,

flz+ dzo + 61 + - - - + Sz

k
=" flo 4 Gwo + dwy + -+ 83 + -+ ]
j=1
+ ) flo0mo 40T+ Oy e O e+ Oy
1<i<j<k
+...+

k
DFE N fla+ S + 0y
1

—1

<

(_
+ (=1 fla + bz
about £ = x + dx¢ and about x, obtaining this expression equal to both

aglx + dxg) dx1 - S -+ - Sxp + €1 - 5x§+1 = ag[z] 0z - Sz -+ dxp + €2 - &U’S
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Proof that f"[x] = ay[z] is by induction on k. The case k = 1 is the Definition 5.2.
Suppose that we know f"[z] = ap[z], for h =0,1,--- ,k. Let dx; and dzo be comparable
infinitesimals and expand two ways:

flz + dx1 + 2]

k
1
=Y o F Pl + a1 )oal +
h=0 "

1
g1z + 0z ] Oh T 4 ey b
(k+1)!

Jaktlz] (01 + 0x0) Y 4 g 5ab !

k
I 1
—hz:;)m F 2] 6y + da)™ + G

Now form the difference, and write it as a polynomial in dxo,

k
ey baf =3 (F W+ o] b — Ola] (501 + 02)")
h=0
1
+ m (ak+1[x + d11] (5a:’§+1 — apt1[z] (dx1 + 5962)(1”1))
k+1
h=0

Expansion in dxo gives the terms

biy1[r,0z1] = (ak+1[z + 021] — ag41[])

(k+1)!
and

bi[x, 0z = % (f(k) [z + 021] — fP 2] — apy1]7] 53:1)

Since apy1[z] is continuous, we have

k—1
1
e dzhtl = (f(k) [+ 6x1]) — P 2] — agy[2] (53:1) Sxk + Z by [z, 6] dxh
h=0

TR
For any Ao, ---, \; distinct nonzero real numbers, we have the invertible Vandermonde
system of equations
Lo, AG bo eo(Aodzg )T Lo
1,)\1,”' ,)\If b1 5332 _ 61()\15x2)k+1 _ 5m]29+1 L1
1, g, - ,)\g b (51’5 €k(/\k(51‘2)k+1 Lk

with ¢, = 0 for h =0,--- , k. Applying the real inverse matrix to both sides, we obtain

bo[x75x1] Tlo
bl[x,éfvl]éxg :6x§+1 77.1

bz, 0x2) 0k M
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with g, ~ 0 for h =0,--- , k. In particular,
L (ew k)
brlz, dxz1]) = i (f [ + d0x1] — 17 [x] — ak41]z] (5x1) =(on

with ¢ ~ 0. This proves that f(®)[z] satisfies Definition 5.2.

( Exercise set 8.4 )
1. Show that the Taylor polynomials for sine at x = 0 satisfy

1 1
Sin[0+dx]:dxfg-dx3+a'dx5+~~

and use Mathematica to compare the plots as follows

Plot[{Sin[0 + dx/,dz, dz - dzN3/6, dx - dxA3/6 + dzN5/5!}

, {dz,-3 Pi/2,3 Pi/2}]

Make similar graphical comparisons for Cos[0 + dz] and Exp|0 + dx] = 0=,

2. We to work through the steps in finding the second order formula.
Calculate the following second order integral by breaking it into two pieces,

dx
b / (1 = u/60)[f"[x +u] - f[z] du

oz ox
:5x'/0 (1 —w/ox)f"[z+ u] du—éx/o (1 —wu/dzx)f"[z] du

dx

oz
:5x'/0 (1 —w/ox)f'[z+u] du—dz - f [x]/o (1 —wu/dzx)du

First, compute the integral foh(l —u/dx)du = 0x/2, by symbolic means or by noticing
that it is the area of a triangle of height 1 and base dx. Second, use Integration by Parts
with Flu] = (1 — u/dx) and dG[u] = f"[z + u] du to show
dx ox
(533-/ (1 —u/dz)f" [z +u] du = —dz - f'[z] + [z +u] du
0 0
= —oz - f'[z] + flz + 0] — fla]

Finally, combine your second order results to show that

ox
flx + ox] = fla] + f'la] - 62 + %f”[ﬂ?] +02% + 0z - /O (1 = u/0z)[f"[z + u] — f"[z] du

3. Suppose that

flx + o0zx] = flx] + a1[z] 6z + % as[x] 622 + edx?
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Take three comparable infinitesimals dxg, dx1, dx2, and expand the following:

FI§+ 0wy + 0xa] — fIE] + fIE] = FI§ + 6aa] — fIE + b2] + fI¢]
= as[€] dz10x2 +615x(2), E=x+dxg
flz + dxo + dz1 + dx2] — flz] + flz] — flx + 0zo + 0x1] — flx + dzo + d22]
+ flz] — flz] + flz + dxo]

= aslz| dz1022 + Egéxg

to show that as|x + dxo] = as(zx], azx] is continuous.

8.5 Direct Interpretation of Higher Or-
der Derivatives

We know that the first derivative tells us the slope and the second derivative
tells us the concavity or convexity (frown or smile), but what do the third,
fourth, and higher derivatives tell us?

The symmetric limit interpretation of derivative arose from fitting the curve y = f[z]
at the points z — dx and x + dx and then taking the limit of the quadratic fit. A more
detailed approach to studying higher order properties of the graph is to fit a polynomial
to several points and take a limit. To determine a quadratic fit to a curve, we would need
three points, say = — dx, x, and = 4+ dx. We would then have three values of the function,
flz — d6x], flz], and f[z + dx] to use to determine unknown coefficients in the interpolation
polynomial p[dx] = ag+ai1dz+ asdr?. We could solve for these coefficients in order to make
flz — éx] = p[—dx], flz] = p[0], and flx + dx] = p[dx]. This solution can be easily done
with Mathematica commands given in the next exercise. The limit of this fit tends to the
second order Taylor polynomial,

Jim plde] = fla] + f'le)d + 5 f'[a] da?

This approach extends to as many derivatives as we wish. If we fit to n + 1 points, we
can determine the n + 1 coefficients in the polynomial

pldz] = ap+ a1 de + - + ay, da"

so that p[dx;] = flz + dx;] for i = 0,1,--- ,n. If the function f[z] is n times continuously
differentiable,

Jim plda) = flo] + Flaldo -+ 5 la) do o FOe] da”
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specifically, if p[dz] = ao[z,dz] + a1z, 0] dz + - - - + a,[x, 0x] dz™, then
1
lim aglz,6x] = = f®]a], forall k=0,1,---,n
dx—0 k!

uniformly for x in compact intervals. The higher derivatives mean no more or less than the
coeflicients of a local polynomial fit to the function. In other words, once we understand the
geometric meaning of the da3 coefficient in a cubic polynomial, we can apply that knowledge
locally to a thrice differentiable function. Before we prove this amazing fact, we would like
you to “see” how it works by using Mathematica to fit the polynomials in Exercise 8.5.1

8.5.1 Basic Theory of Interpolation

Let f[x] be a real-valued function defined on (o, w), and let X = {zg,x1,... ,2,} be n+1
distinct points in the interval. The “Lagrange form” of the polynomial of degree n that has
the same values at the x; is

n

pxlal =3t T1 =
i=0 J

T
§=0,#i "

We say “px|z] interpolates f on X.” For example, when n = 2,

pxlz] =
o Em)E—) (o = 20) & — ) (& = z0)(z — 1)
=l @ 20 T @ e T G 2@ 2
By substitution we see that px[x;] = flx;] for i = 0,1,...,n . A polynomial of order n

with this interpolation property is unique, because the difference of two such polynomials
has n + 1 zeros and thus is identically zero.

The interpolation polynomial may also be written in “Newton form” with ascending terms
depending only on successive values of x;:

n—1

pxla] = aolao] + arfwo, 21](x — 70) + -+ + anfao, .. @] [[ (2 — 2)
=0

Substitution of xy in the Newton form shows
ao[zo] = flzo]

Equating the nth order terms in both the Newton and Lagrange form, we obtain

n
(NewtLa) anlTo, ..., Tn] = Z nf&
=0 [ (zj —z)
Jj=0,5#1
This formula (NewtLa) for a,[zg, ... ,z,] shows the symmetry of the coefficients. That is,

if k; is any permutation of {0,1,... ,n}, then

(Symm) An[Thoy - -+ s Thy] = AnlToy .-, X
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Applying the formula (NewtLa) to the right hand side of the next equation and putting
the resulting expression on a common denominator justifies the divided difference recursion

p—1[T1,. .., Tn] — Gn_1[T0, ... , Tp_1]
Tpn — X0

(DiffQ) anlTo,. .. ,Tn] =
Successive substitution into (DiffQ) shows

aozo] = flwol ,

_ flaa] = flwo]
a[xo, z1] = pra—
1 flwe] = flea]  flaa] — flzo]
a2[$0,$1,x2] - $2 _ mo ( -'172 _ -'17]_ -'17]_ _ -'170 )

Because of the relation of the Newton coefficients to divided differences of f[z], we denote
them by

6nf[x0a"' amn] :an[mOa"' ):L'n]

If flx] is differentiable at a point, we may extend the definition of 6" f to include a
repetition. This extension continues to satisfy the functional identity (DiffQ).

PRrOOF(a):
If n =0, the limit

- flzo +1] = flwo]

!
lim " [ [@o]
exists and we may define 6! f[zo, xo] = f[z0].
If n > 0, Newton’s interpolation formula at distinct points xg, zo + ¢, z1, T2, ... , T, gives

n i—1
flzo + 1] = flwo] + > _t6 flwo, ... ,xi] [ [ (wo +t — ;)
j=1

i=1

+ 6" flwo, ..., Tn, w0 + 1] H(mo +t—uzj)
Jj=1
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so that
"M flxg, 21, .. s Ty To + 1]
Heottldlool 51 flag, 1] — S0, 8 flwo, -, 2] [T} (zo +t — @)
[Tj— (xo +t — ;)
F'lwo] = 6 flwo, w1] = S0y 67 flwo, .-, ] [T12) (w0 — )
[T—i (xo — ;)

—

This proves (a).

PROOF (b):

To prove (b), we may use symmetry and assume xg = z1, so by definition of the extended
formula and identity (DiffQ),

"M flro, 1, s Tpg] = %1_1%5"“]0[9607960 +t, T2, Ty
:limé 0" flxo+t, x2 Tny1] — 0" flxo, o + ¢ Tn)
t—>0$n+1—$0 5 sy bnd ) g ydbn
1
= 7{5"]‘[@,:@,... s Tny1] — 0" flxo, o, T2, - . . ,xn]}
Tn+1 — Lo

8.5.2 Interpolation where f is Smooth

If we know that f[z] has n ordinary continuous derivatives (Definition 5.2), then we have
the following elegant formula.

PRrROOF:
First, the two integrals are equivalent because

n
Zti=1—t0
=1

Second, if n = 1, the Fundamental Theorem of Integral Calculus, with G[t] = f[zo +
t(z1 — m0)]/(x1 — o) and 2& = f'[z + t(x1 — 0)], shows the Hermite-Gennoci Formula,

flea] = flwo] _

X1 — o

1
61f[$1,.’l,‘0] = / f’[xo + t(.’L‘l — .’L‘())]dt
0
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Third, for n > 1, use successive integration and The Fundamental Theorem to show that
the the Hermite-Gennoci integrals satisfy the recursion (DiffQ):

/ n "'/f(n)(xo—l—tl(l‘l—$0)+"'+tn($n—$0)dt1...dtn
>0, ;<1
i=1

n—1

172 t;
= // / i=1 f(")(xo—i—tl(xl —(Eo)-l-”'-i-tn(l’n —(Eo))dtn dt1...dt,—1
tn=0

n—1
) 1—2@,
:// FO Vg + b1 (21 — x0) + -+ tn(Tn —20)]| T dty...dtp_s

Ty — X0
" tn=0

{/ o /f(nil)(xn + tl(l‘l - xn) + -+ tn—l(xn—l - xn))dtl v dtn—l

1
Tn — To

—/~~/f(n71)($0+t1($1 —$0)+"'+tn—1(xn—1 —(Eo))dtl...dtn71}

Since both 4" f and the integrals agree when n = 1 and since both satisfy the recursion
(DiffQ), the two are equal and we have proved the theorem.
If flz] = 2™, then f™[z] = n! and 6™ f[zo, ... ,z,] = 1 by equating coefficients of 2™, so

1:/ . /n' dty . dt,
tiZO,Zti:I
1=0

8.5.3 Smoothness From Differences

We say 0™ f is S-continuous on (a,w) if whenever we choose nearby infinitesimal se-
quences, we obtain nearly the same finite results. That is, suppose x¢g ~ 1 = - -+ & ,, are
distinct infinitely close points near a real b in (o, w) and &y ~ & ~ -+ &~ &, are also near
b. (The z; points are distinct and the &; points are distinct, but the sets {zg,...,z,} and
{&o, ... ,&.} may overlap.) Then

671]('[1‘0,. .. 7xn] ~ 571‘)('[50, .. 7§n]

and both are finite numbers.

Theorem 8.7. Theorem on Higher Order Smoothness
Let f[x] be a real function defined on a real open interval (o,w). Then f[z] is n-
times continuously differentiable on (a,w) if and only if the nth-order differences
0" f are S-continuous on (o, w).

PROOF THAT SMOOTH IMPLIES STABLE DIFFERENCES:
The implication = follows from the Hermite-Gennoci Formula, Theorem 8.6, and shows

5" flwos . yan] %f‘")[b]

whenever zg ~ --- &~ x,, = b.
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If 2o X &1 & - & @, then for all 0 < t; <1, fM[toxo + - + tpxn] = ) [x0], s0

5F g, 2m] = -.-/f(”)[toxo+---+tn:cn]dt1...dtn

n
\/t;' 20,2 ti=1
i=0

zf(”)xo/ n / dty...dt,
o] tiZO,Ztizl
=0

We prove the converse by induction and need some technical lemmas. The case n =0 is
trivial and the case n = 1 follows from Theorem 3.5.

PROOF OF LEMMA 1:
If n=0,

8% f'[zo] = f'[wo] = 7}i_l}(ljfslf[ﬂﬂo,»’L’o +t] = 6" flzo, o]

Assume that the formula holds for n and that zg, ... ,z,41 are distinct points in (o, w).
Use the recurrence formula (DiffQ),

! 1 n pl n g/
ontlyf [xo,...,xn+1]:7{6 fllzr, .o xns1] =96 f[xo,...,xn]}

Tn+1 — Lo
Next, use the induction hypothesis,

8" f[zo, - @nga]

n+1 n
= ¥{ Zén+1f[x1,... s Tpt1, Ti) — Zén+1f[xo,... ,xn,xi]}
i=1 1=0

Tn+1 — o
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Finally, use part (b) of Theorem 8.5

5n+1fl[$0, . ,$n+1]
1

= ———— 8" o, @, g
Tn+1 — To

+ Z (§n+1f[x17 ceo 5 Tntls xi] - 5n+1f[x07 s Iy, xz])
i=1
— 0" flzo, . ... ,xn,xo]}

n
= Z 5n+2f[$0, oo s T4, J)i]
=1

1

+ 7{5%1]"[%1, T, B = 8" fla, 79€n+17$0]}
Tn+1 — To

1
+ 7{6n+1f[$0,$1, s 7xn+1] - 5n+1f[$0,x1, s 7xn7x0]}

Tn+1 — To

n+1
= Z (5n+2f[l‘0, . 7xn+17xi]
=0

This proves the lemma.

Theorem 8.9. Technical Lemma 2
If "L f is S-continuous on (a,w), then 6% f is also S-continuous for all k =
0,1,...,n.

PROOF OF LEMMA 2:

It is sufficient to prove this for k& = n, by reduction. Suppose z¢p ~ z1 =~ ... = x,
and & &~ -+ & &, are near a real b. We wish to show " f[zg,... ,xn] = " f[&, ..., &)
and both are finite. We may assume that {zg,... 2.} # {&,... &} and if there is an
overlap between the sets let ,,, pm41,... ,2, be the overlapping points. Take & = z,,

&1 =Tmt1,-- €n—m = Tn. Now we have z; # & and {xo,z1,... ,2;,§,&+1,. .. , &} aset
of n + 1 distinct infinitely close points for each j.

To show that 6™ f[zo, ... ,2n] = 0" f[0,. .. ,&n], we form a telescoping sum and apply
identity (DiffQ):

3" flzo, ... yxn]) — 8" fl&o, .-, &n)
= Z‘Snf[xm 7mja£j+1a"' ,gn] _5nf[x07 7xj717£j7"' 7571]
j=0

= (xj_gj)5n+1f[x07"' 7xja£ja"' ,gn]

=0
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By hypothesis all the n + 1 order differences are near the same finite number so §" f[z] ~
d" f[€], since z; ~ &;.

We can also use this identity to show that the nth order differences are finite. Since the
identity holds for all infinitely close points, The Function Extension Axiom 2.1 shows that
it must almost hold for sufficiently close differences (say within real 6 for ’s within real 7).
A real difference is finite, so the nearby infinitesimal one is too.

PROOF THAT STABLE DIFFERENCES IMPLIES SMOOTH:

We need to show that the differences with repetition are S-continuous, not just defined
as hyperreals. It follows from The Function Extension Axiom 2.1 (as in the proof of Theo-
rem 3.4) that for sufficiently small infinitesimal ¢,

"M, 21, ., o + 1] =T flxg, ..., 20, x0)
fégmé & Ry~ & xy, then
"M flxo, ..., xn, xo] = 8" fl20, ... s X0, 20 + 1]
~ 6" flEo, - Ensbo + 5]
~ 8" fléo, - &y o]
So S-continuity of §"*!f implies S-continuity of 6"+ f with one repetition. (This is the
theorem on first order smoothness if n = 0.)

Our induction hypothesis is applied at n to the function glz] = f’[z], that is, we assume
that it is given that when §™g is S-continuous, g is n-times continuously differentiable. Now

apply (0'):

n

§nfl[x07 s 7xn] = Z 6n+1f[$0, s ,mnvxi]

=0

n
~ Z 6n+1f[£07 cee 75717&]
i=0
= 6nf/[£07 cee 7571]
so 0™ f' is S-continuous and f’ is n-times continuously differentiable. This proves that f is
n + 1 times continuously differentiable as claimed.

( Exercise set 8.5 )

1. Local Higher Order Fit
First, make a table of values to fit:

n = 1;
z = 0.0;
dr = 0.5;

flz-] := Exp[x]

values = Tablef[{x + k dx,flxr+ k dz]},{k,-n,n}] < Enter >
Next, make a list of basic functions:

Clear[dz];

polys = Table[dxzNi,{i,0,2 n}] < Enter >
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8. Higher Order Derivatives

Now Fit[] the data:

p = Fit[values,polys, dx/;

p< Enter >

And finally, Plot/[] for comparison:

Plot/{ Exp[x + dz],1 + dx + dzn2/2, p},{dz,-2,2}]

4
2
~
-2 -1 1 2

Figure 8.3: 2nd Comparison

Take dx = 0.25, dr = 0.125 and compare the coefficients of your Fit[] p[dzx] to the
Taylor polynomial.

Extend your program to fit a polynomial of degree 4 and use the program to compare to
the Taylor coefficients in the limit as dx — 0.
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Integration
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CHAPTER
Basic Theory of the Definite Integral

The second half of the Fundamental Theorem technically requires
that we prove existence of the integral before we make the estimates
given in the proof.

We are assuming that we have a function f[z] and do not know whether or not there is
an expression for its antiderivative. We want to take the following limit and be assured that
it converges.

Alinfo(f[a]Ax—i-f[a+Am]Ax+f[a+2Am]Am+f[a+3Ax]Am+- -+ flb—2Az]Az+ flb—Ax]Ax)

If the limit exists it equals fab flx] dz,

b
/ flz]dx = Alinllo(f[a]Ax + fla + Az]Az + fla + 2Az]Ax
' + fla+ 3Az]Az + - - - + f[b— 2Ax]Az + f[b— Az]Ax)

or
b
/f[a:]dx%f[a]éx—l—f[a—l—ém]éa:—i—-~-+f[b—5x]6x for every 0<dx=~0

When f[z] is continuous and [a, b] is a compact interval, of course this works as we prove
next. When f[z] is not continuous or if we want to integrate over an interval like [1, c0),
then the theory of integration is more complicated. Later sections in this chapter show you
why. (Even the first half of the Fundamental Theorem does not work if we only have a
pointwise differentiable antiderivative, because then f[z] can be discontinuous.)

The proof of the first half of the Fundamental Theorem of Integral Calculus 5.1 does not
require a separate proof of the convergence of the sum approximations to the integral. The
fact that the limit converges in the case where we know an antiderivative F'[z], where dF'[z] =
flz] dx as an ordinary derivative, follows directly from the increment approximation.

When we cannot find an antiderivative F'[z] for a given f[z], we sometimes still want to
work directly with the definition of the integral. A number of important functions are given
by integrals of simple functions. The logarithm and arctangent are elementary examples.
Some other functions like the probability function of the “bell-shaped curve” of probability
and statistics do not have elementary formulas but do have integral formulas. The second
half of the Fundamental Theorem justifies the integral formulas, which are useful as approx-
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imations. The NumlIntAprx computer program shows us efficient ways to estimate the
limit of sums directly.

9.1 Existence of the Integral

The next result states the approrimation result we need without writing a
symbol for f; flz] dz. Once we show that I exists, we are justified in writing

I= f: flz] dx. Continuity of flx] is needed to show that the limit actually
“converges.”

Theorem 9.1.  Ezistence of the Definite Integral
Let f[z] be a continuous function on the interval [a,b]. Then there is a real number
I such that
b—Ax
li Ax] =1
A 2 [fz]Az]
step Ax
or, equivalently, for any 0 < dxz =~ 0 the natural extension of the sum function
satisfies
b—dx
Z [flz]dx] = I
r=a
step dx
PrROOF:

First, by the Extreme Value Theorem 4.4, f[z] has a min, m, and a Max, M, on the
interval [a, b]. Monotony of summation tells us

b—dx
mx(b—a)< Y [flz]dz] <M x (b—a)
stﬁ}?%x
So that Eb;‘g& [f[x] dz] is a finite number and thus near some real value I[§z] ~ b [f[x] 6]
step dx step dx

What we need to show is that if we choose a different infinitesimal, say du, then I[dx] = I[du]
or

b—dx b—du
Y [fleloa]~ Y [f[u]6u]
stzeg%z stlég%u

In other words, we need to compare “rectangular” approximations to the “area” with differ-
ent step sizes. These step sizes may not be multiples of one another. This creates a messy
technical complication as illustrated next with several finite step sizes. (You can experiment
further using the program GraphIntApprox.)

The next two graphs show a function over an interval with 12 and 13 subdivisions.
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-l

If we superimpose these two subdivisions, we see

Figure 9.1: Both 12 and 13 Subdivisions Together

Notice that the overlaps between the various rectangles are not equal sizes. Here is
another example with 17 and 15 subdivisions:

a_a

Again, the overlapping portions of the rectangles are unequal in size.
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Figure 9.2: Both 17 and 15 Subdivisions Together

As a first step, we will make upper and lower estimates for the sum with a fixed step size.
We know by the Extreme Value Theorem 4.4 that for each Ax and each z = a+k Az < b,
the function f[z] has a max and a min on the small subinterval [z, z + Ax],

flem] < €] < flzm], for any ¢ satisfying v < & <z + Az

We may ‘code’ this fact by letting z,, = x|z, Az] and x5 = zpr[z, Az] be functions that
give these values. We extend and sum these to see that

b—dx b—dx

> [flemloa) < Y [fla] o]

Tr=a r=a
step dx step dz

and

b—ox b—ox

7 flxloa] < > [flra] bx)

r=aq r=a
step dx step dx

When 6z = 0 is infinitesimal, we also know that f[z,,] = f[zy] and in fact that the largest
difference along the partition is also infinitesimal,

0 < Max[(flxm[z, dz]] — flemlz,dz]]) : ® = a,a+ dx,a+20x,--- < b =0~ 0

~

This shows that our upper and lower estimates are close,

b—dx b—ox

> flemdoa] = Y [flem]6a] =

r=a r=a
step dx step dx

b—dx

= 3 [(fleard - flen)) 2]

r=qa
step dx

b—ox

<0 Y [ba]=0-(b—a)~0

r=a
step dx

We have shown that for any equal size infinitesimal partition, the upper and lower esti-
mate sums are infinitely close. Now consider the unequal partition given by overlapping a
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dx partition and a du partition for two different infinitesimals. A lower estimate with the
min of f[x] over the refined partition is LARGER than the min estimate of either equal
size partition, because the subinterval mins are taken over smaller subintervals. An upper
estimate with the max of f[x] over the refined partition is SMALLER than the max esti-
mate over either equal size partition. The difference between the refined upper and lower
estimates is infinitesimal by the same kind of computation as above. We therefore have

I[6z] ~ Min dz-Sum ~ Max dz-Sum and Min du-Sum ~ Max du-Sum ~ I[ju]
Min dz-Sum < Refined Min Sum < Refined Max Sum < Max dz-Sum
Min du-Sum < Refined Min Sum < Refined Max Sum < Max du-Sum

so I[dz] ~ I[0u] and since these are real numbers I[0z] = I[du]. This proves that the integral
of a continuous function over a compact interval exists.

( Exercise set 9.1 )

1. Keisler’s Proof of Existence
Let f[x] be continuous on [a,b]. We want to show that the integral exists. This is
equivalent to showing that for every two positive infinitesimals dx and du we have

b—ox b—ou

> flalda] = Y [flu]du]
stme;%x stlé;%u

(a) First, show that we can reduce the problem to the case where fx] > 0 on [a,b].
(HINT: Consider flz] = Flz] +m where m = Min[Flz] :a <z <1].)

(b) Given two positive infinitesimals dx and du, show that we can reduce the problem
to showing that for any positive real number r we have

b—dx b—ou
> [flaléa) <r+ Y [flu]dul
stgg;%:c stzg%u

(c) Letr be a positive real number and take ¢ = (b — a)/r. Below you will show that

b—dx b—du
> flelox) < > [(Flul + ¢) dul
stgg;%:c stlé;%u

Why does this establish (b)?
(d) To prove that the inequality in (c) holds, suppose to the contrary that

b—dx b—du
Y [flaloa] > Y [(flu] +¢) ]
stgg;%z stlé;%u

Show that then there must be a pair of points x and u in [a,b] so that

r—ou<u<z+doxr and flz]> flu]l+c
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(e) When flx] is continuous and dx ~ 0, we cannot have x — éu < u < x + dx and
flx] > ¢+ flu]. Why?

(f) Why does the contradiction of (e) prove that the integral exists?
(HINTS: Step (d) is the hard one. The sums are areas of regions bounded by x = a,
x = b, the x-axis, and step functions ssz[x] and Ssyu[x]. When the dz-sum is larger
than the du-sum, the region below ssz|x] cannot lie completely inside the region below
ssulz]. Let v satisfy ssz[v] > ssulv]. The value ssi[v] = flz] for a dxz-partition point,
x <wv < z+dx and the value ssyu[v] = flu] + ¢ for a du-partition point, u < v < u+ du.
Show that v — du < u < x + dx.
When Az and Au are real, concoct functions that give the needed values of v = X [Ax]
and u = U[Au], then apply the implication when dx and du are infinitesimal.)

9.2 You Can’t Always Integrate Dis-
continuous Functions

With discontinuous integrands, it is possible to make the sums oscillate as
Ax — 0. In these cases, numerical integration by computer will likely give
the wrong answer.

Exercises 12.7.3 and 12.7.4 in the main text show you examples of false attempts to
integrate discontinuous functions by antidifferentiation. The idea in those exercises is very
important - it is a main text topic. You can not use the Fundamental Theorem without
verifying the hypotheses.

More bizarre examples are possible if you permit the use of weakly approximating point-
wise derivatives. Examples 6.3.1 and 6.3 show how a single oscillatory discontinuity in a
pointwise derivative can lead to unexpected results. It is possible to tie a bunch of these
oscillations together in such a way that the resulting function has oscillatory discontinuities
on ‘a set of positive measure.” In this case we have the pointwise derivative D, F[z] = f[x],
but the limit of sums trying to define the integral do not converge to F'[b] — F[a].

There are two different kinds of discontinuity preventing convergence of the approximat-
ing sums for integrals. Isolated infinite discontinuities like the ones cited above from the
main text are easiest to understand and we discuss them below in a section on “improper”
integrals. There is also a project on improper integrals.

Oscillatory (even bounded) discontinuities are much more difficult to understand. B.
Riemann discovered the best condition that would allow convergence of the sums. The
integral is often called the “Riemann integral” as a result. This is peculiar, because the
notation for integrals originated in 1675 in a paper of Leibniz, while Riemann’s integrability
result appears over 150 years later in his paper on Fourier series. It took a very long time for
mathematicians to understand integration of discontinuous functions. (You too can progress
very far by only integrating continuous functions.)
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Riemann was interested in passing a limit under the integral,

b
lim fnlz] de = / nlingo fulz] dz

In his particular case the functions fy[z] were Fourier series approximations. This idea
seems harmless enough, but the appearance is deceiving. If we can do this once, we should
be able to do it twice. We want you to see just how awful limits of functions can be.

Example 9.1. A Very Discontinuous Limit

The following limit exists for each x, but the limit function is discontinuous at every
point.
lim lim (Cos[rn! z])"™ = Ig[z]

n—o0 m-—0oQ

If © = p/q is rational, then when n > ¢, Cos[r n! g] =1,s0

lim (Cos[ﬂ'n! §]> =1

Also "
lim 1= lim lim (Cos[wn! B]) =1
q

n—00 n—oo m—0o0

If  is not rational, then no matter how large we take a fixed n,
lim (Cos[rn! 2))™ =0
m—0o0

since the fixed quantity | Cos[m n! z]| < 1. The limit of zero is zero, so when x is fixed and
irrational,

lim 0= lim lim (Cos[rn!z])™ =0
n—oo n—o0 m—0o0

Together, these two parts show that the limit exists and equals the indicator function of
the rational numbers,

Iols] = 1, if x is rational
@ 0, if x is irrational

This function is discontinuous at every point since every x has both rational and irrational
points arbitrarily nearby. In other words, we can approximate £ ~ z ~ n with Ig[§] =1
and Ign] =0, so

Exn but Il =1 and Ign=0

It is even difficult to make a useful plot of low approximations to the limit.

UUULUUDERUULLUUET

Figure 9.3: (Cos[r 3! z])8
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We can show that

lim lim (Cos[rn! 2])™ dz =0

n—oo Mm—00 —

and the limits defining the ordinary integral

/ Ig[x] dx :/ (nlgréo mlgnoo Cos™ [rn! x]) dx  do not converge.

You cannot interchange these limits and the ordinary integral.

After Riemann, the study of Fourier series motivated Lebesgue’s work on integration that
ultimately led to a more powerful kind of integral now called the Lebesgue integral. Lebesgue
integrals of continuous functions are the same as the integrals we have been studying, but
Lebesgue integrals are defined for more discontinuous functions and satisfy more general
and flexible interchange of limit and integral theorems. When you really need to integrate
wild discontinuities, study Lebesgue integrals.

9.3 Fundamental Theorem: Part 2

The second part of the Fundamental Theorem of Integral Calculus says that
the derivative of an integral of a continuous function is the integrand,

X
7% | flde=rpx

The function A[X]| = faX flz] dz can be thought of as the “accumulated area” under the
curve y = f[z] from a to X shown in Figure 9.4. The “accumulation function” can also be
thought of as the reading of your odometer at time X for a given speed function f[z].

Figure 9.4: A[X] = [* f[z] da
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PRroor:
We show that A [X] satisfies the differential approximation A [X + 6X|-A[X] = f[X]0X+
g-0X with € = 0 when 6X ~ 0. This proves that f[X] is the derivative of A[X].

Figure 9.5: faXJ”SX flz] dx

By definition of A and the additivity property of integrals, for every real AX (small
enough so X + AX is still in the interval where f[z] is continuous) we have

X+AX b'e X+AX
A[X—i—AX]:/ f[m]da::/ f[m]da:+/X flz] dx

X+AX

:A[X]—l-/X flz]) dz
X+AX

A[X-l—AX]—A[X]:/ Fla] da

Figure 9.6: f;{HAX flx) dz

The Extreme Value Theorem for Continuous Functions 4.4 says that f[z] has a max and
a min on the interval [X, X + AX], m = f[X,,] < flz] < M = f[Xp] for all X <z <
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X + AX. Monotony of the integral and simple algebra gives us the estimates

X+AX X4+AX X+AX
m'AX:/ mdxg/ f[x]dxg/ Mdr=M-AX
X X X

m-AX < A[X +AX] - A[X] < M-AX
_ ALX + AX] - A[X]
"= AX
m = [1X] < FIX) < flXa] = M
AR O AN x| < i) - 11x

with both X,,, and X,/ in the interval [X, X + AX].

<M

Figure 9.7: Upper and lower estimates

The Function Extension Axiom 2.1 means that this inequality also hold for positive
infinitesimal X = AX,

A[X 4 6X] — A[X]
5X

We know that X,,, ~ X5 when 6X ~ 0. Continuity of f[z| means that f[X,,] = f[Xm] =~
f[X] in this case, so

- f[X] < f[XJW] - f[Xm]

A[X +6X] — A[X]
5X

= f[X]+e

with € =~ 0. So,
A[X 4+0X]—A[X] = fIX] - 6X +e-6X

with € =~ 0, when §X =~ 0. This proves the theorem because we have verified the microscope
equation from Definition 5.2

AX+6X]=AX]+A [X]6X +e-6X
with A’ [X] = f[X].

( Exercise set 9.3 )

1. A Formula for ArcTangent
Prove that

R |
AI'CT&I’I[J?] = /0 m df
(HINT: See Example 5.4.)
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9.4 Improper Integrals

The ordinary integral does not cover the case where the integrand function
is discontinuous or the case where the interval of integration is unbounded.
This section extends the integral to these cases.

There are two main kinds of improper integrals that we can study simply. One kind has
an isolated discontinuity in the integrand like

| |
/oﬁdx and /Oﬁda:

The other kind of improper integral is over an unbounded interval like the probability

distribution
2 [* e > 1
ﬁ - e d]} or ) F d]}

In both of these cases, we can calculate fac flz] dz and take a limit as ¢ — b. The theory of
these kinds of limiting integrals is similar to the theory of infinite series. We begin with a
very basic pair of examples.

Example 9.2. [ 1/a7 da

The function ;%p has a discontinuity at x = 0 when p > 0, but we can compute

1
lim — dx
blo Jy, P

The Fundamental Theorem applies to the continuous function 1/2? for 0 <b <z <1, so

1 1
—dx:/x_pdx
b 2P b

ﬁxl_pﬁ, if p#£1
Log[z]|}, ifp=1

L2 e p <]

1-p
=< —Log[h], ifp=1
—1
M=l ifp>1
The limits in these cases are
. 1—pl—Pp 1 .
1 1 hmblOTp:m’ 1fp<1
lim | — dx = < limpo — Log[b] = limp¢ Log[1/b] = lim._,o Log[c] =00, ifp=1
blo Jy P : /6P~ 11 ;
hmblo T = 00, lfp > 1
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1 1 .
/ P dp = 1P ifp<1
0 oo, ifp>1

Now we consider the other difficulty, an unbounded interval of integration.

Example 9.3. [ 1/a? da

To summarize, we have

The integrand 1/2P is continuous on the interval [1,00), so we can compute

b
lim — dx
b—oo Jq P

Again we have cases,

b b
—dx:/x_pdx
1

1 xP
! PY, ifp#1
Loglz]|8, ifp=1

L R P

1-p
= ¢ Loglb], ifp=1
—1/pP— 1 .
lp%, lfp >1
The limits in these cases are
. 1— — .
b limp 00 1jp L — oo, ifp<1
lim — dz = < limy_, o, Log[b] = oo, ifp=1
b—oo Ji P . 1-1/67~} 1
limp 00 — T = D ifp>1

To summarize, we have the opposite cases of convergence in the infinite interval case that
we had in the (0, 1] case above,

/Oox_p i {ﬁ if p>1
1 0, ifp<i1

Infinite intervals of integration arise often in probability. One such place is in exponential
waiting times. This can be explained intuitively as follows. Suppose you have light bulbs
that fail in some random way, but if one of them is still working, it is as good as new, that
is, the time you expect to wait for it to fail is the same as if it was new. If we write P[t] for

the probability of the bulb lasting at least until time ¢, then the ‘good as new’ statement
becomes

Pt + At]

i =PI

Probability of lasting to ¢t + At given that it lasted to t =

If we re-write this algebraically, this probabilistic statement is the same as the exponential
functional identity (see Chapter 2 above for the background on functional identities),

Pt + At] = P[t] x P|At]
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If we assume that P[t] is a smooth function, we saw in Example 2.7 above that

Pt =e?
for some A > 0. Example 2.7 shows that P[t] = e*! and the reason that we have a
negative constant k = —\ in our exponential is because the light bulb can not last forever,

limy oo P[t] = limy_oo e 2t = 0.

Notice that P[0] = 1 says we start with a good bulb.

We can think of the expression A e™*t dt as the probability that the bulb burns out
during the time interval [t,t + dt). (See the next exercise.)

Example 9.4. Ezxpected Life of the Bulb

The average or expected lifetime of a bulb that fails by an exponential waiting time is
given by the improper integral
oo
/ txe Mt dt
0

This can be computed with integration by parts,

u=t dv=Xe Mt dt
du =dt v=—e Mt
SO
b b
/ tAe‘“dt:—te—“|g+/ e Mt dt
0 0
EEWAEE B GT
=be -5 lo
1 1
L e Ab_Z oAb
+o0e h e
We know (from Chapter 7 of the main text) that exponentials beat powers to infinity, so
1 b 1
limbe b — = e b= lim 0

b—oo A 7b~>ooekb Ae)‘bi

We have shown that the expected life of the bulb is

> At g 1
/0 the dt_)\

9.4.1 Comparison of Improper Integrals

The most important integral in probability is the Gaussian or “normal” probability re-

lated to the integral
Erf(X] = — / e
T =— e x
VT )

You saw in the NoteBook SymbolicIntegr that this does not have an antiderivative that
can be expressed in terms of elementary functions. Mathematica calculates this integral in
terms of “Erf[ |,” its built in Gaussian error function. We often want to be certain that
an integral converges, but without calculating the limit explicitly (since this is sometimes

[t
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impossible). We may do this by comparing an integral to a known one. This is similar to
the comparison tests for convergence of 2series in the main text Chapter 18 on Series.
In the case of the integral above, e~ < e~ 1l for |z| > 1, so

—1 —1 e o] o)
/ e~ dx </ e” dx and / e~ dr </ e * dx
oo oo 1 1

The estimating integral converges,

0o b
/ e ¥ dr= lim e ¥ dr = lim (e — e_b) =e
1

b—oo Jq b—oo

so the tails of the e~ integral converges and

—1 R 1 5 fe%e] 5 [e%} 5
/ e " dx—l—/ e ” dx—l—/ e * dx z/ e * dx
—o0 —1 1 —00

( Exercise set 9.4 )

1. Improper Drill
1[I/ T de = 2 [X1/Vz de = 3 1) VT de =

4 foll/xde: 5 [ 1/2% do = 6 J3 1/2% do =
751/ de = 8 [F1/¢z de = 9 [F1/Yz do =
10 [y1/2% de = 11 [°1/2% do = 12 [1/a% de =
2. Show that

0o b
P[t]:/ AeMtdt=1lim [ Ne?tdt=e!
t

b—oo [y

and

t
/)\e_’\tdtzl—e_)‘t
0

3. Calculate the integral

2 /°° O
— re ” X
VT o

symbolically using a change of variables. FExplain your answer geometrically.

Calculate the integral
2 / 2 d
— x°e x
ﬁ —00

1 a-
/ Sin[z] da
0 x

converges. (Is Sin[z]/x really discontinuous at zero? Consider its power series.)

4. Prove that the integral
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Do the integrals

/ Sin[z] da and / | Sin[z]| da
0 0

x T

converge? This is a tough question, but perhaps you can at least use Mathematica to
make conjectures.

The previous exercise is related to conditionally convergent series studied in the Mathe-
matical Background Chapter on Series below. Lebesgue integrals are always absolutely
convergent, but we can have conditionally convergent improper integrals when we define

them by limits like
b -
S
lim / L[x] dx
b—oo 0 x
5. The Gamma Function
The Gamma function is given by the improper integral

I'(s) :/ t571e7t dt
0

This integral has both kinds of improperness. Why? Show that it converges anyway by
breaking up the two cases

e} 1 e}
/ 57 et dt :/ A dt+/ 5l et dt
0 0 1

Use Integration by Parts to show T'(s+ 1) = s T'(s).
Use s = n, a positive integer and induction on the functional identity above to show
that T'(s + 1) is an extension of the factorial function,

I'(n+1) =n!

9.4.2 A Finite Funnel with Infinite Area?

Suppose we imagine an infinite funnel obtained by rotating the curve y = 1/x about the
z-axis. We can compute the volume of the funnel by slicing it into disks,

Figure 9.8: y = 1/x Rotated
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Volume = / nr¥(z) do =7 / 2 dr
1 1
6. Finite Volume
Calculate the integral above and show that the volume is finite ().

Paradoxically, the surface area of this infinite funnel is infinite. If you review the cal-
culation of surface area integrals from Chapter 12 of the main text, you will obtain the

formula
<1 1
Area=1m —\/1+— dx
1 xr xr
7. Infinite Area

Show that the surface area integral above is infinite by comparing it to a smaller integral
that you know diverges.

Perhaps it is a good thing that we can’t build infinite objects. We would run out of paint
to cover them, even though we could fill them with paint...
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CHAPTER
Derivatives of Multivariable Functions

Functions of several variables whose partial derivatives can be com-
puted by rules automatically are differentiable when the function
and its partial derivative formulas are defined on a rectangle.

Theorem 10.1. Defined Formulas Imply Approzimation
Suppose that z = flx,y] is given by formulas and that the partial derivatives
%[m,y] and g—i[x,y] can be computed using the rules of Chapter 6 (Specific Func-
tions, Superposition Rule, Product Rule, Chain Rule) holding one variable at a
time fized. If the resulting three formulas f[z,y], %[az, yl, g—i[x,y], are all defined
in a compact box, a < x < B, v <y <mn, then

0 0
flz + 6z, y + dy] — flz,y] = a—i[x,y] -6x+8—£[x,y]-6y+€-\/6x2+6y2

with € uniformly small in the (z,y)-box for sufficiently small dz and 0y.

The “high tech” reason this theorem is true is this. All the specific classical functions
are complex analytic; having infinitely many derivatives and convergent power series expan-
sions. Formulas are built up using these functions together with addition, multiplication
and composition - the exact rules by which we differentiate. These formation rules only
result in more complex analytic functions of several variables. The only thing that can “go
wrong” is to have the functions undefined.

Despite this clear reason, it would be nice to have a more direct elementary proof. In
fact, it would be nice to show that uniform differentiability is “closed” under the operations
of basic calculus and specifically including solution of initial value problems and indefinite
integration in particular. Try to prove this yourself or WATCH OUR WEB SITE!

http://www.math.uiowa.edu/ stroyan/
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CHAPTER
Theory of Initial Value Problems

One of the main ideas of calculus is that if we know

(1) where a quantity starts, zfto] = zo
and
. dx
(2) how the quantity changes, i [t, x]

then we can find out where the quantity goes. The basic start and
continuous change information is called an initial value problem.

The solution of an initial value problem is an unknown function z[t]. This chapter shows
that there is only one solution, but since the solutions may not be given by simple formulas,
it also studies properties of the solutions.

11.1 Existence and Uniqueness of So-
lutions

If we know where to start and how to change, then we should be able to
figure out where we go. This sounds simple, but it means that there is only
one possible place for the quantity to go by a certain time.

The precise one dimensional theorem that captures this is:

Theorem 11.1. Existence & Uniqueness for I. V. P.s
Suppose that the functions f[t,x] and %[t, x] are continuous in a rectangle around
(x0,t0). Then the initial value problem

Z’[to] = X0
dx = f[t,z]dt

has a unique solution x[t] defined for some small time interval to — A < t < to+A.
Euler’s Method converges to x[t] on closed subintervals [to,t1], for t1 < to + A.

THE IDEA OF THE PROOF
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The simplest proof of this theorem is based on a “functional.” The unknown variable in
the differential equation is a function z[t]. Suppose we had a solution and integrated the
differential,

T T
dzft] = flt, x[t]] dt
to

to

2lr] — alto] = : Flt. «lf]) dt

We may think of the integral as a function of functions (or “functional.”) We make a
translation of variables, u[t] = x[t + to] — @0, g[t,u] = f[t + to,u + zo]. Given an input
function v[t], we get an output function by computing

w = G[v], where w[r] = /OT glt,v[t]] dt

An equivalent problem to our differential equation is: Find a “fixed point” of the func-
tional G[u], that is, a function u[t] with u[0] = 0 so that G[u] = u. Notice that

ulr] = /OTg[t,u[t]] dt & u = Glu]

See Exercise 11.1.1.
The proof of the theorem is very much like the computation of inverse functions in
Theorem 5.7 above. We begin with ug[t] = 0 and successively compute

This iteration is an infinite dimensional discrete dynamical system or a discrete dynamical
system on functions. If we choose a small enough time interval, 0 < ¢t < A, we can show
that the functional GJ-] decreases the distance between functions as measured by

[lu —v|| = Max[|u[t] — v[t]| : 0 <t < A

That is, ||Glu] — G[v]|| < r|lu — v||, with a constant r satisfying 0 < r < 1. (We will
show that we can take r = 1/2 below.) The proof of convergence of these approximating
functions is just like the proof in Theorem 5.7 once we have this “contraction” property.
The iteration scheme above reduces the distance between successive terms, and we can prove
that ||unt1 — unl] < 7™ ||ug —ugl] by recursively using each inequality in the next as follows:

[z — wr || = [|Glua] = Gluoll] <7+ [lus — uol|
lus — uz|| = || Gluz] = Glua]|| < 7 [|Glua] = Gluo] ] < 72 - [Jus — uo|
lug = us|| = |G(uz) — Glua]|| < 7+ [|Gluz] = Glua]|| < - [lur — uo|

[tnt1 = unll <77 - flus = uoll
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The sequence of iterates tends to the actual solution, u, — wu, the function satisfying
u = G[u]. To see this we use the geometric series from Chapter 25 of the main text on the
numbers ||u,+1 — un||. Notice that the distance we move for any number m steps beyond
the nt"* approximation satisfies

[Untmlt] = un[t]] < |Untmlt] = Ungm-1[t] + Untm—1[t] = — un[t]]
< Ntuntm[t] = Ungpm—1[t]] + [Un+m—1[t] — Untm—2[t]] + -
+ funs1ld] - unf]
< Ntntm = tngm—1ll + [[tntm—1 — Upgm—2|l + -
+ [[un+1 — unl|
<7 flus = uoll - (P AT 4 4 1)
m—+1

1—r
<7’n'HU1—U0”'?

§T”'||U1—U0||'17_r7

We use of the explicit formula (r™ 7™t +...+1) = lflin:l for the finite geometric series.
(We use 0 < r < 1 in the last step.)
Uniqueness follows from the same functional, because if both u and v satisfy the problem,

u = G[u] and v = G[v], then

lu —v|| = |Glu] = G]|| < rljlu—2v] with r <1

This shows that ||u — v|| = 0, or w = v as functions, since the maximum difference is zero.
This is all there is to the proof conceptually, but the details that show the integral functional
is defined on the successive iterates are quite cumbersome. The details follow, if you are
interested.

THE DETAILS OF THE PROOF

The proof uses two maxima. In a sense, the maximum M below gives existence of
solutions and the maximum L gives uniqueness. This is where the hypothesis about the
differentiability of f[t,x] enters the proof.

In Exercise 11.1.2 you show that if f[t, z] and g—i[t, z] are defined and continuous on the
compact rectangle |x — zg| < b, and |t — to| < by, then the maxima M and L below exist
and

M = Max]||f[t, ]| : |z — zo| < bi&|t — to| < by]
= Max{|g[t, u]| : [u] < bo&elt] < br]

and
of
L = Max]| 8—[t,x] Do — o] < bp&lt —to] < by
x
= Max| 221, ]| - Jul < bakelt] < b]
- 87]/ ) . = Yz =~ Uz

An important detail in the proof is a prior estimate of the time that a solution could last.
(We know from Problem 21.7 of the main text that solutions can “explode” in finite time.)
This is transferred technically to the problem of making G[v] defined when v = GJu].
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As long as g[t, u[t]] is defined for 0 < ¢ < 7, we know our functional G[-] satisfies

/ dt‘_M'T
to

when |g[t,u]| < M. This is a little circular, because we need to have g[t,u[t]] defined in
order to use the estimate. What we really need is that g[t, up41][t]] is defined on 0 <t <7
provided that g[t, u,[t]] is defined on 0 <t < 7 and g[t, ug[t]] is also defined on 0 < ¢ < 7.

Exercisel1.1.3 shows the following successive definitions. Let ug[t] = 0 for all t. Then
glt,uo[t]] = f[t + to, xo] is defined for all ¢ with 0 < ¢ < 7 as long as 7 < b; (the constant
given above.) Let A; be a positive number satisfying A; < b, and A; < b, /M (for the
maximum M above and in Exercise 11.1.2.) Let u1[t] = Gluo][t]. Then |u;[t]] < by, so
that g[t,uq[t]] is defined for 0 < ¢ < A;. Continuing this procedure, the whole sequence
Unt1 = Gluy] is defined for 0 <t < Aj.

The maximum partial derivative L is needed for the contraction property. For each fixed
t and any numbers u and v with |u| < b, and |v| < b,,, we can use (integration or) the Mean
Value Theorem 7.1 (on the function F[u] = g[t,u]) to show that

|Glul(7)] =

/OTg[t,u[t]] dt‘ <M

|g[t,1]] - g[tau“ <L |U - ’LL|
This is called a “Lipschitz estimate” for the change in g. See Exercise 11.1.4.

Let A be a positive number with A < A; and A < 1/(2L). For any two continuous
functions u[t] and v[t] defined on [0, A] with maximum less than by,

/0 glt, ult]] dt—/o glt,v[t]] dt‘
sgé \glt, ult)] — gl vl dt

|Glu] = Glo]|(7) =

< / L Max{julf] — off][ : 0 < t < A] dt
0
T 1

< [ Lhu-vldt<fu-ol LA fu-v
0

This shows that the iteration idea above will produce a solution defined for 0 < ¢ < A and
completes the details of the proof.

Once we know that there is an exact solution, the idea for a proof of convergence of Euler’s
method given in Section 21.2 of the core text applies and shows that the Euler approxima-
tions converge to the true solution. (The functional G[], called the Picard approximation,
is usually not a practical approximation method.)

( Exercise set 11.1 )

1. Define the functional G[u] as in the proof of Theorem 11.1 Show that a function ult]
satisfies w = G[u] if and only if z[t-+to] = ult]+zo satisfies z[to) = xo and L& = f[t,x[t]].
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2. If flt,z] and %[t,x] are defined and continuous on the compact rectangle |x — xo| < by
and |t — to| < by, show that the mazima M and L below exist and

M = Maz]|f[t,z]| : |x — 20| < &t — to| < by
= Maaf|g[t, u]| : |u] < bo&ft] < bf]

and

e — o] < bi&lt — to] < by

L1t : ul < bo&elt] < b

Ol QL
g |

3. Let ug[t] = 0 for all t. Prove that g[t,u[t]] is defined for all t with 0 <t < T as long
as 7 < by (the constant given in the Ezercise 11.1.2 above.)
Let Ay be a positive number satisfying Ay < by and Ay < by /M (for the mazimum M
in Ezercise 11.1.2.) Let uy[t] = Gluo][t] and show that |ui[t]| < by, so that g[t, u1[t]] is
defined for 0 <t < A;.
Continue this procedure and show that the whole sequence un41 = Gluy] is defined for
0<t< A

4. Calculate the integral

%[t, x] dz

u

(where t is fized.)
If hlx] is any continuous function for || < by, and Maz[|h[z]| : |z| < by] < L (in
particular, if hlz] = g[t,z]) show that

/ dx

/: hlz] dz

provided |u| < b, and |v| < b,. Which property of the integral do you use?
Combine the two previous parts to show that for any t with |t| < by and any numbers u
and v with |u| < b, and |v| < by,

<L-

=L-|v—ul

|g[t,’U] _g[t7u]| <L- |U_U’|

11.2 Local Linearization of Dynamical
Systems

Now we consider a microscopic view of a nonlinear equilibrium point.
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PrROOF:

We give the proof in the 1-D case, where the pictures are not very interesting, but the
ideas of the approximation are the same except for the technical difficulty of estimating
vectors rather than numbers.

We define functions

1 1
z[t] = 5 (x[t] — ze) and  Flz] = 5 [0+ ]
when z[t] is a solution of the original equation. z[t] is what we observe when we focus a
microscope of magnification 1/§ at the equilibrium point z., with f[z.] = 0 and watch a

solution of the original equation. We want to compare z[t] starting with z[0] = a to the

solution of d_ltL = bu where b = f'[z.] and u[0] = a as well. Exercise 11.2.1 shows:

(a) z[t] satisfies % = F[z], when z[t] satisfies Z—f = fl=].

(b) If z is a finite number, F[z] = b- z.
(c) Let p > 0 be any real number so that the following max is defined and let

L = Max]| f'[z]| : |z — x| < p] +1
Then if z; and 2z, are finite,

|F'l22] = Flz1]] < L2z — 21]
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Our first lemma in the microscope proof is:

Theorem 11.3. Lemma on Ezistence of the Infinitesimal Solution

d
The problem d—i = F[z] and z[0] = a has a solution defined for all finite time.

PROOF OF THE LEMMA: See Problem 11.1.
Let u[t] satisfy u[0] = a and ¢ = b u. (Ignore the fact that we know a formula in the
1-D case.) Define ¢[t] by
z[t] = ult] + et
Now use Taylor’s formula for f[z] at 2., and use the fact that f[z[t]] = 4,

Fle] = 3 lre + 62

= Floe) + ] - (ult] + <lt]) + / (e + 562] — f'[ze]) = ds

% - Cclz_? + % =b- (uft] +e[t]) +/0 (f'[we + 502] = f'[xe]) 2 ds
& beft) + alt

with n[t] ~ 0 for all finite ¢.
This differential equation is equivalent to

elt] = /0177[3] ds+b /Ole[s] ds

so for any positive real a, no matter how small (but not infinitesimal) and any finite ¢,

le[t]] < a+b/0 lels]| ds

Which implies that
le[t]] < ae!
and since a is arbitrarily small, €[t] ~ 0 for all finite ¢.
To see this last implication, let

Ht] :a—l—b/o le[s]| ds

so |e[t]] < H[t]. We know H[0] = a and H'[t] = ble[t]| < b H[t] by the second half of the
Fundamental Theorem of Integral Calculus and the previous estimate. Hence,

H'[i]
i ="
S H/[t] S
/0 i dtg/o bdt
Log[H[s]] <bs

a
H[s] < aebt
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This proves the infinitesimal microscope theorem for dynamical systems, but better than
a proof, we offer some interesting experiments for you to try yourself in the exercises.

This is a finite time approximation result. In the limit as ¢ tends to infinity, the nonlinear
system can “look” different. Here is another way to say this. If we magnify a lot, but not by
an infinite amount, then we may see a separation between the linear and nonlinear system
after a very very long time. As a matter of fact, a solution beginning a small finite distance
away from the equilibrium can ‘escape to infinity’ in large finite time.

( Exercise set 11.2 )

d d
1. Show that z[t] satisfies d—j = F[z], when z[t] satisfies d—f = flz].
Show that if z is a finite number, F[z] = b- z.
Let p > 0 be any real number so that the following max is defined and let

L = Maallf'[e]] s |z — w| < p] +1
Show that when z1 and zo are finite,
|F[22] — Fz1]| < Lz2 — 2]

The following experiments go beyond the main text examples of magnifying a flow near
an equilibrium where the linearized problems are non-degenerate.

2. Use the phase variable trick to write the differential equation ((11275 + 2‘;—’; +rx+152% =0
as a two dimensional first order system with flx,y] =y and g[z,y] = —x — 2y — 1523,
Prove that the only equilibrium point is at (ze,y.) = (0,0).

Prove that the linearization of the system is the system

and that it has only the single characteristic value r = —1.

Use the Flow2D.ma NoteBook to solve the linear and nonlinear systems at various
scales. A few experiments are shown next. Notice the different shape of the nonlinear
system at large scale and that the difference gradually vanishes as the magnification
increases. The first three figures are monlinear, and the fourth is linear at same scale
as the small nonlinear case.
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b) J
0.1 0. 1°
Y 0.1,

0.1 0. 1° 0.1 0. 1°

2+ 22 +x+ 1523 =0vs. 2" +22 +2=0

3. Use the phase variable trick to write the differential equation % + 22 =0 as a two
dimensional first order system with f[z,y] =y and glx,y] = —a°.
Prove that the only equilibrium point is at (ze,y.) = (0,0).

Prove that the linearization of the system is the system

and that it has only the single characteristic value r = 0.

Use the Flow2D.ma NoteBook to solve the linear and nonlinear systems at various
scales. A few experiments are shown next. The first three figures are nonlinear, and
the fourth is linear at same scale as the small nonlinear case. What is the analytical

solution of the linear system?
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b) y

-0.1 0.1 -0.1 0.1

oo
=

2+ 23 =0vs. 2" =0

Problem 11.1. EXISTENCE OF THE INFINITESIMAL SOLUTION

v

d
Prove that the problem d_i = F[z] and z[0] = a has a solution defined for all finite time.

HINTS:
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Apply the idea in the proof of existence-uniqueness, Theorem 11.1 above. Define,

We have |z1[t] — zo[t]| < f(f Fla] ds| < t|F[a]| = b-a-t is finite. Next,

|22[t] — 21 [t]] < /O |F[22(s)] — Flz1(s)]| ds
S/o L|z1(s) —al ds

2
<l
-2

|22[t] = a] < |z2[t] — z1[t]| + [21[t] — o

1 1
<|Pla]l - |Lt+ S(Lt)*| < [Flal| - [L+ Lt + S(L1)7
Continue by induction to show that
1 1
|zns1[t] — a| < |Fla]][1+ Lt + E(Lt)Q +o (L) < |Fla]| e&!

This shows that z,[t] is finite when t is. We can also show that z,[t] — z[t], the solution to
the initial value problem, as we did in the existence-uniqueness theorem.

A

11.3 Attraction and Repulsion

This section studies the cases where solutions stay in the microscope for
infinite time.

The local stability of an equilibrium point for a dynamical system is formulated as the
next result. Notice that stability is an “infinite time” result, whereas the localization of the
previous theorem is a finite time result after magnification.
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PROOF

One way to prove this theorem is to ‘keep on magnifying.” If we begin with any solution
inside a square with an infinitesimal side 2 ¢, then the previous magnification result says
that the solution appears to be in a square of half the original side in the time that it takes
the linearization to do this. It might be complicated to compute the maximum time for a
linear solution starting on the square, but we could do so based on the characteristic roots
in the linear solution terms of the form e~" . Tt is a fixed finite time 7. We could then start
up again at the half size position and watch again for time 7. After each time interval of
length 7, we would arrive nearly in a square of half the previous side.

If we want to formulate this with only reference to real quantities, we need to remove
the fact that the true solution is only infinitely near the linear one on the scale of the
magnification. Since it appears to be in a square of one half the side on that scale, the true
solution must be inside a square of 2/3 the side within time 7. Since this holds for every
infinitesimal radius, the Function Extension Axiom guarantees that it also holds for some
positive real £. After time n x 7, the true solution is inside a square of side (%)n times the

original length of the side. lim, o (2)" =0, so our theorem is proved.

Continuous dynamical systems have a local repeller theorem, unlike discrete dynamical
systems. Discrete solutions can “jump” inside the microscope, but continuous solutions
‘move continuously.” You could formulate a local repeller theorem by ‘zooming out’ with
the microscopic theorem above. How would a ring of initial conditions move when viewed
inside a microscope if the characteristic values had only positive real parts?
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11.4 Stable Limit Cycles

Solutions of a dynamical system do mot mecessarily tend to an attracting
point or to infinity.

There are nonlinear oscillators which have stable oscillations in the sense that every
solution (except zero) tends to the same oscillatory solution. One of the most famous
examples is the Van der Pol equation:

d*x 9 dx
— +ta(z*—1)—+2=0
dt? ( ) dt

Your experiments in the first exercise below will reveal a certain sensitivity of this form of
the Van der Pol equation. A more stable equivalent system may be obtained by a different
change of variables, w = — [z dt,

dw
— ==
dx x3
E—w—a(?—m)
Since
Pz dro, o dde 2t
iz g )= alg Ty )=
d  dx 23
/E(E—f—a(?—x)dt:—/xdt—w
de 2%
a g o=
dx x3
E——a(?—x)—i—w
- X
I—
ﬁ%
@‘
4 -7 > 4 W
_2)
—

Figure 11.1: Van der Pol Flow
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( Exercise set 11.4 |

1. Van der Pol 1
Show that the following is an equivalent system to the first form of the Van der Pol

equation via the phase variable trick, y = %,

dx
dt
dy
dt
Use Flow2D.ma to make a flow for this system and observe that every solution except
zero tends to the same oscillation.
2. Van der Pol 2
Use Flow2D.ma to create an animation of the second version of the Van der Pol
dynamics.

=Y

=z —ay(z? 1)
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Infinite Series
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CHAPTER
The Theory of Power Series

This chapter fills in a few details of the theory of series not covered
in the main text Chapters 24 and 25.

What do we mean by an infinite sum
ur[z] + uala] + us[z] + - -

The traditional notation is
o0 m
k=1 k=1

where the limit may be defined at least two different ways using real numbers. One way to
define the limit allows the rate of convergence to be different at different values of z and the
other has the whole graph of the partial sum functions approximate the limiting graph. The
weaker kind of limit makes the “sum” ) 7~ | have fewer “calculus” properties. The stronger
limit makes the “infinite sum” behave more like an ordinary sum. The traditional notation
Zzil makes no distinction between uniform and non-uniform convergence. Perhaps this is
unfortunate since the equation

oo

/:k 1uk[x] dm—g/juk[x] dx

is true for uniform convergence (when the u[z] are continuous) and may be false for point-
wise convergence (even when the uy[x| are continuous).

The love knot symbol “c0” is NOT a hyperreal number, and is not an integer, because
it does not satisfy the formal properties of arithmetic (as the Axioms in Chapter 1 require
of hyperreals. For example, oo + 0o # 200.) Hyperreal integers will retain the arithmetic
properties of an ordered field, so we always have

/abzn:uk[x] dx = kZ;/abuk[x] dx

k=1

when n is a hyperreal integer, even an infinite one. This seems a little paradoxical, since we

expect to have
n oo
> ukle] ~ ) unla]
k=1 k=1

It turns out that we can understand uniform and non-uniform convergence quite easily from
this approximation. The secret lies in examining the approximation when x is hyperreal. If
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the convergence is non-uniform, then even when n is infinite the hyperreal sum will NOT
be near the limit for some non-ordinary z’s. In other words, non-uniform convergence is
“infinitely slow” at hyperreal z’s. (You might even wish to say the series is not converging
at these hyperreal values.)

What do we mean by an infinite sum, Y _;_, uj[z], when n is an infinite hyperreal integer?
What do we even mean by an infinite integer n? On the ordinary real numbers we can define
the indicator function of the integers

1, if zis an integer
I[z] = o .
0, if xis not an integer

The equation I[m] =1 says “m is an integer”. The formal statement
{I[m] =1,a <z < b} = s[m,z] is defined

is true when m and x are real. The function I[x] has a natural extension and we take the
equation I[n] = 1 to be the meaning of the statement “n is a hyperinteger.” The natural
extensions of these functions satisfy the same implication, so when n is an infinite hyperreal
and I[n] = 1, we understand the “hyperreal infinite sum” to be the natural extension

Z ug[z] = s[n, x|
k=1

Next, we will show that hyperintegers are either ordinary integers or infinite as you might
expect from a sketch of the hyperreal line. Every real number r is within a half unit of an
integer. For example, we can define the nearest integer function

1
N[r] =mn, the integer n such that |r —n| < gorn=r—g

and then every real r satisfies

1
|r — N[r]| < 5 and I[N[r]] =1
(As a formal logical statement we can write this {z = 2} = {|z — N[z]| < 3, I[N[z]] = 1}.)
If m=1,2,3,--- is an ordinary natural number and |z| < m in the real numbers, then
we know N[z] = —m or N[z] = —m + 1 or Njz] = —-m +2or --- or N[zl = m —1 or

N[z] = m. By the Function Extension Axiom, if z is a finite hyperreal (so |z| < m for some
m), then N[z] must equal an ordinary integer in the finite list from —m to m described in
these equations.

If z is an infinite hyperreal, then Nz] is still a “hyperinteger” in the sense I[N[z]] = 1.
Since |z — N([z]| < 1/2, Nlz] is infinite, yet s[n,z] = >°;_, ux[z] is defined.

Similarly, we can show that hyperreal infinite sums given by natural extension of sum
function satisfy formal properties like

n

Zuk[x] + Z uglz] = Zuk[m]
k=1 k=1

k=m+1
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12.1 Uniformly Convergent Series

A series of continuous functions

wy [2] + uglz] + uslz] + - -

can converge to a discontinuous limit function as in Fxample 13.18 below.
However, this can only happen when the rate of convergence of the series
varies with x. A series whose convergence does not depend on x is said to
converge “uniformly.”

Following is the real tolerance (“epsilon - delta”) version of uniform convergence. We
state the definition for a general sequence of functions, f,,[z] = s[m,z], defined for all
positive integers m and z in some interval.

Definition 12.1.  Uniformly Convergent Sequence
A sequence of functions s[m, x| all defined on an interval I is said to converge to
the function S[xz] uniformly for x in I if for every small positive real tolerance, 0,
there exists a sufficiently large real index N, so that all real functions beyond N
are O-close to S|z|, specifically, if m > N and x is in I, then

|S[z] — s[m, z]| < 6

The needed N for a given accuracy 0 does not depend on x in A, N is “uniform
in x” for 6.

If we have a series of functions
ur[x] + ugz] + usla] + - -

let the partial sum sequence be denoted

slm, z] = Z ug|x]
k=1

Definition 12.2.  Uniformly Convergent Series
A series of functions all defined on an interval 1

uy[z] + uglz] + uslz] + - -

is said to converge to the function S[x] = Y 7o | uk[z] uniformly for x in I if the
sequence of partial sums s[m,x] converges to S|x] uniformly on I.

The equivalent definition in terms of infinitesimals is given in Theorem 12.3. By “extended
interval” we mean that the same defining inequalities hold. For example, if I = [a,b] then
a hyperreal z is in the extended interval if a < z < b. In the case I = (a,00), a hyperreal x
is in the extended interval if a < z.
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Theorem 12.3. A sequence of functions s[m, ] converges uniformly on the interval to
the real function S[x] if and only if for every infinite n and every hyperreal = in
the extended interval, the natural extension functions satisfy

Slz] = s[n, x]

PROOF:
The proof is similar to that of Theorem 3.4. Given the real tolerance condition, there is
a function N[6] such that the following implication holds in the real numbers.

{a <z <b,0>0m>N[|}=|S[z] —s[m,z]| <0

By the Function Extension Axiom 2.1, this also holds for the hyperreals.

Fix any infinite integer n. Let § > 0 be an arbitrary positive real number. We will
show that |S[z] — s[n,z]| < 6. Since Nf] is real and n is infinite, n > N[6]. Thus the
extended implication above applies with this  and m = n, so for any a < x < b we have
|S[z] — s[n,x]| < 6. Since 6 is an arbitrary real, S[z] = s[n, z].

Conversely, suppose the real tolerance condition fails. Then there are real functions
M0, N] and X [0, N] so that the following holds in the reals and hyperreals.

{0>0,N >0} = {a < X[0,N] < b,M[0, N] > N,|S[X[0, N]| — s[M[0, N], X [0, N]]| > 6}

Applying this to an infinite hyperinteger N, we see that |S[X [0, N||—s[M[0, N], X[0, N]]| > 0
and the infinitesimal condition also fails, that is, if x = X[#, N] and n = M|, N|, then
n > N is infinite and we do NOT have S|[x] = s[n,z]. This proves the contrapositive of the
statement and completes the proof.

Example 12.1.  Uniformly Convergent Series

A series of functions uq[z] + ua[z] + usfz] + - -+ all defined on an interval I with partial
sums s[m, x| = > ", ug[x] converges uniformly to S[z] = Y77 | ug[z] on I if and only if,
for every infinite hyperinteger n

Z uglz] &~ Z ug[z]
k=1

k=1

for all hyperreal z, a < x < b. In other words if the whole graph of the any infinite sum is
infinitely near the graph of the real limiting function.

If a series is NOT converging uniformly, then there is an & where even an infinite number
of terms of the series fails to approximate the limit function. This can happen even though
the point z where the approximation fails is not real. We can see this in Example 13.18 and
Example 12.2.

We think it is intuitively easier to understand non-uniformity of convergence as “infinitely
slow convergence” at hyperreal values.

Example 12.2. 2" Convergence

The sequence of functions

sfm,x] = 2™
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converges to the function

0, -l<ax<l

Sl = {1, r=1

In particular, 2™ — 0 for —1 < & < 1. However, this convergence is not uniform on all of
the interval —1 < z < 1.

Figure 12.1: Limit of ™

You can see from the graphs above that each function " climbs from near zero to z" = 1
when x = 1. In particular, for every real m there is a &,,, 0 < &, < 1, such that £ = %
— the graph y = 2™ crosses the line y = 1/2. The Function Extension Axiom 2.1 says that
this holds with m = n an infinite integer. (Extend the real function &, = %/1/2 = f[m, z].)
The infinite function 2™ is 1/2 unit away from the limit function S[z] = 0 when = = &,. Of

course, 1 = ¢, < 1.

If we fix any £ = 1, sufficiently large n will make £™ =~ 1, but some infinite powers will
not be infinitesimal. We could say £ converges to zero “infinitely slowly.”

Example 12.3. " Convergence is Uniform for —r <z <r if 0 <r <1

When r < 1 is a fixed real number, we know that ™ — 0 and if |z| < r then |z™| < r™,
so the convergence of 2™ to zero is uniform on [—r,7].

12.2 Robinson’s Sequential Lemma

Functionally defined sequences that are infinitesimal for finite indices con-
tinue to be infinitesimal for sufficiently small infinite indices.
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Theorem 12.4. Robinson’s Sequential Lemma

Suppose a hyperreal sequence ey, is given by a real function of several variables
specified at fixed hyperreal values, &1, -+, &,

Ek:f[k7€17€27"'7£i]:f[k7E]7 k:17273a"'

If e;y = 0 for finite m, then there is an infinite n so that e, =~ 0 for all k < n.

PRrROOF:

Let X = (z1,x2, -+ ,x;) be a real multivariable and suppose f[k, X] is defined for all
natural numbers. Assume f[n, X] is non-negative, if necessary replacing it with |f[n, X]|.
(By hypothesis, e, = f[k, =] is defined at = = (&1, -+, &) for all hyperintegers k, Ik] = 1.)
Define a real function

X] = 1/Max[n :m <n= flm,X] <1/m] when f[h, X] > 1/h for some h
)0, if fm, X] < 1/m for all m
In the reals we have either u[X] =0 and f[k, X] < 1/k for all k, or u[X] > 0 and
k< 1/ulX] = [k, X] < 1/k

Now, consider the value of u[Z]. Since f[m,Z] =~ 0 for all finite m, f[m,E] < 1/m for
all finite m. Thus p[Z] ~ 0 and either u[Z] = 0 so all infinite n satisfy f[n,=] < 1/n or
1/p[E] = n is an infinite hyperinteger and all £ < n satisfy f[k,Z] < 1/k. When k is finite
we already know f[k,Z] =~ 0 and when k is infinite, 1/k &~ 0, so the Lemma is proved.

12.3 Integration of Series

We can interchange integration and infinite series summation of unifromly
convergent series of continuous functions.

Theorem 12.5. Integration of Series

Suppose that the series of continuous functions u[x] + ui[x] + - -+ converges uni-
formly on the interval [a,b] to a “sum”

Slz] = lim wuglz] + - + up[]

n—oo

Then the limit S[z] is continuous and

b b
/ lim wglz] + - + up[z] de = lim uglx] + -+ - + uplz] do

a n—oo n—oo

Short notation for this result would simply be that

[lbﬁuk[x] dx = g/&buk[x] dx

provided the series is uniformly convergent and the terms are continuous.
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Proor:

Continuity means that if x; ~ z2, then S[z1] = S[x2]. We need this in order to integrate
S[z]. By continuity of the functions ug[z], if 21 &~ 22 and m is a finite integer, >"}"  uk[z1] ~
> o uk[ze]. Robinson’s Lemma 12.4 with the function flm,z1,22] = > o, (uklz1] —
uk|x2]) shows that there is an infinite n so that we still have >, ug[z1] & Y p_o uk[za).
Uniform convergence gives us the conclusion

D ufen] &Y uplen) m Y uplws) &Y ugfas)
k=0 k=0

k=0 k=0

The integral part is easy. Let 8 > 0 be any real number and n sufficiently large so that
|Sla] = (uolz] + -+ + un[z])| < 0/(2(b - a))

] dv — (/abuo[x] d$+---+/abun[a:] dx)‘:
b

+ -t uplz]) de

b
< [ 1806] = (uofe] 4+ unfa])] da

e
S/a mdmz(b—a)Q(b_a) <4

This shows that the series of numbers f; up[z dx—l—f ui[z dx—l—f ug[z] dz+- -+ converges
to the number f; S[z] dx

( Exercise set 12.3 )

1. When a series converges uniformly and n is infinite, we know > pe o ug[z] & > p_o urlz].

Show that , ,
/ Zuk[m] dxz/ Zuk[m] dx

k=0 k=0

and
b [e%S) n
/ (Zuk[x]—Zuk[x]> dx ~ 0
@ \k=0 k=0

What is the meaning of the equation

/a Zuk dx—kzn%/buk[x] dx

and why is it true?
Prove that

/abiuk[x] dx = é/buk[x] dx

k=0
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2. Let flm,z] = (m+1)2z (1—2%)"
(a) Show that

1
/ flm,z) dz =1 for each m
0
(b) Show that for a fixed real value of x

lim fim,z] =0

m—0o0

(¢) Show that

/o1 (W}ilnoof[m,m]) dz =0

W}iinoo (/Olf[m,x] dm) =1

(e) Ezplain why f[m,x] does NOT tend to zero uniformly. In fact, for a given infinite
m = n show that there is an x = & ~ 0 where f[n,&] is infinitely far from zero.
(HINT: See Section 26.3 of the main text.)

(d) Show that

12.4 Radius of Convergence

A power series ag+a; x+ag x2+---+a, " +--- does one of the following:
(a) Converges for all x and converges uniformly and absolutely for
|z| < p for any constant p < oco. In this case we say the series

has radius of convergence co.

(b) There is a number r so that the series converges for all x in the
open interval (—r,r), uniformly and absolutely for |x| < p < r for
any constant p, and diverges for all x with |x| > r. In this case
we say the series has radius of convergence r. Such a series may
converge or diverge at either x =71 or x = —r.

(¢) The series does not converge for any nonzero x. In this case we
say the series has radius of convergence 0.

A general fact about power series is that if we can find a point of convergence, even
conditional convergence, then we can use geometric comparison to prove convergence at
smaller values. See Theorem 27.4 of the main text where the following is discussed in more
detail - but where there is a typo in the proof, (:-().
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Theorem 12.6.  If the power series
a+az+arzi+--+apz+---

converges for a particular x = x1, then the series converges uniformly and abso-
lutely for |z| < p < |z1]|, for any constant p.

PRroor:
Because the series converges at x1, we must have a, 27 — 0. If |2| < p < |21], then

n

n

< =r

‘ n

x
ana™| = lanat]|—| <|&
I X
is a geometric majorant for the tail of the series. That is, eventually |a,2"| < ™ and

Z;'Lozm r™ converges. This proves the theorem.

Example 12.4. The Radius of Convergence

Now consider the cases described in the section summary at the beginning of this section.
If the series converges for all x we simply say the radius of convergence is co and apply the
theorem to see that convergence is uniform on any compact interval.

If the series diverges for all nonzero x there is nothing to show. We simply say the radius
of convergence is zero.

If the series converges for some values of x and diverges for others, we need to show
that it converges in (—r,r), and diverges for |z| > . Theorem 12.6 shows that if the series
converges for x1, then it converges for all real z satisfying |z| < |z1].

Consider the sets numbers

L = {s:s <0 or the series converges when = = s}
R = {t:t> 0 and the series diverges when = = t}

The pair (L, R) is a Dedekind cut on the real numbers (see Definition 1.4.) First, both L
and R are nonempty since there are positive values where the series converges and where
it diverges. Second, if s € L and t € R, then s < ¢t by Theorem 12.6. Let r be the real
number at the gap of this cut. Then whenever || < r, |x| € L and the series converges,
while when r < |z|, |z| € R and the series diverges at the positive |z|. It cannot converge
at —|z| because Theorem 12.6 would make the series converge at (|| 4+ r)/2 > r. Thus the
series converges for |z| < r and diverges for |x| > 7.

( Exercise set 12.4 )

1.  (a) Find a power series with finite radius of convergence r that converges when x = r,
but diverges when r = —r.

(b) Find a power series with finite radius of convergence r that diverges when x =r
and diverges when x = —r.

(¢) Find a power series with radius of convergence oo.
(d) Find a power series with radius of convergence 0.
(HINT: Try Log[l + 2|, 1/(1 — ), make substitutions, ---.)
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12.5 Calculus of Power Series

We can differentiate and integrate power series inside their radius of con-
vergence (defined in the preceding section,).

PROOF:
First, we show that the series Y_;” ) kag 2" and Y2 725 27! have the same radius

of convergence as > o, ar z*.
For any z and p,

_ zF |1 ay x x|k
|kakmk 1|=k; |7 |akpk| and ‘k+1mk+1 :’k—l—l ; -|akpk|
When we fix |z| < p <7
|k ak -Tk_1|<|ak pk| and ‘ka——i]—cl e < |ay Pk|
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for sufficiently large k because then |z/p| < 1 so

k k

1
— 0 as k — oo

X

T xT

k+1

T

p p

See Exercise 12.5.1. In this case since the series Y ;- |ax| p* converges, the term-by-term
derivative and integral series also converge. (See Exercise 12.5.5.)
When |z| > p>7r

k

— 0 and ‘

k—1 k ak k+1 k
|kaka: ‘>‘akp‘ and ‘k‘—i—lx >‘akp‘
for sufficiently large k because then |z/p| > 1 so
z|F |1 T z|*
k|— —| — o0 and -] — o0 as k — oo
p x k+1||p

See Exercise 12.5.2. In this case since the series > - |ax| p* diverges, the term-by-term
derivative and integral series also diverge. (See Exercise 12.5.5.)

The fact that the integral of the series equals the series of integrals now follows from
Theorem 12.5 applied to and interval [—p, p] with p < r, the radius of convergence.

To prove the derivative part, define a new function

o0
T[z] = Zkak Th_1
k=1

on the interval of convergence, (—r, 7). T'[z] is continuous by Theorem 12.5. The integral

T oo x [e’e]
/ T[E) dé = ax / k&1 dé =" ax ¥ = S
0 k=1 0 k=1
The second half of the Fundamental Theorem 9.2 says

Tl =1 [ Tigdg = P

This proves that the derivative of the series is the series of derivatives.

( Exercise set 12.5 )
1. Show that if 0 < p < 1 then limj, o kp* =0

2. Show that if p > 1 then limg_ o % =00

3. Prove:

Theorem 12.8.

If the series ag + a1 + az + az + ... converges (with terms of arbitrary sign),
then limy_, oo ar = 0.

4. Give o divergent series ag + a1 + as + as + ... of positive terms with limy_.o ar = 0.
(HINT: Harmonic series.)
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5. Prove the following.

6. Euler’s Criterion for Convergence
Show that the series Y p_, aj converges if and only if whenever m and n are both infinite

hyperintegers,
n
Z ap ~ 0
k=m

1. Prove:

HINT: If k is infinite, aj, = (L + €5)by with € ~0. How much is Y _, (ar — Lbg)?




CHAPTER
The Theory of Fourier Series

This chapter gives some examples of Fourier series and a basic
convergence theorem.

Fourier series and general “orthogonal function expansions” are important in the study
of heat flow and wave propagation as well as in pure mathematics. The reason that these
series are important is that sines and cosines satisfy the ‘heat equation’ or ‘wave equation’ or
‘Laplace’s equation’ for certain geometries of the domain. A general solution of these partial
differential equations can sometimes be approximated by a series of the simple solutions by
using superposition. We conclude the background on series with this topic, because Fourier
series provide many interesting examples of delicately converging series where we still have
a simple general result on convergence.

The project on Fourier series shows you how to compute some of your own examples.
The method of computing Fourier series is quite different from the methods of computing
power series.

The Fourier sine-cosine series associated with f[z] for —7 < & < 7 is:

fl2] ~ a0+ _[ax Cos[ka] + by, Sin[ka]]
k=1

where L g
ap = 2—/ flz] dz = Average of f|[x]
T —T
and for k =1,2,3,---
1

a =~ _ﬂ flz] - Coslkz] dz and by = - _ﬂ flz] - Sin[kz] dx

Dirichlet’s Theorem 13.4 says that if f[z] and f'[x] are 27-periodic and continuous except
for a finite number of jumps or kinks and if the value f[z;] is the midpoint of the jump if
there is one at z;, then the Fourier series converges to the function at each point. It may
not converge uniformly, in fact, the approximating graphs may not converge to the graph
of the function, as shown in Gibb’s goalposts below. If the periodic function f[z] has no
jumps (but may have a finite number of kinks, or jumps in f’[z]), then the series converges
uniformly to f[x].

Convergence of Fourier series is typically weaker than the convergence of power series, as
we shall see in the examples, but the weak convergence is still quite useful. Actually, the

159
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most important kind of convergence for Fourier series is “mean square convergence,”

[ (slel = Sulaly? e 0

—T

where S, [z] is the sum of n terms. This is only a kind of average convergence, since the
integral is still small if the difference is big only on a small set of z’s. We won’t go into
mean square convergence except to mention that it sometimes corresponds to the difference
in energy between the ‘wave’ f[x] and its approximation S, [z]. Mean square convergence
has important connections to “Hilbert spaces.”

Convergence of Fourier series at ‘almost every’ point was a notorious problem in mathe-
matics, with many famous mathematicians making errors about the convergence. Fourier’s
work was in the early 1800’s and not until 1966 did L. Carleson prove that the Fourier series
of any continuous function f[x] converges to the function at almost every point. (Dirichlet’s
Theorem ?7? uses continuity of f’[z] which may not be true if f[z] is only continuous. Mean
square convergence is much easier to work with, and was well understood much earlier.)

13.1 Computation of Fourier Series

This section has some examples of specific Fourier series.

Three basic examples of Fourier sine - cosine series are animated in the computer program
FourierSeries. These follow along with some more. “Calculus” is about calculating. The
following examples indicate the many specific results that we can obtain by performing
algebra and calculus on Fourier series. Of course, the computation of the basic coefficients
also requires calculus.

Example 13.1. Fourier Series for the Zig-Zag f[x] = || for —m<x<mw

{ternms =, 5}
3.

2.

5

21
1.5
1

-4 -2 2 4

Figure 13.1: Fourier Series for f[x] = |z|
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T A~ 4
The series
2] = m 4 (Cosz] n Cos[3 2] n Cos[5 z] I Cos[(2n + 1) 2] 4
R G 32 52 (2n + 1)

converges to the function that equals |z| for —m < 2 < 7 and is then repeated periodically.
The average value of f[z] is clearly 7/2 and can be computed as the integral

1 (" 1 (7
a0 = 5 » [x] de% _W|x| dx
1 ™
=2_— x dz
21 0
11 5, =?
TR T
o
S 2

Notice the step in the computation of the integral where we get rid of the absolute value.
We must do this in order to apply the Fundamental Theorem of Integral Calculus. Absolute
value does not have an antiderivative. We do the same thing in the computation of the

other coefficients.
1 s
agy = —/ |z| Cos[2k ] dz

—T

/ x Cos[2k x] dx
0

1 o1
[a: 2% Sin[2kz] |] —/O 2% Sin[2k z] dm]

A0 [0 30

[ka Sin[2kr] — 0 — @ (Cos[2ka] |g)} ~0

using integration by parts with

u=zc dv = Cos[2kz] dx
1
du = dx v=or Sin[2kx]
In the fourier Series project you show that the aj, terms of the Fourier series for f[x] = |z|
with odd k are A )

ag2k4+1 = - : m
and all by = 0.
Example 13.2. A Particular Case of the |x| Series




162 13. The Theory of Fourier Series

Set x = 0 in the series

m 4 (Cos[z] Cos[3z] Cos[5x] Cos[(2n + 1) 2]
ol =g (T T T )
Ozﬁ_é<1+i+i+...+¥+...>
2 32 52 @2n+1)?
7T_2 =1+ i + i R
8 32 52
Example 13.3. Fourier Series for f[z] = |Sin[z]| for —m<x<mw

. 2 4 1
| Sinfz]| = ;m Cos|[2kz]

m m

In the project on Fourier Series you show that

) 2 4 (Cos[2z] = Cos[4x] Cos6 ] Cos[2n z]
|Sln[m]|_———< 3 + B + 2 N @1 )

s s

converges to the function that equals |z| for —7 < < 7 and is then repeated periodically.

Example 13.4. A Particular Case of the | Sin[x]| Series

Set = 0 in the series

Sinfo]] = 2 - 2 (Cosl2el | Coslda] | Coslba] ., Coslona]
_71— T 3 15 35 (271)2—1
g2 A(r 111
S w\3 15 35 (2n)2 — 1
1 1
§_§+E+%+”+(2n)2_1+

Example 13.5. Another Case of the | Sin[z]| Series

Set « = 7/2 in the series

|Sinfz]] = 2 4 (COS[Qx] . Cos[4 z] n Cos[6 z] T Cos[2n ] +>
T T 3 15 35 (2n)2 —1
SZod(F Lzl L)
T m\ 3 15 35 (2n)?2 -1
O S S N C L
1273 15 '35 (2n)? — 1
T 11 1
R Ao s PRy

Example 13.6. Fourier Series for f[x] = 22, for —-n <z <7
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2 o0 k+1
9 _ K _ (=1
z” =3 4’; 22 Cos[kx]

In the project on Fourier Series you show that

2 7r_2 4 (Cos[m] ~ Cos[22] n Cos[3z] b (21 Cos[nx] ‘. >

3 22 32 n?

for —m <z <.

Example 13.7. A Particular Case of the z* Series

Set x = 0 in the series

. %2 .y (Cos[m] ~ Cos[2a] N Cos|[3x] - (_1)n+1CL[”x] 4. )

22 32 n2
s 1
0=——41(1 o -1t =
3 ( 22+32+ +(-1) n2+ )
2
™ 1 1 1
r 1 . -1 n+1_
12 22+32+ +(=1) n2+

Example 13.8. The Formal Derivative of the x> Series

Notice that if we differentiate both sides and (without justification) interchange derivative
and (infinite) sum, we obtain

dr dr \ 3 22 32 n2

d® _d (W_‘z » <Cos[9c] _ Cosfa] | Cosl3a] |y Coslna] +>>

Example 13.9. Fourier Series for the Sawtooth Wave f[x] = =
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Sin[2 Sin[3 Si
=9 Sln[:[,’] _ 11'1[ J?] + ln[ JT] N (_1)n+1m 4.
2 3 n
Without the absolute value the integrals of the Fourier coefficients can be computed

directly, without breaking them into pieces. The Fourier sine-cosine series for the “sawtooth
wave,”

f[:c]—{x’ for —T<ax<mw

0, for |z| =7

extended to be 27 periodic is easier to compute. Notice that the average a9 = 0, by
inspection of the graph or by computation of an integral. Moreover, z Cos[2kz] is an odd
function, that is, —z Cos[2k - (—x)] = —(x Cos[2kz]), so the up areas and down areas of the
integral cancel, ax = 0. Finally, you can show that

(1t

b, =2 3

Example 13.10. A Particular Case of the = Series

Set « = 7/2 in the series

=9 (SIH[CE] B SinZ[ZZ‘] i Singgx] 4oy (_1)n+1% 4. )

AP I i
4 35 o2n+1

Example 13.11.  Fourier Series for the Square Wave f[x] = Sign|z]
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(tefrg = 7}

-*AV#' 1 {\\/AVAVAVAVAVAV/\
0.5
-4 -2 7 4
-0.5
AN Y. |
VVV7 vv_V -Vav%ﬂvm
-1 5..

: Ao~ 1 o
Sign[z] = - Z 1 Sin[(2k + 1) z]

. . X 41, ifz>0
- (Sin[a:] + 3 Sin[3z] + R Sin[5x] + - - ) =Sign[z] =< 0, ifz=0
7r

-1, ifz<0

The coefficients for the Fourier series of

+1, ifz>0
flz] =Sign[z] =¢ 0, ifz=0
-1, ifx<0

must be computed by breaking the integrals into pieces where the Fundamental Theorem
applies, for example,

1 ™ 1 0 ™
ag = — f[m]de%[/ —1da:—|—/ —l—ldm]:O
0

27 - -

In the Fourier Series project you show that

ap = 1 Sign[z] Cos[kz] dx =0
™

—T

and
bor =0

because each piece of the integral foﬂ Sin[2kz] dz = 0, being the integral over whole periods

of the sine function.
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Also,

2 s
b = = / Sin[(2k + 1)a] dx
0

1 (2k+1)m
i d
2k;—|—1/0 Sin[u] du
1

2
=
4
T 2%+ 1

Example 13.12. A Particular Case of the Sign[z] Series

Substituting « = 7/2 in the series

Sign[z] = % (Sin[m] + % Sin[3 z] + % Sin[5 ] + - - )

T il B
4 35 o2n+1

Example 13.13. The Series for Cos|wz], for Non-Integer w

In the project on Fourier Series you show that when w is not an integer,

Cos|wz] = M ( L Cos[z]  Cos[2x] N (—1)"

T (g I AR g Ol )

Substituting = 7 and performing some algebra, we obtain,

2w Sinfwr] (1 Cos[z]  Cos[2z] (=)™
Coslwz] = - <2w2 w2—1+w2—22+”.+w2—n2 Cos[na] +---
COS[WW]_Q L-f— 1 + 1 +...+;+...
i Sinfwr] “law? TP o1 Tz 22 w? —n?

7TCOS[MT] —l—2w 1 n 1 P 1 n
Sinfwr]  w wr—1 w?-—22 w? —n?
¥ Cos|w] 1 Y 2w Y 2w T 2w
 dw= =Y 4 Y o+ Y ...
7r/0 Sinjwnr] 7w “ /0 w? -1 w+/0 w? —22 W +/0 w? —n? W

Sin[rz]] x? x? x?
Log [7} —Log[l—T]—f—Log[l— §]+'~'+Log[1— ﬁ]—'_

2

Sin[r 2] = mi[l (1 - %)

Example 13.14. The Derivative of The Series for Cos|w]
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Formally differentiating,

dCoslwz] 2w Sinjwr]d (1 Cos|z] n Cos[2x] T (-1 Cosfn ] +
dr T dr \2w? w?-1 w?-—22 wi—p2 oy
. _ 2 Sinfwr] [ Sin[z] 2 Cos[2 7] nal )

— Sinfwz] = - <w2—1 ~ A +(-1) T3 Sin[nz] + - --

Example 13.15. The Series for Sin[wz], for Non-Integer w

In the project on Fourier Series you show that when w is not an integer,

2 Sinfwr] (_ Sin[z] n 2 Sin[2z] b (C) — ﬁn2 Sinfn ] + - >

Sin[wz]| =

T w? -1 w? — 22 w

Example 13.16. Hyperbolic Functions Restricted to —m < x < 7

We can also compute

2w sinhjwn] [ 1 Cos[z] ~ Cos[2x] n 1
coshfua] = === (ﬂ “ i Ty Tt (D ey Coslnad £+
. 2 sinhwn] ( Sin[z] 2 Sin[2«] i1 M .
sinh|w z] = - (w2+12 T +- 4+ (=1) o Sin[n z] + - -

( Exercise set 13.1 )

1. Use the computer to plot the Fourier series examples above.

13.2 Convergence for Piecewise Smooth
Functions

Fourier series of piecewise smooth functions converge.

A function flz] on —7 < x < 7 is said to be piecewise continuous if it is continuous
except for at most a finite number of jump discontinuities. That is, except for finitely many
values of z, lim¢_., f[¢] = f[z], and at the finite number of other points x;, f[z;] has a jump
discontinuity, meaning lim,,, f[z] exists and lim, |, ; f[z] exists. (f[z;] can exist, but need
not equal either one-sided limit. Fourier series will converge to the midpoint of a jump.) A
function is said to be piecewise smooth if both f[z] and f’[z] are piecewise continuous.

Piecewise smooth functions can be continuous, like the periodic extension of |z| for —7 <
x < w. In this case the function has a kink or its derivative f'[z] has a jump discontinuity
because f'[z] = —1 for z < 0 and f'[z] = +1 for = > 0. (See Figure 13.1.)
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Periodic extension can create jump discontinuities, like z for —m < x < 7. In this case
limgq, flz] = 7 but lim,|, “periodic ” =lim,|_,z = —n. (See Figure 13.2.)

Periodic extension can create jumps in the derivative of a smooth function like 2. Sketch
the graph from — to 7, extend periodically, and observe that the graph is continuous, but
not smooth at multiples of .

We need the following

PROOF:
By Euler’s formula, Cos[f] = % (el + e~1%),

n n 2n
1 1 : : .
5"1";:1008[]6(,25] =3 E elhé = 7ine hzzorh, for r = ¢'?

k=—n
N e—in¢1 _ p2ntl _ e—in¢1 _ ei(27f+1)¢
1—r 1—e€l?
e—ind _intl)e  —ito 1
- 2 Tt 1—éid
el(nt3) e _ o—i(nt3)é | 2
n 2i '§‘ei%¢—(3_i%¢'
_ sinftn+ 3)9
2 Siul} 4
using Euler’s formula, Sin[f] = 5 (el — 7).

For the integral notice that all the terms of the integral of the right hand side vanish
except for the constant term.

We use this identity to write a partial sum of a Fourier series as an integral. By the
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definition of a partial sum of the Fourier series, for any n,

Snplz] = ag + Z (ax, Coslk x] 4 by, Sin[k x])

— % (/” % €] dé + Z ( €] Coslk &) d¢ Coslk x] + 7;f[&“] Sin[k £] d¢ Sin[k x]))
+ ) " (Cos[k¢] Cos[kx] + Sin[k&] Sinlk x])) de
k=1

:%/ flé) ( ZCOS[k(f—x)])df

T Sinln+ b)E— o)
T ZSln[ (& —2)]

d€, by the trig identity above.

Now make a change of variable and differential, £ = x + 0, d§ = df and use periodicity
of f[z] to see,

4 Sin[(n + 1)6]

e+ O 2 do

Splz] =

27 J_

Notice that this integrand is well-behaved even near § = 0 where the denominator tends
to zero. (Sin[z|/x extends smoothly to = 0, as you can easily see from the power series
for sine.)

The intuitive idea using this formula in the convergence theorem given next is to think
of the sine fraction as giving a “measure” for each n.

/ ") dunle) = % / 0 7811152; ;])9] do
-7 -7 2

Each of these measures has total “mass” 1,

/_W (1) dpal0] = %/_ﬁ (1) 7811152;;])9] do =1

As n increases, more and more of this unit mass is concentrated near 6 = 0,

-5
Figure 13.4: Dirichlet’s Kernel

Sin[(n+3)6]

Sin(L 0] with n = 10
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Since 6 &~ 0 implies f[x — 0] ~ f[z], we expect

[ Gle+al) duale) = sla

—T

when n is large. It is not quite this simple, but it is easy to show that the measure is less
and less important away from zero.

Theorem 13.2.  Suppose f[z] is 2 w-periodic and piecewise smooth. Then for any fized
>0,
g Sin[(n + 1)6] - Sin[(n + 2)8]
li 0] ———27— df ) ———2"=dh =0
A, [ fleto Sin[L 0] t), St Sin[2 6]
PRrROOF:

Define the function
glb] = flz + 6]/ Sin[6/2]
Since f[z] is piecewise smooth and Sin[f/2] is nonzero for ¢ < 0 < m,
T Sin[(n+3)0] [T i 1

2

g[f] is piecewise smooth and we may integrate by parts:

1 : (g[&] Cos[(n + %)e] — g[w] Cos|(n + %)77]

/Wg[H] Sin(n + 5)0] df = o

+/ g'10] Cos[(n + %)0] d9) — 0, asn — o0

In order to prove the strongest form of the convergence theorem, we need the following
generalization of this result.

Theorem 13.3.  Suppose that g[f] is piecewise continuous on the subinterval [a,b] of
[—7, 7. Then

b
/ gl0] Sin[v] df — 0 as v — o

PRrROOF:

Let v be a large integer, the interval a < x < b is divided into a sequence of adjacent
subintervals (27, 2j4+1], [®2j41, %2542 of length /v where v x9; is an even multiple of =
and v o411 is an odd multiple of 7. These are simply the points that lie in the interval of
the form k7 /v, for integers k.

There may be as many as 2 exceptional unequal length subintervals at the ends and
one additional non-matched subinterval of odd and even multiples of 7/v. Re-number the
sequence beginning with z; = a¢ and ending with b.

The integral
T2j41 Taj+2
/ glx] Sin[v z] dx—i—/ glx] Sin[v z| dz

b n
/ glx] Sin[v z] doz = Z <

=1
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Sine is positive on one subinterval of each pair and negative on the next with
T2541 T2j42
/ Sin[v€] d¢ = —/ Sin[v€] d¢
T2j T2j41

The same decomposition is true when v is an infinite hyperreal. We may write

/abg[x] Sin[v 2] dz —/;1 olr] Sinfva] dz +
Zi: (/I:.le glx] Sin[z] dx + /g:jo glz] Sin[z] dx>

7j=1

b
+/ glx] Sin[v z] dz
Ton+42
When v is infinite, g[f] changes very little on [z2;_1,Z2;41], in fact, the maximum and
minimum over a pair of subintervals differ by an infinitesimal: there is a sequence of in-
finitesimals 7; such that

lg[¢] — g[Cl] <nj =0, for x9; 1 << (< @54

Sine is positive on one and negative on the other so that the adjacent subintegrals nearly
cancel,

/;% g[z] Sinfv z] dx + /Izj+1 glx] Sin[v z] dz

2j—1 Toj

/ glx] Sin[v z] 4+ glx + g] Sin[vz + 7] dx| <
/ (g[x] — glz + g]) Sin[v z] dz| <

™ T2j T
Max|gle] gl + T a1 <o <ay) [ 1do<n?

and

‘zn: (/:2j z] Sin[v z] dat:*‘/mj+1 gla] Sinfy 2 dw)‘ = zn:m

j=1 2j—1 T2j

R

n
SMaX[njzlngn]Z—
j=1

< (b—a)/2m0

The few stray infinitesimal end subintervals contribute at most an infinitesimal since g[z] is
bounded, so

b
/ glz] Sin[y z] dx =~ 0

and the theorem is proved (by the characterization of limits with infinite indices.)
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Theorem 13.4.  Dirichlet’s Convergence Theorem
If f|x] is a piecewise smooth 2 w-periodic function, then the Fourier series of f[x]
converges to the function at each point of continuity of f[x] and converges to the
midpoint of the jump at the finite number of jump discontinuities, for all x,

% (151%1 flél+ 15{2 f[E]) =ap+ iak Coslk x] + ibk Sin[k ]

k=0 k=0
If f|x] is continuous at x, f[x] = % (limgty f[€] + lime o f[E])-

PRroor:
Fix a value of = and let F, = lim¢|, f[¢]. Then lim¢), flz] — F, = 0 and the piecewise
derivative of f[x] means limago f[””i:# = F) exists.
Since limaz—o %ﬁz] = limag—o0 SmA[ﬁ/IQ/Q] =1, we also have
. f[x + AJ)] B Fﬁc ’
lim ———— = = F
Azlo 2Sm[Az/2] @
This discussion means that the function
fle+0]—
0= ——F—"
919] Sin[0/2]

is piecewise continuous on [0, 7] and Theorem 13.3 says

g10] Sin[(n + %)9] dd — 0asn— oo
0

Thus, we see that

"fle+0] - F 1
Sini 9/2 Sin((n + 5)6] df — 0
Sm (n + 1)6] 1 ["Sin[(n+5)0]  lime), f¢]
/ fle TSy Yy /0 sm[e/;] 0 ==
Similarly,
0 Sin[(n + 1)6] limepq f€]
L -y

This proves the theorem.

( Exercise set 13.2 |

Intuitively, many of the weakly convergent Fourier series are converging by cancelling
oscillations. If this is true, we would expect averages to be even better approximations.
1. Let splz] = & + 3, (Cos[kz] + Sin[k z]) be the partial Fourier-like sum. Define the
average of the partial sums to be
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When Splz] = ap + > pe, (ar Coslkz] + by, Sinlkz]) are the partial Fourier sums of a
function f[z], let

denote the average of the first n Fourier sums.

(a) Plot the average Fourier sums Aylz] for the examples of the previous section,

especially those that converge weakly like flx] = x at £ or f[z] = Sign[z].
(b) Show that

anlx]

1 (Sin[(n +1)2] ) 2

T 1+n Sin[F]

L (B8

(d) Show that the average of the first n Fourier series of a function f[x] are given by

. z 2
Aplz] = %[ e+ 6] : 1 <S1n[(n+1) 5}) 0

+n Sin[Z]

(c) Show that

13.3 Uniform Convergence for Con-

tinuous Piecewise Smooth Func-
tions

Fourier series of continuous piecewise smooth functions converge uniformly.

Theorem 13.5.  Uniform Convergence of Fourier Series
If flz] is continuous and f'[x] is piecewise continuous, then its Fourier series
converges absolutely and uniformly to the function. Moreover, the Fourier series

of any piecewise smooth function converges uniformly to the function on any closed
subinterval where the function is continuous.

Proof of this theorem requires some inequalities related to mean square convergence. In
particular,

n n 2 n n
1 iy
2 2 2 2 2 2
a < = fi < .
o+ E (ai +b3) < 7r/_ (f[z])? dz and for any sequences < g Uk vk> < g uj g v
k=1 Q k=1 k=1 k=1
We refer the reader to a book on fourier series.
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We do want to compare the convergence of some of the continuous and discontinuous
examples computed above to compare uniform and non-uniform convergence.

Example 13.18. Infinitely Slowly Convergent Series with a Discontinuous Limit

Fourier series can converge delicately. For example, the identity

r =9 (Sln[x] B Sin2[233] + Sln?[)gx] 4ot (_1)n+1% +- )

is a valid convergent series for —m < x < m. However, the Weierstrass majorization does
not yield a simple convergence estimate, because

(EELLIE

S|

n

. . . . o0 1 . .

is a useless upper estimate by a divergent series, )~ | ~ = oo. The Fourier series converges
but not uniformly, and its limit function is discontinuous because repeating = periodically
produces a jump at 7 as follows:

Figure 13.5: Fourier series for f[z] =«

The convergence of the Fourier series for Sign[x]
4 (.. 1 .. 1. .
= <Sm[x] + 3 Sin[3 x] + 3 Sin[5 x]+> = Sign[z]

holds at every fixed point, but the convergence is not uniform.
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(tefrg = 7}

_*AV#' 1 {\\/AVAVAVAVAVAV/\
0.5
Y -2 7] 4
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-1.54

Figure 13.6: Gibbs Goalposts f[z] = Sign[z]

In fact, the graphs of the approximations do not converge to a “square wave,” but rather
to “goal posts.” Each approximating term has an overshoot before the jump in Sign[z] and
these move to a straight line segment longer than the distance between +1. You can see this
for yourself in the animation of the computer program FourierSeries. A book on Fourier
series will show you how to estimate the height of the overshoot.

In both of these examples, no matter how many terms we take in the Fourier series, even
a hyperreal infinite number, there will always be an = close to the jump where the partial
sum is half way between the one-sided limit and the midpoint of the jump. In this sense
the series is converging “infinitely slowly” near the jump.

13.4 Integration of Fourier Series

Fourier series of piecewise smooth functions can be integrated termwise,
even if the series are not uniformly convergent.

Theorem 13.6. Integration of Fourier Series
Let f[x] be a piecewise continuous 2 w-periodic function with Fourier series

ao+ Yy ay Coslka]+ Y by Sin[ka]
k=0 k=0

(which we do not even assume is convergent.) The Fourier series can be integrated
between any two limits —m < a < & < 7w and

3 3
/ flz] dx = ao(€ — —I—Z/ ay, Coslk z] dm—l—z by, Sin[k x] dx

k=07

Moreover, the series on the right converges uniformly in &.

PROOF:
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Define the function .
Fle) = [ (416~ ao) d
Then F'[z] is continuous inside the interval (—m,7) and piecewise smooth. Since ay =
L7 fl¢] d¢, F|-n] = 0 = F[r], and F[z] has a continuous periodic extension. Applying
Theorem 13.5, the Fourier series for F'[z] converges uniformly. Denote this series by

Flz] = Ao+ Y (Ax Cos[ka] + By Sin[ka])
k=1
Apply integration by parts to the definitions of the Fourier coefficients with k& > 0,

A, = 1 F[z] Coslk x| dz
™ —T
1 Sin[fkr] - Sin[-kn] 1 /7r .
== (F[ﬂ'] A F[—n] — % 77Tf[x] Sin[k z| dz
_ 11 [™ . - b
=% _Trf[x] Sin[k z] dz = A
and similarly
B, =2
Notice that the uniformly convergent series gives
Flz] - F[¢] = Z (Ag(Coslk z] — Cos[k €]) + Bi(Sin[k z] — Sin[k €]))
k=1

- ;; (“—;(sm[k 2] — Sin[k £]) — %(Cos[kj 2] — Cos[kf]))
Replace F[z] by its definition and the differences by integrals,
f%(Cos[k x]—Coslk¢]) = /j Sin[k ¢] d¢ and %(Sin[k x]—Sinlk¢]) = /j Cos[k (] d¢

to see the uniformly convergent series

: d¢ — xdzoo zCk‘d—f—b IS'k d)
/gf[dc‘ ao/E ¢ <k/§ oslh ] d¢ k/E infk ¢ d¢

k=1



