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Chapter 1

Introduction

The difference between advanced calculus and calculus is that all the theorems are proved
completely and the role of plane geometry is minimized. Instead, the notion of complete-
ness is of preeminent importance. Formal manipulations are of no significance at all unless
they aid in showing something significant. Routine skills involving elementary functions
and integration techniques are supposed to be mastered and have no place in advanced cal-
culus which deals with the fundamental issues related to existence and meaning. This is a
subject which places calculus as part of mathematics and involves proofs and definitions,
not algorithms and busy work. Roughly speaking, it is nineteenth century calculus rather
than eighteenth century calculus. This book is not intended to be a first course in Calculus.
It fails to discuss many of the important techniques and applications of calculus in favor of
these more theoretical considerations.

An orderly development of the elementary functions independent of geometry is in-
cluded but I assume the reader is familiar enough with these functions to use them in prob-
lems which illustrate some of the ideas presented. I have placed the construction of the real
numbers at the end to conform with the historical development of analysis. Completeness
of the real line was used as an axiom and all the classical major theorems proved long
before Dedekind and Cantor showed how to construct the real numbers from the rational
numbers. However, this could be presented earlier.

There is also a brief discussion of complex analysis of functions of a complex variable
and a few other somewhat unusual topics like the generalized Riemann integral which ties
in very well with the nineteenth century ideas although it dates from the 1950’s. Probably
the generalized Riemann integral should be included much more than it is in presentations
of Calculus.
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Chapter 2

The Real and Complex Numbers

2.1 Real and Rational Numbers

To begin with, consider the real numbers, denoted by R, as a line extending infinitely far
in both directions. In this book, the notation, = indicates something is being defined. Thus
the integers are defined as

ZE{"'_LO’L'”}7
the natural numbers, N= {1,2,-- - } and the rational numbers, defined as the numbers which
are the quotient of two integers.

Qz{ﬂ such thatm,neZ,n;ﬁO}
n

are each subsets of R as indicated in the following picture.

-4 -3 -2 -1 0 1 2 3 4
« I [ N S (N .

B [ D N 1I/2I Fb -

As shown in the picture, % is half way between the number 0 and the number, 1. By
analogy, you can see where to place all the other rational numbers. It is assumed that R
has the following algebra properties, listed here as a collection of assertions called axioms.
These properties will not be proved which is why they are called axioms rather than theo-
rems. In general, axioms are statements which are regarded as true. Often these are things
which are “self evident” either from experience or from some sort of intuition but this does
not have to be the case. We always assume 0 # 1 because if not, you would end up with
x =x1 =x0 =0 for all x and we are not interested in such a stupid thing.

Axiom 2.1.1 x+y = y+x, (commutative law for addition)
Axiom 2.1.2 x40 = x, (additive identity).

Axiom 2.1.3 For each x € R, there exists —x € R such that x + (—x) = 0, (existence of
additive inverse).

Axiom 2.1.4 (x+y)+z=x+ (y+2),(associative law for addition).
Axiom 2.1.5 xy = yx, (commutative law for multiplication).

Axiom 2.1.6 (xy)z =x(yz),(associative law for multiplication).
Axiom 2.1.7 1x = x, (multiplicative identity).

Axiom 2.1.8 For each x # 0, there exists x~ ' such that xx~' = 1.(existence of multiplica-
tive inverse).

Axiom 2.1.9 x(y+z) = xy+xz.(distributive law).

9
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These axioms are known as the field axioms and any set (there are many others besides
R) which has two such operations satisfying the above axioms is called a field. Division
and subtraction are defined in the usual way by x—y =x+ (—y) and x/y = x (y~') . It is
assumed that the reader is completely familiar with these axioms in the sense that he or
she can do the usual algebraic manipulations taught in high school and junior high algebra
courses. The axioms listed above are just a careful statement of exactly what is necessary
to make the usual algebraic manipulations valid. A word of advice regarding division
and subtraction is in order here. Whenever you feel a little confused about an algebraic
expression which involves division or subtraction, think of division as multiplication by the
multiplicative inverse as just indicated and think of subtraction as addition of the additive
inverse. Thus, when you see x/y, think x (y~') and when you see x —y, think x+ (—y).
In many cases the source of confusion will disappear almost magically. The reason for
this is that subtraction and division do not satisfy the associative law. This means there
is a natural ambiguity in an expression like 6 —3 — 4. Do you mean (6 —3) —4 = —1 or
6—(3—4)=6—(—1) =77 It makes a difference doesn’t it? However, the so called
binary operations of addition and multiplication are associative and so no such confusion
will occur. It is conventional to simply do the operations in order of appearance reading
from left to right. Thus, if you see 6 —3 — 4, you would normally interpret it as the first of
the above alternatives. This is no problem for English speakers, but what if you grew up
speaking Hebrew or Arabic in which you read from right to left?

In the first part of the following theorem, the claim is made that the additive inverse and
the multiplicative inverse are unique. This means that for a given number, only one number
has the property that it is an additive inverse and that, given a nonzero number, only one
number has the property that it is a multiplicative inverse. The significance of this is that if
you are wondering if a given number is the additive inverse of a given number, all you have
to do is to check and see if it acts like one.

Theorem 2.1.10 7he above axioms imply the following.
1. The multiplicative inverse and additive inverses are unique.
2. 0x=0, — (—x) =x,
3. (=DH(=)=1,(-1)x=—x
4. If xy =0 then either x =0 0ry=0.

Proof: Suppose then that x is a real number and that x+y = 0 = x+z. It is necessary to
verify y = z. From the above axioms, there exists an additive inverse, —x for x. Therefore,

0= (=) + (1) = (—2) + (r+2)
and so by the associative law for addition,
((=x)+x) +y=((—x) +x) +z

which implies 0 +y = 0+ z. Now by the definition of the additive identity, this implies
y = z. You should prove the multiplicative inverse is unique.

Consider 2. It is desired to verify Ox = 0. From the definition of the additive identity
and the distributive law it follows that

0x = (0+0)x = 0x+ Ox.
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From the existence of the additive inverse and the associative law it follows

0= (—0x) +0x = (—0x) + (0x + Ox)
=((—0x)+0x) +0x=0+0x=0x

To verify the second claim in 2., it suffices to show x acts like the additive inverse of —x
in order to conclude that — (—x) = x. This is because it has just been shown that additive
inverses are unique. By the definition of additive inverse, x + (—x) = 0 and so x = — (—x)
as claimed.

To demonstrate 3., (—1) (14 (—1)) = (—1)0 = 0 and so using the definition of the
multiplicative identity, and the distributive law, (—1) + (—1) (—1) = 0. It follows from 1.
and 2. that 1 = —(—1) = (—1)(—1). To verify (—1)x = —x, use 2. and the distributive
law to write

x+(=Dx=x(1+(-1))=x0=0.

Therefore, by the uniqueness of the additive inverse proved in 1., it follows (—1)x = —x as
claimed.

To verify 4., suppose x # 0. Then x~! exists by the axiom about the existence of multi-
plicative inverses. Therefore, by 2. and the associative law for multiplication,

y=("x)y=x"(y)=x"'0=0.

This proves 4. B

Recall the notion of something raised to an integer power. Thus y> =y x y and b3
etc.

Also, there are a few conventions related to the order in which operations are per-
formed. Exponents are always done before multiplication. Thus xy> = x (yz) and is not

1
=5

equal to (xy)z. Division or multiplication is always done before addition or subtraction.
Thus x —y (z+w) =x— [y (z+w)] and is not equal to (x —y) (z+w) . Parentheses are done
before anything else. Be very careful of such things since they are a source of mistakes.
When you have doubts, insert parentheses to resolve the ambiguities.

Also recall summation notation.

Definition 2.1.11 7. X1,X2, -+ , Xy be numbers. Then Z;-”:lxj =x1+x4+--+
Xm. Thus this symbol, Z’};] X;j means to take the numbers, x1,x2,- -+ , X and add them all
together. Note the use of the j as a generic variable which takes values from 1 up to m. This
notation will be used whenever there are things which can be added, not just numbers.

As an example of the use of this notation, you should verify the following.

Example 2.1.12 Y9_, (2k+1) = 48.

Be sure you understand why ka:f X = Y3t Xk +Xm+1. As a slight generalization of
this notation, Z’]’?: «Xj =Xk +---+xp. Itis also possible to change the variable of summation.
Z;f‘:, Xj =X +x2+---+x, while if r is an integer, the notation requires Z;’fﬁ,x jer =
X1+x 4 xy and so Y7L = XL X

Summation notation will be used throughout the book whenever it is convenient to do
SO.
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2.2 Exercises

1.
2.

10.

11.

12.

13.

Consider the expression x+y (x+y) —x(y —x) = f (x,y). Find f(—1,2).
Show — (ab) = (—a)b.
Show on the number line the effect of multiplying a number by —1.

+x71

Add the fractions 1

X
x2—1

Find a formula for (x+y)?,(x+y)?, and (x+y)*. Based on what you observe for
these, give a formula for (x+y)®.

When is it true that (x +y)" = x"* +y"?

2

. Find the error in the following argument. Let x =y = 1. Then xy = y* and so xy — x> =

y? — x. Therefore, x (y —x) = (y—x) (y+x) . Dividing both sides by (y —x) yields
x = x+y. Now substituting in what these variables equal yields 1 = 1+ 1.

. Find the error in the following argument. v/x2+1 = x+ 1 and so letting x = 2,

v/5 = 3. Therefore, 5 = 9.

Find the error in the following. Let x = 1 and y = 2. Then % =L —

x+y +

==
==

%. Then cross multiplying, yields 2 = 9.

Find the error in the following argument. Let x=3 and y=1. Then | =3 -2 =
3-B-D=x—y—y)=—y)(x—y)=22=4

Find the error in the following. @ =y+y=2y. Now let x =2 and y = 2 to obtain
3=4.

Show the rational numbers satisfy the field axioms. You may assume the associative,
commutative, and distributive laws hold for the integers.

Show that for n a positive integer, i (a+bk) = Y}_ (a+b(n—k)) . Explain why
n

22 (a+Dbk) = ZZa—i—bn: (n+1)(2a+bn)
k=0 k=0

andso Yi_ (a+bk) = (”“)M.

2.3 Set Notation

A set is just a collection of things called elements. Often these are also referred to as points
in calculus. For example {1,2,3,8} would be a set consisting of the elements 1,2,3, and
8. To indicate that 3 is an element of {1,2,3,8}, it is customary to write 3 € {1,2,3,8}.
9 ¢ {1,2,3,8} means 9 is not an element of {1,2,3,8}. Sometimes a rule specifies a set.
For example you could specify a set as all integers larger than 2. This would be written as
S={x€Z:x>2}. This notation says: the set of all integers, x, such that x > 2.

If A and B are sets with the property that every element of A is an element of B, then
A is a subset of B. For example, {1,2,3,8} is a subset of {1,2,3,4,5,8}, in symbols,
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{1,2,3,8} C {1,2,3,4,5,8}. The same statement about the two sets may also be written
as {1,2,3,4,5,8} O {1,2,3,8}.

The union of two sets is the set consisting of everything which is contained in at least
one of the sets, A or B. As an example of the union of two sets, {1,2,3,8} U{3,4,7,8} =
{1,2,3,4,7,8} because these numbers are those which are in at least one of the two sets.
In general

AUB={x:x€Aorx€B}.

Be sure you understand that something which is in both A and B is in the union. It is not an
exclusive or.

The intersection of two sets, A and B consists of everything which is in both of the sets.
Thus {1,2,3,8}N{3,4,7,8} = {3,8} because 3 and 8 are those elements the two sets have
in common. In general,

ANB={x:x€Aandx € B}.

When with real numbers, [a,b] denotes the set of real numbers x, such that a < x <b
and [a,D) denotes the set of real numbers such that a < x < b. (a,b) consists of the set
of real numbers, x such that a < x < b and (a,b] indicates the set of numbers, x such that
a < x < b. [a,0) means the set of all numbers, x such that x > a and (—eo,a] means the set
of all real numbers which are less than or equal to a. These sorts of sets of real numbers
are called intervals. The two points, a and b are called endpoints of the interval. Other
intervals such as (—eo, b) are defined by analogy to what was just explained. In general, the
curved parenthesis indicates the end point it sits next to is not included while the square
parenthesis indicates this end point is included. The reason that there will always be a
curved parenthesis next to co or —oo is that these are not real numbers. Therefore, they
cannot be included in any set of real numbers. It is assumed that the reader is already
familiar with order which is discussed in the next section more carefully. The emphasis
here is on the geometric significance of these intervals. That is [a,b) consists of all points
of the number line which are to the right of a possibly equaling a and to the left of b. In the
above description, I have used the usual description of this set in terms of order.

A special set which needs to be given a name is the empty set also called the null set,
denoted by (. Thus 0 is defined as the set which has no elements in it. Mathematicians
like to say the empty set is a subset of every set. The reason they say this is that if it were
not so, there would have to exist a set A, such that @ has something in it which is not in A.
However, 0 has nothing in it and so the least intellectual discomfort is achieved by saying
0 CA.

If A and B are two sets, A \ B denotes the set of things which are in A but not in B. Thus

A\B={x€A:x¢B}.

Set notation is used whenever convenient.

2.4 Order

The real numbers also have an order defined on them. This order may be defined by ref-
erence to the positive real numbers, those to the right of 0 on the number line, denoted by
R* which is assumed to satisfy the following axioms.

Axiom 2.4.1 The sum of two positive real numbers is positive.

Axiom 2.4.2 The product of two positive real numbers is positive.
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Axiom 2.4.3 For a given real number x one and only one of the following alternatives

holds. Either x is positive, x =0, or —x is positive.

Definition 2.4.4 x < y exactly when y+ (—x) =y —x € R In the usual way, x <y
is the same as y > x and x <y means either x <y or x = y. The symbol > is defined
similarly.

Theorem 2.4.5 7he following hold for the order defined as above.

1. Ifx<yandy < zthen x < z (Transitive law).

2. If x < ythen x+z < y+z (addition to an inequality).

3. Ifx<0andy <0, then xy > 0.

4. If x>0 thenx™' > 0.

5. Ifx<0thenx™' <0.

6. If x <y then xz < yzifz> 0, (multiplication of an inequality).

7. If x <yand z <0, then xz > zy (multiplication of an inequality).

8. Each of the above holds with > and < replaced by > and < respectively except for
4 and 5 in which we must also stipulate that x # 0.

9. For any x and y, exactly one of the following must hold. Either x =y, x <y, orx >y
(trichotomy).

10. xy > 0 if and only if both x,y are positive or both —x,—y are positive. Thus xy =0
means x,y have the same sign.

Proof: First consider 1, the transitive law. Suppose x < y and y < z. Why is x < z? In
other words, why is z—x € RT? Itis because z—x = (z—y) + (y —x) and both z—y,y —x €
R™. Thus by 2.4.1 above, z—x € R" and so z > x.

Next consider 2, addition to an inequality. If x <y why is x4z < y +z? it is because

+z2)+—(x+z2) = +20+(-1)(x+2)
= y+(-Dx+z+(-1)z
= y—xeRT.

Next consider 3. If x <0 and y <0, why is xy > 07 First note there is nothing to show if
either x or y equal 0 so assume this is not the case. By 2.4.3 —x > 0 and —y > 0. Therefore,
by 2.4.2 and what was proved about —x = (—1)x,

(=x) (=) = (=1)*xy e R™.

Is (—1)% = 1?2 If so the claim is proved. But —(—1) = (—1)* and —(—1) = 1 because
—1+1=0.

Next consider 4. If x > 0 why is x~! > 0? By 2.4.3 either x ' =0 or —x~' € R*. It
can’t happen that x~' = 0 because then you would have to have 1 = Ox and as was shown
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earlier, Ox = 0. Therefore, consider the possibility that —x~! € R*. This can’t work either
because then you would have

and it would follow from 2.4.2 that —1 € R™. But this is impossible because if x € R,
then if —1 € R, (—1)x = —x € R™ and contradicts 2.4.3 which states that either —x or x is
in R™ but not both.

Next consider 5. If x < 0, why is x~! < 0? As before, x~' # 0. If x~! > 0, then as
before,

—x (xil) =—-1eR"

which was just shown not to occur.

Next consider 6. If x <y why is xz < yz if z > 0? This follows because

yz—xz=z(y—x) €ERT

since both zand y —x € R™.
Next consider 7. If x < y and z < 0, why is xz > zy? This follows because

x—zy=z(x—y) eR"

by what was proved in 3.

The next two claims are obvious and left for you.

Now suppose xy > 0. If —x > 0 and y > 0, then —xy > 0 contrary to xy > 0. It is similar
if x > 0. Thus if xy > 0 either both x,y are positive or both —x, —y are positive. In the
second case, we say both x, y are negative. If both x, y are positive, then xy > 0 by the order
axioms. If —x, —y both positive, then xy = (—1)%xy = (—x) (—y) > 0. B

Note that trichotomy could be stated by saying x < yory < x.

—x ifx <0.

Definition 2.4.6 |<|= { *ir20,

Note that |x| can be thought of as the distance between x and 0.
Theorem 2.4.7 |xy| = |x||y|.
Proof: You can verify this by checking all available cases. Do so. B
Theorem 2.4.8 7he following inequalities hold.
eyl < Il + Iyl [l =yl < be—yl-
Either of these inequalities may be called the triangle inequality.

Proof: First note that if a,b € RT U {0} then a < b if and only if a*> < b*. Here is
why. Suppose a < b. Then by the properties of order proved above, a> < ab < b* because
b*> —ab=b(b—a) € R* U{0}. Next suppose a*> < b?. If both a,b = 0 there is nothing to
show. Assume then they are not both 0. Then

P —a* = (b+a)(b—a) R,
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By the above theorem on order, (a + b)*1 € R™ and so using the associative law,
(a+b)"'((b+a)(b—a)) = (b—a) eRT
Now

4ty = @y =42y
2 2 2
x| “ 4 |y[” 42 x| [y = (]x] +[y])

IN

and so the first of the inequalities follows. Note I used xy < |xy| = |x||y| which follows
from the definition.

To verify the other form of the triangle inequality, x = x—y+y so |x| < |x—y|+ |y| and
so |x| = |y| < |x—y| = [y —x|. Now repeat the argument replacing the roles of x and y to
conclude |y| — |x| < |y — x| .Therefore, ||y| — |x|]| < [y—x|. ®

Example 2.4.9 Solve the inequality 2x+4 < x—8

Subtract 2x from both sides to yield 4 < —x — 8. Next add 8 to both sides to get 12 < —x.
Then multiply both sides by (—1) to obtain x < —12. Alternatively, subtract x from both
sides to get x+4 < —8. Then subtract 4 from both sides to obtain x < —12.

Example 2.4.10 Solve the inequality (x+1) (2x—3) > 0.

If this is to hold, either both of the factors, x4+ 1 and 2x — 3 are nonnegative or they
are both non-positive. The first case yields x+1>0and 2x—3 >0sox > —1 and x > %

yielding x > % The second case yields x+ 1 < 0 and 2x — 3 < 0 which implies x < —1 and
x < % Therefore, the solution to this inequality is x < —1 or x > %

Example 2.4.11 Solve the inequality (x) (x+2) > —4

Here the problem is to find x such that X2 4+2x+4 > 0. However, x2 +2x+4 =
(x4 1)*+3 > 0 for all x. Therefore, the solution to this problem is all x € R.

Example 2.4.12 Solve the inequality 2x+4 < x—8
This is written as (—eo, —12].
Example 2.4.13 Solve the inequality (x+1) (2x—3) > 0.

This was worked earlier and x < —1 or x > % was the answer. In terms of set notation
this is denoted by (—eo, —1]U [3,c0).

Example 2.4.14 Solve the equation |x — 1] =2

This will be true when x — 1 = 2 or when x — 1 = —2. Therefore, there are two solutions
to this problem, x =3 orx = —1.

Example 2.4.15 Solve the inequality |2x— 1| <2

From the number line, it is necessary to have 2x — 1 between —2 and 2 because the
inequality says that the distance from 2x — 1 to 0 is less than 2. Therefore, -2 <2x—1 <2
and so —1/2 < x < 3/2. In other words, —1/2 < x and x < 3/2.
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Example 2.4.16 Solve the inequality |2x — 1| > 2.

This happens if 2x— 1 > 2 or if 2x — 1 < —2. Thus the solution is x > 3/2 orx < —1/2.

Written in terms of intervals this is (3,00) U (—o0, —1).

Example 2.4.17 Solve |x+ 1| = |2x — 2]

There are two ways this can happen. It could be the case that x+ 1 = 2x — 2 in which
case x = 3 or alternatively, x+ 1 = 2 — 2x in which case x = 1/3.

Example 2.4.18 Solve |x+ 1| < |2x —2]

In order to keep track of what is happening, it is a very good idea to graph the two
relations, y = [x+ 1| and y = |2x — 2| on the same set of coordinate axes. This is not a hard
job. |x+1|=x+1 whenx > —1 and |x+ 1| = —1 —x when x < —1. Therefore, it is not
hard to draw its graph. Similar considerations apply to the other relation. Functions and
their graphs are discussed formally later but I assume the reader has seen these things. The
result is

y=|x+1]

Equality holds exactly when x =3 or x = % as in the preceding example. Consider x

between % and 3. You can see these values of x do not solve the inequality. For example
x = 1 does not work. Therefore, (%, 3) must be excluded. The values of x larger than 3
do not produce equality so either |x+ 1| < |2x — 2| for these points or |2x — 2| < |x+ 1] for
these points. Checking examples, you see the first of the two cases is the one which holds.
Therefore, [3,0) is included. Similar reasoning obtains (—eo, %] It follows the solution set
to this inequality is (—e0, ] U [3,0).

Example 2.4.19 Suppose € > 0 is a given positive number. Obtain a number, d > 0, such
that if |[x — 1| < &, then |x2—1’ <E.

First of all, note [x* — 1| =[x — 1|[x+ 1| < (|x[+ 1) |x— 1|. Now if [x— 1| < 1, it fol-
lows |x| < 2 and so for |x— 1| < I, |x? — 1| < 3|x—1|.Now let § = min (1, %) . This nota-
tion means to take the minimum of the two numbers, 1 and §. Thenif [x — 1| < &, |x* — 1| <
3r—1]<3E=e¢.

2.5 Exercises



18 CHAPTER 2. THE REAL AND COMPLEX NUMBERS

1. Solve (3x+2)(x—3) <0. 18. Tell when equality holds in the trian-

le inequality.
2. Solve (3x+2) (x—3) > 0. & anaty

) 19. Solve [x+2| < 8+|2x—4].

3. Solve $755 < 0.

20. Solve (x+1)(2x—2)x > 0.
4. Solvety < 1. 1) Jx=

21. Solve £ > 1.
5. Solve (x— 1) (2x+1) < 2. ONVe 2051 >

x42
6. Solve (x—1)(2x+1) > 2. 22. Solve 775 > 2.
7. Solve x2 —2x < 0. 23. Describe the set of numbers, a such
B that there is no solution to |x+ 1| =

8. Solve (x+2) (x—2)* <0. 4—|x+al.

9. Solve )% >0. 24. Suppose 0 < a < b. Showa ! >b~!.
10. Solve 255 > 1. 25. Show that if |x — 6| < 1, then |x| < 7.
11. Solve T22xtl 1 26. Suppose |x— 8| < 2. How large can

: 3x+7 :
|x—5] be?

12. Solve |x+ 1] = |2x—3|.
27. Obtain a number, 6 > 0, such that if
13. Solve |3x+ 1| < 8. Give your answer |x—1| < &, then ’x2 _ 1| < 1/10.
in terms of intervals on the real line.

) 28. Obtain a number, 6 > 0, such that if
14. Sketch on the number line the solu- lx—4| < §, then |\/x—2| < 1/10.

tion to the inequality |x — 3| > 2.

29. Suppose € > 0 is a given positive
number. Obtain a number, 6 >
0, such that if |[x—1] < &, then

15. Sketch on the number line the solu-
tion to the inequality |x — 3| < 2.

16. Show |x| = V2 [v/x—1| < . Hint: This d will de-
pend in some way on €. You need to
17. Solve |x+2| < |3x—3]. tell how.

2.6 The Binomial Theorem

Consider the following problem: You have the integers S, = {1,2,--- ,n} and k is an integer
no larger than n. How many ways are there to fill k£ slots with these integers starting from
left to right if whenever an integer from S, has been used, it cannot be re used in any

succeeding slot?
k of these slots

This number is known as permutations of n things taken k at a time and is denoted by
P (n,k). It is easy to figure it out. There are n choices for the first slot. For each choice
for the fist slot, there remain n — 1 choices for the second slot. Thus there are n(n—1)
ways to fill the first two slots. Now there remain n — 2 ways to fill the third. Thus there are
n(n—1)(n—2) ways to fill the first three slots. Continuing this way, you see there are

Pnk)y=nn—1)(n=2)---(n—k+1)

ways to do this.
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Now define for k a positive integer, k! = k(k—1)(k—2)---1, 0! = 1. This is called
k factorial. Thus P (k,k) = k! and you should verify that P (n,k) = (Hﬁ—'k), Now consider
the number of ways of selecting a set of k different numbers from S,,. For each set of k
numbers there are P (k,k) = k! ways of listing these numbers in order. Therefore, denoting

by Z the number of ways of selecting a set of kK numbers from §,,, it must be the case
that \
n n!
k! =P(n,k) =
(% )e=ruo-cty
Therefore, ( Z = ﬁlk), How many ways are there to select no numbers from S,?

Obviously one way. Note the above formula gives the right answer in this case as well as
in all other cases due to the definition which says 0! = 1.

Now consider the problem of writing a formula for (x+y)" where 7 is a positive integer.
Imagine writing it like this:

n times

(x+y) (x+y)- (x+y)

Then you know the result will be sums of terms of the form a;x*y" . What is a;? In other
words, how many ways can you pick x from k of the factors above and y from the other

n — k. There are n factors so the number of ways to do it is ( X > . Therefore, ay, is the

above formula and so this proves the following important theorem known as the binomial
theorem.

Theorem 2.6.1 7he following formula holds for any n a positive integer.

(x+y)" = i ( \ >xky”"-

k=0

2.7 Well Ordering and Archimedean Property

Definition 2.7.1 A set is well ordered if every nonempty subset S, contains a small-
est element 7 having the property that z < x for all x € §.

Axiom 2.7.2 Any set of integers larger than a given number is well ordered.

In particular, the natural numbers defined as N={1,2,---} is well ordered.
The above axiom implies the principle of mathematical induction.

Theorem 2.7.3 (Mathematical induction) A set S C Z, having the property that a €
Sandn+1 € S whenever n € S contains all integers x € Z such that x > a.

Proof: Let T = ([a,0) NZ)\ S. Thus T consists of all integers larger than or equal
to @ which are not in S. The theorem will be proved if 7 = 0. If T # 0 then by the well
ordering principle, there would have to exist a smallest element of T, denoted as b. It must
be the case that b > a since by definition, a ¢ 7. Then the integer, b— 1 >aandb—1¢ S
because if b—1 € S, then b—1+1 = b € S by the assumed property of S. Therefore,
b—1¢€ ([a,0)NZ)\ S =T which contradicts the choice of b as the smallest element of 7.
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(b—1is smaller.) Since a contradiction is obtained by assuming T # 0, it must be the case
that T = @ and this says that everything in [a,e0) N Z is also in S. B
Mathematical induction is a very useful device for proving theorems about the integers.

. . n +1)(2n+1
Example 2.7.4 Prove by induction that ¥ ;_, K= w.

By inspection, if n = 1 then the formula is true. The sum yields 1 and so does the
formula on the right. Suppose this formula is valid for some n > 1 where n is an integer.
Then

n+1 n (2 1
Zk2:Zk2+(n+l)2:—n(n+ )6( nt )+(n+1)2.
k=1 k=1

The step going from the first to the second equality is based on the assumption that the

formula is true for n. This is called the induction hypothesis. Now simplify the expression

in the second line,
nn+1)(2n+1)
6

This equals (n+ 1) (@ +(n+ 1)) and

+(n+1)%.

n(2n+1) g1 = 6(n+1)6+2n2+n _ (n+2)(2n+3)
Therefore,
’ilkz: (n+1)(n+2)(2n+3) @+ ((n+1)+1)2(n+1)+1)
k=1 6 6 7

showing the formula holds for n 4+ 1 whenever it holds for n. This proves the formula by
mathematical induction.

Example 2.7.5 Show that for all n € N, % : % e 2’;1 < Jz:zﬁ

If n =1 this reduces to the statement that % < % which is obviously true. Suppose

then that the inequality holds for n. Then

1 3 2n—-1 2n+1< I 2n+1  2n+1
2 4 21 242 " V2n+12n42 242
The theorem will be proved if this last expression is less than \/ﬁ This happens if and

only if

( 1 >2 1 2n+1

Vant3) w3 (2n+2)?

which occurs if and only if (2n+2)? > (2n+3) (2n+ 1) and this is clearly true which may
be seen from expanding both sides. This proves the inequality.

Lets review the process just used. If S is the set of integers at least as large as 1 for which
the formula holds, the first step was to show 1 € S and then that whenever n € S, it follows
n+1 € 8. Therefore, by the principle of mathematical induction, S contains [1,e0) N Z,
all positive integers. In doing an inductive proof of this sort, the set, S is normally not
mentioned. One just verifies the steps above. First show the thing is true for some a € Z
and then verify that whenever it is true for m it follows it is also true for m + 1. When this
has been done, the theorem has been proved for all m > a.
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Definition 2.7.6 The Archimedean property states that whenever x € R, and a > 0,
there exists n € N such that na > x.

This is not hard to believe. Just look at the number line. Imagine the intervals
[0,a),[a,2a),[2a,3a),--- .

If x < 0, you could consider a and it would be larger than x. If x > 0, surely, it is reasonable
to suppose that x would be on one of these intervals, say [pa, (p+ 1)a). This Archimedean
property is quite important because it shows every fixed real number is smaller than some
integer. It also can be used to verify a very important property of the rational numbers.

Axiom 2.7.7 R has the Archimedean property.

Theorem 2.7.8 Suppose x <y and y —x > 1. Then there exists an integer, | € Z,
such that x <1 <y. If x is an integer, there is no integer y satisfying x <y < x+ 1.

Proof: Let x be the smallest positive integer. Not surprisingly, x = 1 but this can be
proved. If x < I then x?> < x contradicting the assertion that x is the smallest natural number.
Therefore, 1 is the smallest natural number. This shows there is no integer y, satisfying
x <y < x+ 1 since otherwise, you could subtract x and conclude 0 < y —x < 1 for some
integer y — x.

Now suppose y—x > 1 and let § = {w € N:w > y}. The set S is nonempty by the
Archimedean property. Let k be the smallest element of S. Therefore, k — 1 < y. Either
k—1<xork—1>x.Ifk—1 <x,then

<0

=
y—x<y—(k—1)=y—k+1<1

contrary to the assumption that y —x > 1. Therefore, x < k— 1 < y and this proves the
theorem with/ =k —1.

It is the next theorem which gives the density of the rational numbers. This means that
for any real number, there exists a rational number arbitrarily close to it.

Theorem 2.7.9 If x <y then there exists a rational number r such that x <r <y.

Proof: Let n € N be large enough that n (y —x) > 1. Thus (y — x) added to itself n times
is larger than 1. Therefore,

n(y—x)=ny+n(—x)=ny—nx> 1.

It follows from Theorem 2.7.8 there exists m € Z such that nx < m < ny and so take r = m/n.
|

Definition 2.7.10 A set S C R is dense in R if whenever a < b, SN (a,b) # 0.

Thus the above theorem says Q is “dense” in R.

You probably saw the process of division in elementary school. Even though you saw it
at a young age it is very profound and quite difficult to understand. Suppose you want to do
the following problem %. What did you do? You likely did a process of long division which
gave the following result. % = 3 with remainder 13. This meant 79 = 3 (22) + 13.You were
given two numbers, 79 and 22 and you wrote the first as some multiple of the second added
to a third number which was smaller than the second number. Can this always be done?
The answer is in the next theorem and depends here on the Archimedean property of the
real numbers.
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Theorem 2.7.11 Suppose 0 < a and let b > 0. Then there exists a unique integer p
and real number r such that 0 <r < aand b = pa+r.

Proof: Let S = {n € N:an > b}. By the Archimedean property this set is nonempty.
Let p+ 1 be the smallest element of S. Then pa < b because p + 1 is the smallest in S.
Therefore, r =b — pa > 0. If r > a then b— pa > a and so b > (p+ 1)a contradicting
p+1€S. Therefore, r < a as desired.

To verify uniqueness of p and r, suppose p; and r;, i = 1,2, both work and r, > ry.
Then a little algebra shows p; — p» = =L € (0,1). Thus p; — p» is an integer between 0
and 1, contradicting Theorem 2.7.8. The case that r; > ry cannot occur either by similar
reasoning. Thus r; = r, and it follows that p; = p,. B

This theorem is called the Euclidean algorithm when a and b are integers. In this case,

you would have r is an integer because it equals an integer.

2.8 Arithmetic of Integers

Here we consider some very important algebraic notions including the Euclidean algorithm
just mentioned and issues related to whether two numbers are relatively prime, prime num-
bers and so forth. The following definition describes what is meant by a prime number and
also what is meant by the word “divides”.

Deﬁnition 2.8.1 The number a divides the number b if, in Theorem 2.7.11, r = 0.
That is, there is zero remainder. The notation for this is a|b, read a divides b and a is called
a factor of b. A prime number is one which has the property that the only numbers which
divide it are itself and 1 and it is at least 2. The greatest common divisor of two positive
integers m,n is that number p which has the property that p divides both m and n and also
if g divides both m and n, then q divides p. Two integers are relatively prime if their greatest
common divisor is one. The greatest common divisor of m and n is denoted as (m,n) .

There is a phenomenal and amazing theorem which relates the greatest common divisor
to the smallest number in a certain set. Suppose m,n are two positive integers. Then if x,y
are integers, so is xm + yn. Consider all integers which are of this form. Some are positive
such as 1m + 1n and some are not. The set S in the following theorem consists of exactly
those integers of this form which are positive. Then the greatest common divisor of m and
n will be the smallest number in S. This is what the following theorem says.

Theorem 2.8.2 Let m,n be two positive integers and define
S={xm+yneN:x,yeZ}.
Then the smallest number in S is the greatest common divisor, denoted by (m,n).

Proof: First note that both m and n are in S so it is a nonempty set of positive integers.
By well ordering, there is a smallest element of S, called p = xom + yon. Either p divides m
or it does not. If p does not divide m, then by Theorem 2.7.11, m = pg+r where 0 < r < p.
Thus m = (xom+ yon) g + r and so, solving for r,

r=m(1—xp)+(—yog)n €S.

However, this is a contradiction because p was the smallest element of S. Thus p|m. Simi-
larly p|n.
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Now suppose g divides both m and n. Then m = gx and n = gy for integers, x and y.
Therefore,

P = mxo+ nyo = xogx +yoqy = q (xox+yoy)

showing g|p. Therefore, p = (m,n). B

This amazing theorem will now be used to prove a fundamental property of prime
numbers which leads to the fundamental theorem of arithmetic, the major theorem which
says every integer can be factored as a product of primes.

Theorem 2.8.3 it p is a prime and plab then either p|a or plb.

Proof: Suppose p does not divide a. Then since p is prime, the only factors of p are 1
and p so follows (p,a) = 1 and therefore, there exists integers, x and y such that 1 = ax+yp.
Multiplying this equation by b yields b = abx + ybp. Since p|ab, ab = pz for some integer
z. Therefore, b = abx+ ybp = pzx+ybp = p (xz+yb) and this shows p divides b. B

Theorem 2.8.4 (Fundamental theorem of arithmetic) Let a € N\{1}. Then a =
[T, pi where p; are all prime numbers. Furthermore, this prime factorization is unique
except for the order of the factors.

Proof: If a equals a prime number, the prime factorization clearly exists. In particular
the prime factorization exists for the prime number 2. Assume this theorem is true for all
a <n—1.If nis a prime, then it has a prime factorization. On the other hand, if n is not
a prime, then there exist two integers k and m such that n = km where each of k and m are
less than n. Therefore, each of these is no larger than n — 1 and consequently, each has a
prime factorization. Thus so does n. It remains to argue the prime factorization is unique
except for order of the factors.

Suppose [T\ pi = H’;':l q; where the p; and g; are all prime, there is no way to reorder
the gy such that m = n and p; = g; for all i, and n+ m is the smallest positive integer such
that this happens. Then by Theorem 2.8.3, p{|q; for some j. Since these are prime numbers
this requires p; = g;. Reordering if necessary it can be assumed that g; = g;. Then dividing
both sides by p; = qhHl’.‘:—l1 Ditl = H’;‘:_ll gj+1- Since n+m was as small as possible for
the theorem to fail, it follows that n — I = m — 1 and the prime numbers, ¢, - - , ¢, can be
reordered in such a way that p; = g; for all k = 2,--- ,n. Hence p; = g; for all i because it
was already argued that p; = g, and this results in a contradiction. ll

2.9 Exercises

1. By Theorem 2.7.9 it follows that for a < b, there exists a rational number between a
and b. Show there exists an integer k such that a < % < b for some k,m integers.

2. Show there is no smallest number in (0,1). Recall (0,1) means the real numbers
which are strictly larger than 0 and smaller than 1.

3. Show there is no smallest number in QN (0, 1).

4. Show that if S C R and S is well ordered with respect to the usual order on R then §
cannot be dense in R.

5. Prove by induction that Y}, K= %n“ + %n3 + %nz.
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6.

10.

11.

12.
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It is a fine thing to be able to prove a theorem by induction but it is even better to
be able to come up with a theorem to prove in the first place. Derive a formula for
Yioi k* in the following way. Look for a formula in the form An’ + Bn* 4+ Cn® +
Dn? 4+ En + F. Then try to find the constants A,B,C,D,E, and F such that things
work out right. In doing this, show

(n+1)* =
(A(n+1)5+B(n+1)4+C(n+1)3+D(n+1)2+E(n+1)+F)

—AR +Bn*+Cn® +Dn* +En+F

and so some progress can be made by matching the coefficients. When you get your
answer, prove it is valid by induction.

Prove by induction that whenever n > 2,Y7_, ﬁ > \/n.

If r # 0, show by induction that '}, ark =a™l g

r—1 r—1

. - +1
Prove by induction that Y}_, k = "<"2 ),

Let a and d be real numbers. Find a formula for Y}, (a¢+ kd) and then prove your
result by induction.

Consider the geometric series, Y7_; ar*~!. Prove by induction that if r # 1, then
Yiojart! = e

This problem is a continuation of Problem 11. You put money in the bank and
it accrues interest at the rate of r per payment period. These terms need a little
explanation. If the payment period is one month, and you started with $100 then
the amount at the end of one month would equal 100 (1+r) = 100+ 100r. In this
the second term is the interest and the first is called the principal. Now you have
100 (1+r) in the bank. How much will you have at the end of the second month?
By analogy to what was just done it would equal

100 (14 7) +100 (1 4 r) r =100 (1+7r).

The amount you would have at the end of n months would be 100(1+r)". (When
a bank says they offer 6% compounded monthly, this means 7, the rate per payment
period equals .06/12.) In general, suppose you start with P and it sits in the bank
for n payment periods. Then at the end of the n/” payment period, you would have
P(1+47r)" in the bank. In an ordinary annuity, you make payments, P at the end of
each payment period, the first payment at the end of the first payment period. Thus
there are n payments in all. Each accrue interest at the rate of » per payment period.
Using Problem 11, find a formula for the amount you will have in the bank at the end
of n payment periods? This is called the future value of an ordinary annuity. Hint:
The first payment sits in the bank for n — 1 payment periods and so this payment
becomes P (1+ r)"fl . The second sits in the bank for n — 2 payment periods so it
grows to P (14r)""2, etc.
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14.

15.

16.

17.

18.
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Now suppose you want to buy a house by making n equal monthly payments. Typi-
cally, n is pretty large, 360 for a thirty year loan. Clearly a payment made 10 years
from now can’t be considered as valuable to the bank as one made today. This is be-
cause the one made today could be invested by the bank and having accrued interest
for 10 years would be far larger. So what is a payment made at the end of k payment
periods worth today assuming money is worth r per payment period? Shouldn’t it
be the amount, Q which when invested at a rate of r per payment period would yield
P at the end of k payment periods? Thus from Problem 12 Q(1+ r)k = P and so
O=P(1+ r)_k. Thus this payment of P at the end of n payment periods, is worth
P(1+ r)_k to the bank right now. It follows the amount of the loan should equal
the sum of these “discounted payments”. That is, letting A be the amount of the
loan, A=Y} P(1+ r)fk. Using Problem 11, find a formula for the right side of
the above formula. This is called the present value of an ordinary annuity.

Suppose the available interest rate is 7% per year and you want to take a loan for
$100,000 with the first monthly payment at the end of the first month. If you want to
pay off the loan in 20 years, what should the monthly payments be? Hint: The rate
per payment period is .07/12. See the formula you got in Problem 13 and solve for
P.

Consider the first five rows of Pascal’s! triangle

1
11
121
1331
14641

What is the sixth row? Now consider that (x+y)! = 1x+ 1y, (x+y)? =x2 + 2xy+
y2, and (x+)® = x® +3x%y+ 312 +*. Give a conjecture about that (x +y)°.

Based on Problem 15 conjecture a formula for (x+y)" and prove your conjecture by
induction. Hint: Letting the numbers of the n” row of Pascal’s triangle be denoted by
(), (1),-++, (7) in reading from left to right, there is a relation between the numbers
on the (n+1)* row and those on the 1" row, the relation being (/') = (§) + (,",).
This is used in the inductive step.

Let (}) = (nf‘ik'),k, where 0! = 1 and (n+1)! = (n+ 1)n! for all n > 0. Prove that
whenever k > 1 and k < n, then (”Zl) = (1) + (") Are these numbers, (}) the

same as those obtained in Pascal’s triangle? Prove your assertion.

The binomial theorem states (a+b)" = ¥i_, (;)a"~*5*. Prove the binomial theorem
by induction. Hint: You might try using the preceding problem.

Show that for p € (0,1),X4_o () kp* (1—p)** =np.

I Blaise Pascal lived in the 1600’s and is responsible for the beginnings of the study of probability.
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Show that for all n € N, (1+14)" < (1+-)""". Hint: Show first that (7)) =

T . By the binomial theorem,
k factors
1" &/ /1\" &n-(n=1)(n—k+1)
l — — — = .
( + n) k;() <k> (n) kg;) k!nk

n-(n—1)--(n—k+1)
k!nk
binomial expansion for (1 + ﬁ)nH except that n is replaced with n+ 1 wherever

this occurs. Argue the term got bigger and then note that in the binomial expansion

Now consider the term and note that a similar term occurs in the

1 \n+l
for (14 ;47)" ", there are more terms.

Prove by induction that for all £ > 4, 2k < k!
Use the Problems 21 and 20 to verify foralln € N, (1+ %)n <3.
Prove by induction that 1 +Y% ,i(i!) = (n+1)!.

I can jump off the top of the Empire State Building without suffering any ill effects.
Here is the proof by induction. If I jump from a height of one inch, I am unharmed.
Furthermore, if I am unharmed from jumping from a height of n inches, then jumping
from a height of n+ 1 inches will also not harm me. This is self evident and provides
the induction step. Therefore, I can jump from a height of n inches for any n. What
is the matter with this reasoning?

All horses are the same color. Here is the proof by induction. A single horse is the
same color as himself. Now suppose the theorem that all horses are the same color
is true for n horses and consider n + 1 horses. Remove one of the horses and use the
induction hypothesis to conclude the remaining n horses are all the same color. Put
the horse which was removed back in and take out another horse. The remaining n
horses are the same color by the induction hypothesis. Therefore, all n+ 1 horses are
the same color as the n — 1 horses which didn’t get moved. This proves the theorem.
Is there something wrong with this argument?

Let ( k ]? k ) denote the number of ways of selecting a set of k; things, a set of
1,K2,K3

ko things, and a set of k3 things from a set of n things such that ):?:] ki = n. Find a

formula for < > . Now give a formula for a trinomial theorem, one which

n
ki,ka, k3
expands (x+y+2z)". Could you continue this way and get a multinomial formula?

2.10 Completeness of R

By Theorem 2.7.9, between any two real numbers, points on the number line, there exists
a rational number. This suggests there are a lot of rational numbers, but it is not clear from
this Theorem whether the entire real line consists of only rational numbers. Some people
might wish this were the case because then each real number could be described, not just as
a point on a line but also algebraically, as the quotient of integers. Before 500 B.C., a group
of mathematicians, led by Pythagoras believed in this, but they discovered their beliefs were
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false. It happened roughly like this. They knew they could construct the square root of two
as the diagonal of a right triangle in which the two sides have unit length; thus they could
regard v/2 as a number. Unfortunately, they were also able to show v/2 could not be written
as the quotient of two integers. This discovery that the rational numbers could not even
account for the results of geometric constructions was very upsetting to the Pythagoreans,
especially when it became clear there were an endless supply of such “irrational” numbers.

This shows that if it is desired to consider all points on the number line, it is necessary
to abandon the attempt to describe arbitrary real numbers in a purely algebraic manner
using only the integers. Some might desire to throw out all the irrational numbers, and
considering only the rational numbers, confine their attention to algebra, but this is not
the approach to be followed here because it will effectively eliminate every major theorem
of calculus and analysis. In this book real numbers will continue to be the points on the
number line, a line which has no holes. This lack of holes is more precisely described in
the following way.

Definition 2.10.1 A non empty set, S C R is bounded above (below) if there exists
x € R such that x > (<) s forall s € S. If S is a nonempty set in R which is bounded above,
then a number, | which has the property that | is an upper bound and that every other upper
bound is no smaller than 1 is called a least upper bound, l.u.b. (S) or often sup (S). If Sis a
nonempty set bounded below, define the greatest lower bound, g.1.b. (S) or inf (S) similarly.
Thus g is the g.1.b.(S) means g is a lower bound for S and it is the largest of all lower
bounds. If S is a nonempty subset of R which is not bounded above, this information is
expressed by saying sup (S) = oo and if S is not bounded below, inf (§) = —oo.

In an appendix, there is a proof that the real numbers can be obtained as equivalence
classes of Cauchy sequences of rational numbers but in this book, we follow the historical
development of the subject and accept it as an axiom. In other words, we will believe in
the real numbers and this axiom.

The completeness axiom was identified by Bolzano as the reason for the truth of the in-
termediate value theorem for continuous functions around 1818. However, every existence
theorem in calculus depends on some form of the completeness axiom.

Axiom 2.10.2 (completeness) Every nonempty set of real numbers bounded above has a
least upper bound and every nonempty set of real numbers which is bounded below has a
greatest lower bound.

It is this axiom which distinguishes Calculus from Algebra. A fundamental result about
sup and inf is the following.

Proposition 2.10.3 Let S be a nonempty set and suppose sup (S) exists. Then for every
46>0,
SN (sup(S)—&,sup(S)] #0.

Ifinf (S) exists, then for every & > 0,
SN [inf(S),inf(S) + &) # 0.

Proof: Consider the first claim. If the indicated set equals @, then sup (S) — & is an
upper bound for S which is smaller than sup (S), contrary to the definition of sup (S) as the
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least upper bound. In the second claim, if the indicated set equals @, then inf (S) + & would
be a lower bound which is larger than inf (S) contrary to the definition of inf(S) .l

The wonderful thing about sup is that you can switch the order in which they occur.
The same thing holds for inf. It is also convenient to generalize the notion of sup and inf
so that we don’t have to worry about whether it is a real number.

Definition 2.10.4 Let f(a,b) € [—o0,] for a € A and b € B where A,B are non-
empty sets which means that f(a,b) is either a number, oo, or —co. The symbol, +oo is
interpreted as a point out at the end of the number line which is larger than every real
number. Of course there is no such number. That is why it is called . The symbol, —oo is
interpreted similarly. Then sup,c, f (a,b) means sup (Sp) where Sp = {f (a,b) :a € A}. A
similar convention holds for inf .

Unlike limits, you can take the sup in different orders, same for inf.

Lemma 2.10.5 Let f (a,b) € [—o,)| for a € A and b € B where A, B are sets. Then
supsup f (a,b) = supsup f (a,b).
acA beB beB acA
Also, you can replace sup with inf.
Proof: Note that for all a,b, f(a,b) < sup,cgsup,c4 f (a,b) and therefore, for all a,
suppep f (a,b) < supyepsup,ecqa f (a,b). Therefore, it follows from the definition of sup that

SUP,ca SUPpep f (a,b) < sup,cpsup,eq f (a,b). Repeat the same argument interchanging a
and b, to get the conclusion of the lemma. The case of inf is similar. ll

2.11 Ecxistence of Roots

What is v/7 and does it even exist? You can ask for it on your calculator and the calculator
will give you a number which multiplied by itself 5 times will yield a number which is close
to 7 but it isn’t exactly right. Why should there exist a number which works exactly? Every
one you find, appears to be some sort of approximation at best. If you can’t produce one,
why should you believe it is even there? The following is an argument that roots exist. You
fill in the details of the argument. Basically, roots exist in analysis because of completeness
of the real line. Here is a lemma.

Lemma 2.11.1 Suppose n € N and a > 0. Then if X" — a # 0, there exists § > 0 such
that whenever'y € (x — 8,x+ 0), it follows y" — a # 0 and has the same sign as x" — a.

Proof: Let y —x = €. Then we need to show that if |€| is small enough,
(X"—a)((x+¢&)"—a)>0.
From the binomial theorem

(" —a)((x+€)" —a) = (ﬂ@(f <Z)£"_kxka>

k=0

n—1 n
= (X—aqa) ((x"—a)—FZ k)s”"x")

k=0

\ n—1 n .
(== —allel X ()l

k=0

Y
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n —1
So let |€| < min (1, (lx z_“l Yo () \x|k> ) . Then for |¢| this small,

(" —a)?

om
) >

(" —a)((x+e)"—a)=(x"—a)(y' —a) >
Theorem 2.11.2 Leta > 0andletn > 1. Then there exists a unique x > 0 such that
xt=a.

Proof: Let S denote those numbers y > 0 such that " —a < 0 for all ¢ € [0,y]. Now
note that from the binomial theorem,

(1+a)”—a:Z ( Z )akl”k—a>1+a—a:1>0
k=0

Thus S is bounded above and 0 € S. Let x = sup (S). Then by definition of sup, for every
0 > 0, there exists r € S with [x —¢]| < 8.
If " —a > 0, then by the above lemma, for ¢ € S sufficiently close to x,

(" —a) (" —a) >0

which is a contradiction because the first factor is negative and the second is positive.
Hence x" —a < 0. If x¥* —a < 0, then from the above lemma, there is a § > 0 such that if
t € (x—0,x+8),x" —aand t" — a have the same sign. This is also a contradiction because
then x # sup (S). It follows x" = a. B

From now on, we will use this fact that n'”* roots exist whenever it is convenient to do
SO.

2.12 Exercises

1. Let S =[2,5]. Find supS. Now let S = [2,5). Find supS. Is sup S always a number
in S? Give conditions under which supS € S and then give conditions under which
infS € S.

2. Show that if S # @ and is bounded above (below) then sup S (inf'S) is unique. That is,
there is only one least upper bound and only one greatest lower bound. If S = @ can
you conclude that 7 is an upper bound? Can you conclude 7 is a lower bound? What
about 13.5? What about any other number?

3. Let S be a set which is bounded above and let —S denote the set {—x:x € S}. How
are inf (—S) and sup (S) related? Hint: Draw some pictures on a number line. What
about sup (—S) and infS where S is a set which is bounded below?

4. Which of the field axioms is being abused in the following argument that 0 =27 Let
x=y=1.Then
0=x"—y*=(x—y) (x+)
and so 0 = (x—y) (x+y). Now divide both sides by x —y to obtain 0 = x+y =
1+1=2.

5. Give conditions under which equality holds in the triangle inequality.
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Let k < n where k and n are natural numbers. P (n, k), permutations of n things taken
k at a time, is defined to be the number of different ways to form an ordered list of k
of the numbers, {1,2,---,n}. Show

Pnk)=n-(n—1)---(n—k+1)= EDI

Using the preceding problem, show the number of ways of selecting a set of k things
from a set of n things is (}).

Prove the binomial theorem from Problem 7. Hint: When you take (x+y)" , note that
the result will be a sum of terms of the form, akx"’kyk and you need to determine
what a; should be. Imagine writing (x+y)" = (x+y) (x+y)---(x+y) where there
are n factors in the product. Now consider what happens when you multiply. Each
factor contributes either an x or a y to a typical term.

Prove by induction that n < 2" for all natural numbers, n > 1.

Prove by the binomial theorem and Problem 7 that the number of subsets of a given
finite set containing n elements is 2.

Let n be a natural number and let k| + k» + -- -k, = n where k; is a non negative

integer. The symbol
n
kiky -k,

denotes the number of ways of selecting r subsets of {1,---,n}, which subsets con-
tain k1, k» - - - k, elements in them. Find a formula for this number.

Is it ever the case that (a +b)" = a" + b" for a and b positive real numbers?
Is it ever the case that v/a®> 4+ b*> = a+ b for a and b positive real numbers?

Is it ever the case that % = % + % for x and y positive real numbers?

Derive a formula for the multinomial expansion, ():izl ak)" which is analogous to
the binomial expansion. Hint: See Problem 8.

Suppose a > 0 and that x is a real number which satisfies the quadratic equation,
ax®> +bx+c=0.

Find a formula for x in terms of a and b and square roots of expressions involving
these numbers. Hint: First divide by a to get x> + ngr ¢ =0. Then add and subtract
the quantity b? /4a>. Verify that

SN A
YT T2 T Mg )

Now solve the result for x. The process by which this was accomplished in adding
in the term b?/4a? is referred to as completing the square. You should obtain the

quadratic formula,
i —b++vVb?—4ac
a 2a '
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The expression b> — 4ac is called the discriminant. When it is positive there are two
different real roots. When it is zero, there is exactly one real root and when it equals
a negative number there are no real roots.

Find u such that —% +u and —g — u are roots of x> +bx+ ¢ = 0. Obtain the quadratic
formula from this. >

Suppose f (x) = 3x> +7x — 17. Find the value of x at which f(x) is smallest by
completing the square. Also determine f (R) and sketch the graph of f. Hint:

7 17 7 4 4 17
flx) = 3(x2+3x3) 3<x2+x+99)

NI
6 36 3/

Suppose f (x) = —5x* +8x— 7. Find f(R). In particular, find the largest value of
f(x) and the value of x at which it occurs. Can you conjecture and prove a result
about y = ax? + bx+ ¢ in terms of the sign of a based on these last two problems?

Show that if it is assumed R is complete, then the Archimedean property can be
proved. Hint: Suppose completeness and let a > 0. If there exists x € R such that
na < x for all n € N, then x/a is an upper bound for N. Let / be the least upper bound
and argue there exists n € NN [l —1/4,1]. Now what about n+ 1?

Suppose you numbers gy for each k a positive integer and that a; <ap <---. Let A
be the set of these numbers just described. Also suppose there exists an upper bound
L such that each a; < L. Then there exists N such that if n > N, then (supA — & <
a, < supA].

If A C B for A # 0 and A, B are sets of real numbers, show that inf (A) > inf (B) and
sup (A) < sup(B).

2.13 The Complex Numbers

Just as a real number should be considered as a point on the line, a complex number is
considered a point in the plane which can be identified in the usual way using the Cartesian
coordinates of the point. Thus (a,b) identifies a point whose x coordinate is a and whose
y coordinate is b. In dealing with complex numbers, such a point is written as a + ib. For
example, in the following picture, I have graphed the point 3 + 2i. You see it corresponds
to the point in the plane whose coordinates are (3,2).

3420

2The ancient Babylonians knew how to solve these quadratic equations sometime before 1700 B.C.
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Multiplication and addition are defined in the most obvious way subject to the conven-
tion that i2 = —1. Thus,

(a+ib)+(c+id)=(a+c)+i(b+d)
and
(a+ib) (c+id) = ac+ iad + ibc + i*bd = (ac — bd) + i (bc +ad) .

Every non zero complex number, a + ib, with a> + b> # 0, has a unique multiplicative

inverse. ]
1 a—ib a . b

atib 210 21 @y
You should prove the following theorem.

Theorem 2.13.1 7ne complex numbers with multiplication and addition defined as
above form a field satisfying all the field axioms listed on Page 9.

The field of complex numbers is denoted as C. An important construction regarding
complex numbers is the complex conjugate denoted by a horizontal line above the number.
It is defined as follows.

a+ib=a—ib.

What it does is reflect a given complex number across the x axis. Algebraically, the follow-
ing formula is easy to obtain.

(a+ib) (a+ib) = a* +b*.
Definition 2.13.2 Define the absolute value of a complex number as follows.

la+ib| =\ a%+b2.

Thus, denoting by z the complex number z = a+ ib,
ol = @)"*.

Be sure to verify the last claim in this definition. With this definition, it is important to
note the following. Be sure to verify this. It is not too hard but you need to do it.

Remark 2.13.3 : Letz=a+iband w=c+id. Then

cwl =y (= +(b—a)

Thus the distance between the point in the plane determined by the ordered pair, (a,b) and
the ordered pair (c,d) equals |z — w| where z and w are as just described.

For example, consider the distance between (2,5) and (1,8) . From the distance formula
which you should have seen in either algebra or calculus, this distance is defined as

\/(2— 12+ (5—8)* = V10.
On the other hand, letting z=2+i5Sand w=1+4i8,z—w =1—i3 and so

(z—w)(z=w) = (1—-i3)(14+i3) =10

s0 |z—w| = v/10, the same thing obtained with the distance formula.
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Notation 2.13.4 From now on I will sometimes use the symbol F to denote either C or R,
rather than fussing over which one is meant because it often does not make any difference.

The triangle inequality holds for the complex numbers just like it does for the real
numbers.

Theorem 2.13.5 et z,w e C. Then
w2 < [wl+zl, |z = [w]] <z —wl.
Proof: First note |zw| = |z| |w|. Here is why: If z = x+ iy and w = u+iv, then
Jowl® = | (et iy) (- iv) [P = e — yv - (v - yu)
= (xu—yv)* + (v +yu)? = xu? +y1? + v+ y2u?
Now look at the right side.
2* [w]? = (x4iy) (x—iy) (u+iv) (u — iv) = x2u® +y2 + 3207 + v,

the same thing. Thus the rest of the proof goes just as before with real numbers. Using the
results of Problem 6 on Page 38, the following holds.

|24 w|? (z+w) (T+W) = Z+ 7 +wZ+ww

= 2P+ WP+ w4z

= |z +|w*+2Rezw

2+ W + 22| = 2> + |w]* + 22| [w|

(2] + wl)?

IN

and so |z+w| < |z] +|w| as claimed. The other inequality follows as before.
ol < lz—w|+|w|

and so |z| — |w| < |z—w| = |w —z| . Now do the same argument switching the roles of z and
w to conclude
|zl = wl < |z—wl|, [w]—lz] < |z—w|

which implies the desired inequality. ll
Since R C C and the absolute value is consistently defined, the inequality holds also on
R.

2.14 Dividing Polynomials

It will be very important to be able to work with polynomials, especially in subjects like
linear algebra and with the technique of partial fractions. It is surprising how useful this
junior high material will be. In this section, a polynomial is an expression. Later, the
expression will be used to define a function. These two ways of looking at a polynomial
are very different.
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Definition 2.14.1 A polynomial is an expression of the form p(A) =
A"+ ap A"V A +a,

a, # 0 where the a; are (real or complex) numbers, more generally elements of a field of
scalars. Two polynomials are equal means that the coefficients match for each power of
A. The degree of a polynomial is the largest power of A. Thus the degree of the above
polynomial is n. Addition of polynomials is defined in the usual way as is multiplication of
two polynomials. The leading term in the above polynomial is a,A". The coefficient of the
leading term is called the leading coefficient. It is called a monic polynomial if a,, = 1. A
root of a polynomial p (L) is W such that p (1) = 0. This is also called a zero.

Note that the degree of the zero polynomial is not defined in the above. The following
is called the division algorithm. First is an important property of multiplication.

Lemma 2.14.2 If f (1) g(A) = 0, then either f (1) =0 or g(A) = 0. That is, there are
no nonzero divisors of 0.

Proof: Let f (1) have degree n and g (1) degree m. If m+n = 0, it is easy to see that the
conclusion holds because both polynomials are constants. Suppose the conclusion holds
form+n < M and suppose m+n =M+ 1. Then f (1) g (L) =

(ao+a1/1 +otay A +anl") (bo+blk b by A +b,,,7L’")

(a(A)+and") (b(A)+buA™)
a(A)b(A) +buA™a(A) +apA b (A) + anbuA" "

Either a, = 0 or b,, = 0. Suppose b, = 0. Then it must be the case that you have
(a(A)+a,A")b(A) =0.

By induction, one of these polynomials in the product is 0. If b (A1) # 0, then this shows
ap=0anda(A)=0so0 f(1)=0.Ifb(A) =0, then g(A) = 0. The argument is the same
ifa,=0. 1

Say the degree of r (1) is m > n where the degree of g (1) is n. Say r (1) = adl™ +1 (1)
with the degree of (1) < m and g(A) = bA" + n(A) where the degree of n (1) is less
than n. Then r (A) — $A™ "g(A) has degree smaller than m. This is used in the following
fundamental lemma.

Lemma 2.14.3 Ler £ (1) and g(L) # 0 be polynomials. Then there exist polynomials,
q(A) and r(A) such that

fA)=q(A)g(d)+r(4)

where the degree of r(A) is less than the degree of g (L) or r(A) = 0. These polynomials
q(A) and r(A) are unique.

Proof: Suppose that f (1) — g (4)g(A) is never equal to O for any g (A). If it is, then
the conclusion follows. Now suppose

r(A)=r)-q)g(A) ()
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where the degree of r () is as small as possible. Let it be m. Suppose m > n where n is the
degree of g(A). Say r(A) = bA™ +a (L) where a(4) is 0 or has degree less than m while
g(A) =bA" +a(A) where @ (1) is 0 or has degree less than n. Then

r(4)
r(A)— %Am_”g (A)=bA" +a(A) - <b/lm + %lm_"& (7L)> =a(A)—da(A),
a polynomial having degree less than m. Therefore, from the above,
=r(4) )
a(d)=a(d)=(f(2)—qa(A)g(A)) = A" "¢(A) = f (A1) ~4(A)g(A)

which is of the same form as * having smaller degree. However, m was as small as possible.
Hence m < n after all.

As to uniqueness, if you have r(1),7(1),q(1),4(A) which work, then you would
have

(@A) —q(A)g(X) =r(A)—7(4)

Now if the polynomial on the right is not zero, then neither is the one on the left. Hence
this would involve two polynomials which are equal although their degrees are different.
This is impossible. Hence r(4) = #(A) and so, the above lemma shows §(A) =g (). B

Definition 2.14.4 Let all coefficients of all polynomials come from a given field F.
For us, F will be the real numbers R. Let p(A) = a,A" +- -+ a1 A + ap be a polynomial.
Recall it is called monic if a, = 1. If you have polynomials

{pl (A)s Pm ()‘)}7

the greatest common divisor q (1) is the monic polynomial which divides each, py (L) =
q(A) 1 (L) for some Iy (A), written as qg(L) [ px (L) and if (L) is any polynomial which
divides each py (L), then G(1) /q(A). A set of polynomials

{p1(A),---pm(A)}

is relatively prime if the greatest common divisor is 1.
Lemma 2.14.5 There is at most one greatest common divisor.

Proof: If you had two, §(A) and ¢(A), then §(1) /q(A) and ¢(A) /G(A) so g(A) =
G(A)I(A) =q(A)1(A)I(A) and now it follows, since both §(A) and ¢ (A) are monic that
[(A)and I (A) are both equal to 1. B

The next proposition is remarkable. It describes the greatest common divisor in a very
useful way.

Proposition 2.14.6 The greatest common divisor of {py (1), -, pm (L)} exists and is
characterized as the monic polynomial of smallest degree equal to an expression of the
form

ngE

ax (L) pr (L), the ay (A) being polynomials. (2.1)

k=1
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Proof: First I need show that if ¢ (1) is monic of the above form with smallest de-
gree, then it is the greatest common divisor. If ¢ (1) fails to divide py (1), then pi (1) =
q(A)I(A)+r(A) where the degree of r (1) is smaller than the degree of ¢ (1). Thus,

(agE

r(A) =pe(A) = 1(4) } ar(A) p ()

k=1

which violates the condition that ¢ (A1) has smallest degree. Thus g (1) /py (A) for each k.
If g (4) divides each py (1) then it must divide ¢ (1) because g (A) is given by 2.1. Hence
g (M) is the greatest common divisor.

Next, why does such greatest common divisor exist? Simply pick the monic polynomial
which has smallest degree which is of the form Y}" | ax (1) pr (A). Then from what was
just shown, it is the greatest common divisor. ll

Proposition 2.14.7 Let p(1) be a polynomial. Then there are polynomials p; (1) such
that

p(A)=al]pi(2)™ 22
i=1

where m; € N and {p (L), ,pm (L)} are monic and relatively prime. Every subset of
{p1(A), -, pm (A)} having at least 2 elements is also relatively prime.

Proof: If there is no polynomial of degree larger than O dividing p (1), then we are
done. Simply pick a such that p (1) is monic. Otherwise p(A) = ap; (1) p2 (1) where
pi(A) is monic and each has degree at least 1. These could be the same polynomial. If
some nonconstant polynomial divides each p; (1), factor further. Continue doing this.
Eventually the process must end with a factorization as described in 2.2 because the degrees
of the factors are decreasing. The claim about the subsets is clear because each polynomial
is irreducible so the only monic polynomial dividing any of them is itself and 1.

2.15 The Cauchy Schwarz Inequality

This fundamental inequality takes several forms. I will present the version first given by
Cauchy although I am not sure if the proof is the same.

Proposition 2.15.1 Let z;,w; be complex numbers. Then

“(57) (Eer)

. _ 2 . .
Proof: First note that Y., z;7; = ¥, [¢;|” > 0. Next, if a+ b is a complex number,
a—ib
a’+b?

p
Y zw;
j=1

consider 6 = 1 if both a,b are zero and 0 = if the complex number is not zero.

Thus, in either case, there exists a complex number 6 such that |@| = 1 and 6 (a+ib) =
|a+ib| = Va2 +b%. Now let |0] = 1 and

P
) 2=
j=1

)4
Y zw;
j=1
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Then for ¢ a real number,

P
0 < p()=Y (zj+16w;)(zj+16w))
Jj=1
a? b?
— ——
P p p p
= ZZjZT"F Zjl@Wj+Zl9Wj?j+t22Wjo
= =l =l =
p P
=a"+2Re0 Y wiZj+1°0> =a> +2t| Y wizj| + 170
= =

Since this is always nonnegative for all real ¢, it follows from the quadratic formula that

2 p P
—4{ LT wiwj | <0
j=1 j=1

Indeed, p (¢) = 0 either has exactly one real root or no real roots. Thus the desired inequality
follows. l

2

41Y wizj| —4a’b* =4

1

J

P

14
Y WiT
j=1

2.16 Integer Multiples of Irrational Numbers

This section will give a proof of a remarkable result. I think its proof, based on the pigeon
hole principle, is even more interesting than the result obtained. Dirichlet proved it in
the 1830’s. Jacobi used similar ideas around the same time in studying elliptic functions.
The theorem involves the sum of integer multiples of numbers whose ratio is irrational.
If a/b is irrational, then it is not possible that ma -+ nb = 0,m,m € Z because if this were
so, you would have —" = g and so the ratio of a,b is rational after all. Even though you
cannot get 0 (which you can get if the ratio of a and b is rational) you can get such an
integer combination arbitrarily small. Dirichlet did this in the 1830’s long before Dedekind

constructed the real numbers in 1858, published in 1872.

Theorem 2.16.1 If a,b are real numbers and a/b is not rational, then for every
€ > 0 there exist integers m,n such that |ma+nb| < €.

Proof: Let Py,N > 1 denote all combinations of the form ma + nb where m,n are
integers and |m|,|n| < N. Thus there are (2N + 1)* of these integer combinations and all
of them are contained in the interval I = [—N (|a|+ |b|),N (|a| + |b|)] . Now pick an integer
M such that

(2N)* <M < (2N+1)?

I know such an integer exists because (2N + 1)2 — (2N )2 =4N +1 > 2. Now partition the
interval I into M equal intervals. If / is the length of one of these intervals, then
2 (la|+1p)) _ C
IM =2N (la|+|b|), so (2N)“1 <2N (Ja|+1b]) and | < ~———* = —
2N N
Now as mentioned, all of the points of Py are contained in / and there are more of these
points, (2N + 1)2 than there are intervals, M. Therefore, some interval contains two points
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of Py.> But each interval has length no more than C /N and so there exist k,lAc7 l ,f integers
such that

ka+1b— (lAca—&—lAb)’ = |ma+ nb| <%

Now let € > 0 be given. Choose N large enough that C/N < €. Then the above inequality
holds for some integers m,n. B

2.17 Exercises

1.
2.

Letz=5+19. Find 7 L.

Let z=2+i7 and let w = 3 — i8. Find zw,z +w,z?, and w/z.

. If z is a complex number, show there exists @ a complex number with |@| = 1 and

0z =z|.

. For those who know about the trigonometric functions %, De Moivre’s theorem says

[r(cost +isint)]" = r" (cosnt +isinnt) for n a positive integer. Prove this formula
by induction. Does this formula continue to hold for all integers n, even negative
integers? Explain.

. Using De Moivre’s theorem from Problem 4, derive a formula for sin (5x) and one for

cos (5x). Hint: Use Problem 18 on Page 25 and if you like, you might use Pascal’s
triangle to construct the binomial coefficients.

. If z,w are complex numbers prove Zw = Z w. Show that 212, = Z1---Zm. Also

verify that ;' | zx = YL Z. In words this says the conjugate of a product equals
the product of the conjugates and the conjugate of a sum equals the sum of the con-
jugates.

. Suppose p (x) = a,x" +a,_1x" ' +--- +ajx+ ap where all the a; are real numbers.

Suppose also that p(z) = 0 for some z € C. Show it follows that p (z) = 0 also.

. Iclaim that 1 = —1. Here is why.—1 = 2 = \/—1\/—1 = /(—1)* = v/ = 1. This

is clearly a remarkable result but is there something wrong with it? If so, what is
wrong? Hint: When we push symbols without consideration of their meaning, we
can accomplish many strange and wonderful but false things.

. De Moivre’s theorem of Problem 4 is really a grand thing. I plan to use it now for ra-

tional exponents, not just integers. 1 = 1(1/4) = (cosZn+isin27£)1/4 =cos(m/2)+

isin(7/2) = i. Therefore, squaring both sides it follows 1 = —1 as in the previous
problem. What does this tell you about De Moivre’s theorem? Is there a profound
difference between raising numbers to integer powers and raising numbers to non
integer powers?

3This is called the pigeon hole principle. It was used by Jacobi and Dirichlet. Later, Besicovitch used it in
his amazing covering theorem. In terms of pigeons, it says that if you have more pigeons than holes and they
each need to go in a hole, then some hole must have more than one pigeon. In contrast to Dirichlet, Jacobi and
others, (those who had common sense) this simple observation seems to have not been understood by people
like Brigham Young the Utah Mormon leader who made polygyny (multiple wives for a single man) a religious
expectation in the 1850’s. In Utah there were more males than females.

41 will present a treatment of the trig functions which is independent of plane geometry a little later.
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Review Problem 4 at this point. Now here is another question: If z is an integer, is it
always true that (cos @ —isin )" = cos (n0) — isin (n0)? Explain.

Suppose you have any polynomial in cos 6 and sin 6. By this I mean an expression
of theform Y}, Z’ézo agpcos” sin® 6 where aqp € C. Can this always be written

in the form Z'}’fjf(n +m) bycosy0 + ):Zi’f (n+m) €T sin 76? Explain.

Does there exist a subset of C, C* which satisfies 2.4.1 - 2.4.3? Hint: You might
review the theorem about order. Show —1 cannot be in C*. Now ask questions about
—i and i. In mathematics, you can sometimes show certain things do not exist. It is
very seldom you can do this outside of mathematics. For example, does the Loch
Ness monster exist? Can you prove it does not?

Show that if a/b is irrational, then {ma+nb},, ., is dense in R, each an irra-
tional number. If a/b is rational, show that {ma+nb}, ., is not dense. Hint:

From Theorem 2.16.1 there exist integers, my,n; such that [ma+mnb| < 27", Let
P, = Ugez {k(mia+n;b)}. Thus this is a collection of numbers which has succes-
sive numbers 2~/ apart. Then consider U;cnP. In case the ratio is rational and
{ma-+nb},, ., is dense, explain why there are relatively prime integers p,q such
that p/q = a/b is rational and {mp+ngq},, ,., would be dense. Isn’t this last a
collection of integers?

m,ne

This problem will show, as a special case, that the rational numbers are dense in R.
Referring to the proof of Theorem 2.16.1.

(a) Suppose a € (0,1) and is irrational. Show that if N is a positive integer, then
there are integers m,n such that 0 < n < N and [na —m| < 11 (1+a) < %
Thus \a—%| < ﬁ < nLZ

(b) Show that if 8 is any nonzero irrational number, and N is a positive integer,
there exists 0 < n < N and an integer m such that ’ﬁ — %| < ﬁ < n% Hint:
You might consider § — [B] = a where [B] is the integer no larger than 3 which

is as large as possible.

(c) Next notice that from the proof, the same will hold for any 8 a positive number.
Hint: In the proof, if there is a repeat in the list of numbers, then you would
have an exact approximation. Otherwise, the pigeon hole principle applies as
before. Now explain why nothing changes if you only assume 3 is a nonzero
real number.

This problem outlines another way to see that rational numbers are dense in R. Pick
x € R. Explain why there exists m;, the smallest integer such that 2~/m; > x so
x € (271 (m; —1),27!my]. Now note that 2~"m; is rational and closer to x than 27/,

You have a rectangle R having length 4 and height 3. There are six points in R. One
is at the center. Show that two of them are as close as v/5. You might use pigeon
hole principle.

Do the same problem without assuming one point is at the center. Hint: Consider
the pictures. If not, then by pigeon hole principle, there is exactly one point in each
of the six rectangles in first two pictures.
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Suppose r(A) = p“((f)?n where a (A) is a polynomial and p (4) is an irreducible poly-

nomial meaning that the only polynomials dividing p(A) are numbers and scalar
multiples of p(A). That is, you can’t factor it any further. Show that r (1) is of the
form

r(A)=q(A)+ ) i (;;])(, where degree of b (1) < degree of p (1)

TSuppose you have a rational function ZE;; .

(a) Show it is of the form p (1) + ﬁ’%)mi where {p; (1), , pm (1)} are rela-
=111

tively prime and the degree of n(A) is less than the degree of [T/, p; (A)™.

(b) Using Proposition 2.14.6 and the division algorithm for polynomials, show that
the original rational function is of the form

where the degree of n; (1) is less than the degree of p; (A) and p(A) is some
polynomial.

This is the partial fractions expansion of the rational function. Actually carrying out
this computation may be impossible, but this shows the existence of such a partial
fractions expansion. Hint: You might induct on the sum of the m; and use Proposition
2.14.6.

One can give a fairly simple algorithm to find the g.c.d., greatest common divisor
of two polynomials. The coefficients are in some field. For us, this will be either
the real, rational, or complex numbers. However, in general, the algorithm for long
division would be carried out in whatever field includes the coefficients. Explain the
following steps. Let rg(1),r; (A) be polynomials with the degree of r (1) at least
as large as the degree of r (). Then do division.

ro(A) =ri(2) fi(A)+r2(A)

where r, (A) has smaller degree than r; (1) or else is 0. If r, (A1) is 0, then the g.c.d.
of ri (A),r9 (1) is 1 (). Otherwise, [ (A) /ro (A),r; (1) if and only if

L) /ri(4),r2(A).

Do division again

rn(A)=r2 () f2(A)+r3(A)
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21.

22.

23.

24.

25.

where deg (r3 (A)) < deg(r2 (1)) orr3(A)is 0. Then /(1) /r2 (A),r3 (A) if and only
if 1 (A) divides both ry (A) and r, (A) if and only if [ (A) /ro (A1) ,r; (X).If r3 (1) =0,
then ry (A) /ra(A),r1 (A) soalso rp (A) /ro(A),r1 (A) and also, if

L(A)/ro(A),r1(A),

then /(1) /r1 (A),r2(A) and in particular, I (A) /r; (1) so if this happens, then r, (1)
isthe g.c.d. of ry (A) and r; (A) . Continue doing this. Eventually either r,,, 1.1 (A) =0
or has degree 0. If r,,1 (1) = 0, then r,,, (1) multiplied by a suitable scalar to make
the result a monic polynomial is the g.c.d. of ro (A) and r; (A). If the degree is 0,
then the two polynomials r (A1), (A) must be relatively prime. It is really signif-
icant that this can be done because fundamental theorems in linear algebra depend
on whether two polynomials are relatively prime having g.c.d. equal to 1. In this
application, it is typically a question about a polynomial and its derivative.

Find the g.c.d. for (x* +3x*+2), (x*+3).
Find g.c.d. of (x5 +3x° 42+ 3) , (x2 + 3) .
Find the g.c.d. of (x6 4200 a3 22 x 2) , (x4 +2x0° Fx+ 2) .

Find the g.c.d. of (x4 +3°3+ 20+ 1), (4)63 +9x%+ 2). If you do this one by hand, it
might be made easier to note that the question of interest is resolved if you multiply
everything with a nonzero scalar before you do long division.

Prove the pigeon hole principle by induction.
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Chapter 3

Set Theory

3.1 Basic Definitions

This chapter has more on set theory. Recall a set is a collection of things called elements
of the set. For example, the set of integers, the collection of signed whole numbers such
as 1,2,—4, etc. This set whose existence will be assumed is denoted by Z. Other sets
could be the set of people in a family or the set of donuts in a display case at the store.
Sometimes parentheses, { } specify a set by listing the things which are in the set between
the parentheses. For example the set of integers between —1 and 2, including these numbers
could be denoted as {—1,0,1,2}. The notation signifying x is an element of a set S, is
written as x € S. Thus, 1 € {—1,0,1,2,3}. Here are some axioms about sets.

Axiom 3.1.1 Two sets are equal if and only if they have the same elements.

Axiom 3.1.2 To every set A, and to every condition S (x) there corresponds a set B, whose
elements are exactly those elements x of A for which S (x) holds.

Axiom 3.1.3 For every collection of sets there exists a set that contains all the elements
that belong to at least one set of the given collection.

Axiom 3.1.4 The Cartesian product of a nonempty family of nonempty sets is nonempty.

Axiom 3.1.5 IfA is a set there exists a set & (A), such that & (A) is the set of all subsets
of A. This is called the power set.

These axioms are referred to as the axiom of extension, axiom of specification, axiom
of unions, axiom of choice, and axiom of powers respectively.

It seems fairly clear you should want to believe in the axiom of extension. It is merely
saying, for example, that {1,2,3} = {2,3,1} since these two sets have the same elements
in them. Similarly, it would seem you should be able to specify a new set from a given set
using some ‘“condition” which can be used as a test to determine whether the element in
question is in the set. For example, the set of all integers which are multiples of 2. This set
could be specified as follows.

{x€Z:x=2yforsomey€ecZ}.

In this notation, the colon is read as “such that” and in this case the condition is being a
multiple of 2.

Another example of political interest, could be the set of all judges who are not judicial
activists. I think you can see this last is not a very precise condition since there is no way
to determine to everyone’s satisfaction whether a given judge is an activist. Also, just
because something is grammatically correct does not mean it makes any sense. For
example consider the following nonsense.

S = {x e setof dogs : it is colder in the mountains than in the winter} .

So what is a condition?
We will leave these sorts of considerations and assume our conditions “make sense”.
The axiom of unions states that for any collection of sets, there is a set consisting of all

43
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the elements in each of the sets in the collection. Of course this is also open to further
consideration. What is a collection? Maybe it would be better to say “set of sets” or, given
a set whose elements are sets there exists a set whose elements consist of exactly those
things which are elements of at least one of these sets. If . is such a set whose elements
are sets,

U{A:Ae S} or Uy

signifies this union.

Something is in the Cartesian product of a set or “family” of sets if it consists of a single
thing taken from each set in the family. Thus (1,2,3) € {1,4,.2} x {1,2,7} x {4,3,7,9}
because it consists of exactly one element from each of the sets which are separated by x.
Also, this is the notation for the Cartesian product of finitely many sets. If .7 is a set whose
elements are sets, [[4c.« A signifies the Cartesian product.

The Cartesian product is the set of choice functions, a choice function being a function
which selects exactly one element of each set of .. Functions will be described precisely
soon. The idea is that there is something, which will produce a set consisting of exactly one
element of each set of .. You may think the axiom of choice, stating that the Cartesian
product of a nonempty family of nonempty sets is nonempty, is innocuous but there was a
time when many mathematicians were ready to throw it out because it implies things which
are very hard to believe, things which never happen without the axiom of choice.

A is a subset of B, written A C B, if every element of A is also an element of B. This can
also be written as B D A. A is a proper subset of B, written A C B or B D A if A is a subset
of B but A is not equal to B,A # B. However, this is not entirely consistent. Sometimes
people write A C B when they mean A C B. AN B denotes the intersection of the two sets,
A and B and it means the set of elements of A which are also elements of B. The axiom
of specification shows this is a set. The empty set is the set which has no elements in it,
denoted as 0. AU B denotes the union of the two sets, A and B and it means the set of all
elements which are in either of the sets. It is a set because of the axiom of unions.

The complement of a set, (the set of things which are not in the given set ) must be
taken with respect to a given set called the universal set, a set which contains the one
whose complement is being taken. Thus, the complement of A, denoted as A€ ( or more
precisely as X \ A) is a set obtained from using the axiom of specification to write

AC={xecX:x¢gA}

The symbol ¢ means: “is not an element of”. Note the axiom of specification takes place
relative to a given set. Without this universal set, it makes no sense to use the axiom of
specification to obtain the complement.

Words such as “all” or “there exists” are called quantifiers and they must be understood
relative to some given set. For example, the set of all integers larger than 3. Or there
exists an integer larger than 7. Such statements have to do with a given set, in this case the
integers. Failure to have a reference set when quantifiers are used turns out to be illogical
even though such usage may be grammatically correct. Quantifiers are used often enough
that there are symbols for them. The symbol V is read as “for all” or “for every” and the
symbol 3 is read as “there exists”. Thus VV33 could mean for every upside down A there
exists a backwards E.

DeMorgan’s laws are very useful in mathematics. Let .7 be a set of sets each of which
is contained in some universal set, U. Then

U{AC:ae 7 =(n{A:Ae 7})°
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and
N{AC:Ae s} =(Uf{A:Ae 7})°.

These laws follow directly from the definitions. Also following directly from the definitions
are:
Let .# be a set of sets then

BUU{A:Ae€ ¥} =U{BUA:Ac.¥}.
and: Let . be a set of sets show
BNnu{A:Ae ¥} =U{BNA:Ac.¥}.

Unfortunately, there is no single universal set which can be used for all sets. Here is
why: Suppose there were. Call it S. Then you could consider A the set of all elements of
S which are not elements of themselves, this from the axiom of specification. If A is an
element of itself, then it fails to qualify for inclusion in A. Therefore, it must not be an
element of itself. However, if A is not an element of itself, it qualifies for inclusion in A so
it is an element of itself and so this can’t be true either. Thus the most basic of conditions
you could imagine, that of being an element of, is meaningless and so allowing such a
set causes the whole theory to be meaningless. The solution is to not allow a universal
set. As mentioned by Halmos in Naive set theory, “Nothing contains everything”. Always
beware of statements involving quantifiers wherever they occur, even this one. This little
observation described above is due to Bertrand Russell and is called Russell’s paradox.

Example 3.1.6 Various religions, including my own, use the word “omnipotent” as an
attribute of god. It “means” god can do all things. Isn’t there a universal quantifier with
no universal set specified? Incidentally, when speaking to religious people, it is often best
not to call attention to this fact so they won’t think you are an atheist like Russell. Many
of the same people who believe in an “omnipotent” god are concerned with the problem of
evil (theodicy). Why does god allow evil, suffering, and sorrow? This leads to: Why does
an omnipotent god allow these things? Is god even “good”? I have heard much agonizing
over the latter question in my life, but never any consideration whether it makes sense.
Theodicy has concerned intelligent people since the time of Jeremiah. See Chapter 12
of Jeremiah for example, and the profound discussion in the book of Job. However, linking
theodicy to illogical words only makes it even more difficult and challenges the existence of
God for those who don’t realize that the omni words don’t make good sense. It only takes
one of these to make their god’s existence meaningless, but religious people usually insist
on saddling god with several of them. If they knew about Russell’s paradox it would help.

3.2 The Schroder Bernstein Theorem

It is very important to be able to compare the size of sets in a rational way. The most useful
theorem in this context is the Schroder Bernstein theorem which is the main result to be
presented in this section. The Cartesian product is discussed above. The next definition
reviews this and defines the abstract notion of a function.

Definition 3.2.1 Let X, ¥ be sets. X xY ={(x,y) :x€X and y € Y}. A relation is
defined to be a subset of X X Y. A function f, also called a mapping, is a relation which has
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the property that if (x,y) and (x,y;) are both elements of the f, then y =y;. The domain of
f is defined as

D(f)={x:(xy) € [},

written as f : D(f) — Y and we write y = f(x). Another notation which is used is the
following

o) ={xeD(f): f(x) =y}

This is called the inverse image.

It is probably safe to say that most people do not think of functions as a type of relation
which is a subset of the Cartesian product of two sets. A function is like a machine which
takes inputs, x and makes them into a unique output, f(x). Of course, that is what the
above definition says with more precision. An ordered pair, (x,y) which is an element of
the function or mapping has an input, x and a unique output y, denoted as f (x) while the
name of the function is f. “mapping” is often a noun meaning function. However, it also
is a verb as in “f is mapping A to B . That which a function is thought of as doing is also
referred to using the word “maps” as in: f maps X to Y. However, a set of functions may
be called a set of maps so this word might also be used as the plural of a noun. There is no
help for it. You just have to suffer with this nonsense.

The following theorem which is interesting for its own sake will be used to prove the
Schroder Bernstein theorem, proved by Dedekind in 1887. The shortest proof I have seen
is in Hewitt and Stromberg [|7] and this is the version given here. There is another version
in Halmos [15].

Theorem 3.2.2 L. f:X—=Yandg:Y — X be two functions. Then there exist sets
A,B,C,D, such that

AUB=X,CUD=Y,ANB=0,CND =0,
f(A)=C, g(D)=B.

The following picture illustrates the conclusion of this theorem.

X Y

A | —Lelo=rm

B=g(D)| ~—— D

Proof: Consider the empty set, @ C X. If y € Y\ f(0), then g(y) ¢ 0 because 0 has
no elements. Also, if A,B,C, and D are as described above, A also would have this same
property that the empty set has. However, A is probably larger. Therefore, say Ag C X
satisfies &7 if whenevery € Y \ f(Ao), g () ¢ Ao.

o ={Ag C X : Ay satisfies #}.
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LetA=U&. Ifye Y\ f(A), then foreachAg € &7,y €Y \ f (Ao) and so g (y) ¢ Ag. Since
g(y) ¢ Ap forall Ag € o, it follows g (y) ¢ A. Hence A satisfies & and is the largest subset
of X which does so. Now define

C=f(A),D=Y\C, B=X\A.

It only remains to verify that g (D) = B. It was just shown that g (D) C B.

Suppose x € B =X \ A. Then AU {x} does not satisfy & because it is too large, and so
there exists y € Y \ f (AU {x}) C D such that g (y) € AU{x}. Buty ¢ f(A) and so since A
satisfies 22, it follows g (y) ¢ A. Hence g (y) = x and so x € g (D). Hence g(D) =B. &

Theorem 3.2.3 (Schroder Bernstein) If f : X — Y and g : Y — X are one to one,
then there exists h: X — Y which is one to one and onto.

Proof: Let A,B,C,D be the sets of Theorem 3.2.2 and define

[ fx) ifxeA
h(x){ g '(x)ifxeB

Then £ is the desired one to one and onto mapping. B
Recall that the Cartesian product may be considered as the collection of choice func-
tions.

Definition 3.2.4 et 1 be a set and let X; be a nonempty set for eachi € 1. fisa
choice function written as
fellx

icl
if f (i) € X; for each i € I. The axiom of choice says that if X; # O for each i € I, for I a set,

then
[1xi#o0.

icl

Sometimes the two functions, f and g are onto but not one to one. It turns out that with
the axiom of choice, a similar conclusion to the above may be obtained.

Corollary 3.2.5 Iff: X — Y isonto and g : Y — X is onto, then there exists h: X — Y
which is one to one and onto.

Proof: Foreachy €Y, f~'(y) = {x € X : f(x) =y} # 0. Therefore, by the axiom of
choice, there exists f; Le [Lerf ~!(y) which is the same as saying that for each y € Y,
£t (v) € £~ (). Similarly, there exists g ' (x) € g~! (x) for all x € X. Then f; ' is one to
one because if f; ' (y1) = f;' (y2), then

=" o) =7 02) =y

Similarly g, 1 is one to one. Therefore, by the Schroder Bernstein theorem, there exists
h: X — Y which is one to one and onto. l

We have already made reference to finite sets in the pigeon hole principle. The follow-
ing is just a more formal definition of what is meant by a finite set and this is generalized
to what is meant by a countable set.
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Definition 3.2.6 A set S, is finite if there exists a natural number n and a map 6
which maps {1,--- ,n} one to one and onto S. S is infinite if it is not finite. A set S, is called
countable if there exists a map 0 mapping N one to one and onto S.(When 0 maps a set A
to a set B, is written as 0 : A — B in the future.) Here N={1,2,---}, the natural numbers.
S is at most countable if there exists a map 0 : N — S which is onto.

The property of being at most countable is often referred to as being countable because
the question of interest is normally whether one can list all elements of the set, designating
a first, second, third etc. in such a way as to give each element of the set a natural number.
The possibility that a single element of the set may be counted more than once is often not
important.

Theorem 3.2.7 If X and Y are both at most countable, then X x Y is also at most
countable. If either X orY is countable, then X X Y is also countable.

Proof: It is given that there exists a mapping 1 : N — X which is onto. Define 1 (i) = x;
and consider X as the set {x,x3,x3,--- }. Similarly, consider Y as the set {y,y2,y3,---}. It
follows the elements of X x Y are included in the following rectangular array.

(x1,y1)  (x1,02) (x1,y3) -+ < Those which have x; in first slot.
(x2,y1) (x2,2) (x2,y3) -+ < Those which have x; in first slot.

(x3,91) (x3,y2) (x3,y3) --- <« Those which have x3 in first slot. -

Follow a path through this array as follows.

(x1,01) = (x1,52) (x1,y3) —
v S
(x2,1) (x2,y2)
1 Va
(x3,51)

Thus the first element of X x Y is (x1,y;), the second element of X x Y is (x1,y2), the third
element of X x Y is (x3,y;) etc. This assigns a number from N to each element of X x Y.
Thus X x Y is at most countable.

It remains to show the last claim. Suppose without loss of generality that X is countable.
Then there exists & : N — X which is one to one and onto. Let § : X x ¥ — N be defined
by B((x,y)) = &~ !(x). Thus f is onto N. By the first part there exists a function from
Nonto X x Y. Therefore, by Corollary 3.2.5, there exists a one to one and onto mapping
fromX xY toN. l

Theorem 3.2.8 If X and Y are at most countable, then X UY is at most countable.
If either X orY is infinite, then X UY is countable.

Proof: As in the preceding theorem,
X = {x17x27x37 e }

and
Y= {)’17)’27)’3»"'}~
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Consider the following array consisting of X UY and path through it.

X1 — X2 X3 —
v A
y — »

Thus the first element of X UY is x1, the second is x, the third is y; the fourth is y, etc.
Consider the second claim. By the first part, there is a map from N onto X x Y. Suppose
without loss of generality that X is countable and @ : N — X is one to one and onto. Then
define B (y) =1, forall y € Y,and B (x) = a~' (x). Thus, 8 maps X x Y onto N and this
shows there exist two onto maps, one mapping X UY onto N and the other mapping N onto
X UY. Then Corollary 3.2.5 yields the conclusion. ll
Note that by induction this shows that if you have any finite set whose elements are
countable sets, then the union of these is countable. In fact, you can say that a countable
union of countable sets is countable.
Theorem 3.2.9 7 A; be a countable set. Thus A; = {r}}w v Then U7 |A; is also
at most a countable set. If it is an infinite set, then it is countable. ’

Proof: This is proved like Theorem 3.2.7 arrange U7, A; as follows.

11
120
R
non n

Now take a route through this rectangular array as in Theorem 3.2.7, identifying an enumer-
ation in the order in which the displayed elements are encountered as done in that theorem.
Thus there is an onto mapping from N to UZ | A; and so U7, A; is at most countable, mean-
ing its elements can be enumerated. However, if any of the A; is infinite or if the union is,
then there is an onto map from U7 ; A; onto N and so from Corollary 3.2.5, there would be
a one to one and onto map between N and U7 |A;. B

As mentioned, in virtually all applications to analysis, the topic of main interest is “at
most countable” meaning that the elements of a set S can be listed with subscripts from
N to obtain them all. More precisely, there is a map from N onto the set S. Often people
simply refer to such a set as countable.

3.3 Equivalence Relations

There are many ways to compare elements of a set other than to say two elements are equal
or the same. For example, in the set of people let two people be equivalent if they have the
same weight. This would not be saying they were the same person, just that they weighed
the same. Often such relations involve considering one characteristic of the elements of a
set and then saying the two elements are equivalent if they are the same as far as the given
characteristic is concerned.

Definition 3.3.1 Ler S be a set. ~ isan equivalence relation on S if it satisfies the
following axioms.

1. x~x forallx €S. (Reflexive)
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2. If x ~ytheny ~ x. (Symmetric)
3. Ifx~yandy~ z then x ~ z. (Transitive)

Definition 3.3.2 [x] denotes the set of all elements of S which are equivalent to x
and [x] is called the equivalence class determined by x or just the equivalence class of x.

With the above definition one can prove the following simple theorem.

Theorem 3.3.3 Let ~ be an equivalence relation defined on a set, S and let 7
denote the set of equivalence classes. Then if [x] and [y] are two of these equivalence
classes, either x ~y and [x] = [y] or it is not true that x ~y and [x| N [y] = 0.

3.4 Hausdorff Maximal Theorem™

The Hausdorff maximal theorem is equivalent to the axiom of choice. Hausdorff proved
it in 1914. The useful direction is what I will prove below. It will not be used much in
the rest of the book which is mostly nineteenth century material. I am including it because
it or something like it is either absolutely essential, as in the Hahn Banach theorem, or
extremely useful to have.

Definition 3.4.1 ror any set S, 7 (S) denotes the set of all subsets of S. It is some-
times called the power set of S and is also sometimes denoted as 25. A nonempty set F is
called a partially ordered set if it has a partial order denoted by <. This means it satisfies
the following. If x <y andy < z, then x < z. Also x < x. It is like C on the set of all subsets
of a given set. It is not the case that given two elements of F that they are related. In other
words, you cannot conclude that either x <y or y < x. A chain, denoted by € C .F has the
property that it is totally ordered meaning that if x,y € €, either x <y ory < x. A maximal
chain is a chain € which has the property that there is no strictly larger chain. In other
words, if x € F\UE, then €U{x} is no longer a chain.

Here is the Hausdorff maximal theorem. The proof is a proof by contradiction. We
assume there is no maximal chain and then show that this cannot happen. The axiom of
choice is used in choosing the x4 right at the beginning of the argument. See Hewitt and
Stromberg [ | 7] for more of this kind of thing.

Theorem 3.4.2 Let 7 bea nonempty partially ordered set with order <. Then there
exists a maximal chain.

Proof: Suppose not. Then for ¢ a chain, let 8% denote 4’ U {x¢ } . Thus for ¢ a chain,
0% is a larger chain which has exactly one more element of .%. Since .7 # 0, pick xo €
F. Note that {xo} is a chain. Let 2" be the set of all chains € such that xy € U%". Thus
Z contains {xp}. Call two chains comparable if one is a subset of the other. Also, if .7
is a nonempty subset of .# in which all chains are comparable, then U.7 is also a chain.
From now on .# will always refer to a nonempty set of chains in which any pair are
comparable. Then summarizing,

1. xo e U forall ¢ € 2.
2. {XO}G%
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3. If ¢ € 2 then 66 € 2.
4. If S C Z thenUY € 2.

A subset % of 2" will be called a “tower” if % satisfies 1.) - 4.). Let % be the
intersection of all towers. Then % is also a tower, the smallest one. Then the next claim
might seem to be so because if not, % would not be the smallest tower.

Claim 1: If 6 € %) is comparable to every chain € € %, then if 6y C €, it must be
the case that 8% C €. In other words, x4, € U%". The symbol C indicates proper subset.

This is done by considering a set Z C % consisting of & which acts like € in the
above and showing that it actually equals % because it is a tower.

Proof of Claim 1: Consider Z={Z € % : 9 C €y or x4, € UZ}. Let % = %N AB.
I want to argue that %] is a tower. By definition all chains of %] contain xg in their unions.
If2e€#,is02c9?UfS CH,isUY € X71s {xp} € B?

{x0} cannot properly contain %) since xy € U%). Therefore, 6y 2 {xo} so {xo} € A.

If ¥ C%,and 2 =UY,is 9 € #? Since % is a tower, Z is comparable to 4.
If 9 C 6o, then & is in . Otherwise ¥ 2 %) and in this case, why is & in #? Why is
Xz, € UZ? The chains of . are in % so one of them, called % must properly contain %
and so xy;, € UZ C UZ. Therefore, 2 € BN % = %. 4.) holds. Two cases remain, to
show that %] satisfies 3.).

case 1: & 2 €. Then by definition of %, x¢, € UZ and so x4, € UBZ s0 09 € #.

case 2: 9 C 6. 02 € % so 07 is comparable to 6. First suppose 6 7 2 6p. Thus
D C6 G 2U{xg}.Ifx € 6 and x is not in 2 then 2 U {x} C 6y C ZU{x5}. This
is impossible. Consider x. Thus in this case that 6% 2 %y, 2 = %p. It follows that
Xg = X¢, € UBG) = UOZ and so 07 € #]. The other case is that 07 C € so0 0% € A
by definition. This shows 3.) so %] is a tower and must equal #.

Claim 2: Any two chains in % are comparable.

Proof of Claim 2: Let % consist of all chains of % which are comparable to every
chain of %. {xo} is in %] by definition. All chains of % have x( in their union. If
S C U, is U € 217 Given 9 € % either every chain of . is contained in 2 or at least
one contains Z. Either way & is comparable to U. so U.¥ € %. It remains to show 3.).
Let € € %) and Z € %. Since ¥ is comparable to all chains in %, it follows from Claim
1 either € C 2 when x¢ € UZ and 6% C P or € 2 2 when 6% 2O 9. Hence % = %
because % is as small as possible.

Since every pair of chains in % are comparable and % is a tower, it follows that
U%) € % so U% is a chain. However, 6 U % is a chain which properly contains U%
and since % is a tower, 0 U % € %. Thus U(6U %) 2 U(U%H) D U(OUZ)) which is
a contradiction. Therefore, for some chain % it is impossible to obtain the xc described
above and so, this ¢ is a maximal chain. l

3.5 Exercises

1. The Barber of Seville is a man and he shaves exactly those men who do not shave
themselves. Who shaves the Barber?

2. Do you believe each person who has ever lived on this earth has the right to do
whatever he or she wants? (Note the use of the universal quantifier with no set in
sight.) If you believe this, do you really believe what you say you believe? What of
those people who want to deprive others their right to do what they want? (This is
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11.

12.
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not hypothetical. Tyrants usually seek to deprive others of their agency to do what
they want. Do they have a right to do this if they want to?)

Only the good die young. It says so in a song. Which is the correct diagram to
correspond to this statement? Sometimes such pictures are helpful.

the good die young

die young the good

DeMorgan’s laws are very useful in mathematics. Let . be a set of sets each of
which is contained in some universal set, U. Show

UfAC:Aae. ) = (n{A:ae. 7))

and
N{A:Ae 7} =(Uf{A:Ae 7})°.

Let .7 be a set of sets show BUU{A:A € .} =U{BUA:A e .¥}.
Let . be a set of sets show BNU{A:A €.} =U{BNA:Ac.¥}.

Show the rational numbers are countable, this is in spite of the fact that between any
two integers there are infinitely many rational numbers. What does this show about
the usefulness of common sense and instinct in mathematics?

. From Problem 7 the rational numbers can be listed as {r;};- ;. Let j € N. Show that

o oo 1 1 o | e 1 1
Q:Uizlmjzl (’”i—jﬂ”i-i-j), R=nN7 U, (r,-—j,rﬁ—j)

Thus you can’t switch intersections and unions in general.

Show the set of all subsets of N, the natural numbers, which have 3 elements, is
countable. Is the set of all subsets of N which have finitely many elements countable?
How about the set of all subsets of N?

We say a number is an algebraic number if it is the solution of an equation of the
form a,x" +---+a1x+ap = 0 where all the a; are integers and all exponents are
also integers. Thus v/2 is an algebraic number because it is a solution of the equation
x> —2 = 0. Using the observation that any such equation has at most n solutions,
show the set of all algebraic numbers is countable.

Let A be a nonempty set and let &2 (A) be its power set, the set of all subsets of A.
Show there does not exist any function f, which maps A onto & (A). Thus the power
set is always strictly larger than the set from which it came. Hint: Suppose f is onto.
Consider S={xcA:x¢ f(x)}. If fis onto, then f(y) =S for some y € A. Is
y € f(y)? Note this argument holds for sets of any size.

The empty set is said to be a subset of every set. Why? Consider the statement: If
pigs had wings, then they could fly. Is this statement true or false?
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13.

14.

15.

16.

17.

18.

19.

20.

If S ={1,---,n}, show & (S) has exactly 2" elements in it. Hint: You might try a
few cases first.

Let . denote the set of all sequences which have either O or 1 in every entry. You
have seen sequences in calculus. They will be discussed more formally later. Show
that the set of all such sequences cannot be countable. Hint: Such a sequence can be
thought of as an ordered list ajazas - -+ where each g; is either 0 or 1. Suppose you
could list them all as follows.

a] =ajappalz---
Ay = azjaxyazs---
a3 = az1azpasz---

Then consider the sequence ajjazaszsz--- . Obtain a sequence which can’t be in the
list by considering the sequence bbbz --- where by is obtained by changing ay.
Explain why this sequence can’t be any of the ones which are listed.

Show that the collection of sequences aja; - --a, such that each ay is either O or 1
such that a; = 0 for all k larger than n is countable. Now show that the collection of
sequences consisting of either 0 or 1 such that a; is O for all &k larger than some 7 is
also countable. However, the set of all sequences of 0 and 1 is not countable.

Let . be the set of sequences of 0 or 1. Show there exists a mapping 6 : [0,1] — .
which is onto. Explain why this requires [0, 1] to be uncountable.

Prove Theorem 3.3.3, the theorem about partitioning using an equivalence relation
into equivalence classes.

Let S be a set and consider a function f which maps & (S) to & (S) which satisfies
the following. If A C B, then f (A) C f(B). Then there exists A such that f (A) = A.
Hint: You might consider the following subset of & (S).

¢ ={BecP(S):BC f(B)}

Then consider A = U%. Argue A is the “largest” set in ¥ which implies A cannot
be a proper subset of f(A). This is a case of the Tarski fixed point theorem. If X is
a subset of & (S) such that if # C X, then U.Z € X and if f is increasing as above
and f (x) € X for all x € X, then the same result follows.

Another formulation of the Hausdorff maximal theorem is Zorn’s lemma. This says
that if you have a nonempty partially ordered set and every chain has an upper bound,
then there exists a maximal element, one which has no element of the partial order
which is larger. Show these two formulations are equivalent and each is equivalent
to the axiom of choice.

A nonempty set X is well ordered if there exists an order < which is a total order of
the elements of X and in addition has the property that every nonempty subset of X
has a smallest element. Zermelo showed that for every nonempty set X, there exists
< which makes X a well ordered set. To prove Zermelo’s theorem, let % = {SC X :
there exists a well order for S}. Let S} < S if S; C S, and there exists a well order
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for S, <pwhich agrees with <; on §;. Now use the Hausdorff maximal theorem.
You need to show its union is all of X. If X = R this well order has NOTHING to do
with the usual order on R. Explain why.



Chapter 4

Functions and Sequences

4.1 General Considerations

As discussed earlier, the concept of a function is that of something which gives a unique
output for a given input.

Definition 4.1.1 consider two sets, D and R along with a rule which assigns a
unique element of R to every element of D. This rule is called a function and it is denoted
by a letter such as f. The symbol, D(f) = D is called the domain of f. The set R, also
written R (f), is called the range of f. The set of all elements of R which are of the form
S (x) for some x € D is often denoted by f (D). When R = f (D), the function f is said to
be onto. It is common notation to write f : D (f) — R to denote the situation just described
in this definition where f is a function defined on D having values in R.

Example 4.1.2 Consider the list of numbers, {1,2,3,4,5,6,7} = D. Define a function
which assigns an element of D to R = {2,3,4,5,6,7,8} by f (x) =x+ 1 for each x € D.

In this example there was a clearly defined procedure which determined the function.
However, sometimes there is no discernible procedure which yields a particular function.

Example 4.1.3 Consider the ordered pairs, (1,2),(2,-2),(8,3),(7,6) and let the domain
be D={1,2,8,7}, the set of first entries in the given set of ordered pairs, R={2,-2,3,6},
the set of second entries, and let f (1) =2,f(2) = —2,f(8) =3, and f(7) =6.

Sometimes functions are not given in terms of a formula. For example, consider the
following function defined on the positive real numbers having the following definition.

Example 4.1.4 For x € R define

Lipy=m
£(x) { - if x=""in lowest terms for m,n € Z @1

0 if x is not rational

This is a very interesting function called the Dirichlet function. Note that it is not
defined in a simple way from a formula.

Example 4.1.5 Let D consist of the set of people who have lived on the earth except for
Adam and for d € D, let f (d) = the biological father of d. Then f is a function.

This function is not the sort of thing studied in calculus but it is a function just the
same. When D (f) is not specified and f is given by a formula, it is understood to consist
of everything for which f makes sense. The following definition gives several ways to
make new functions from old ones.

Definition 4.1.6 Le: f,g be functions with values in F. Let a,b be points of F.
Then af + bg is the name of a function whose domain is D (f) N D(g) which is defined
as (af +bg) (x) = af (x) + bg (x). The function fg is the name of a function which is de-
fined on D(f)ND(g) given by (fg)(x) = f(x)g(x). Similarly for k an integer, f* is the
name of a function defined as f*(x) = (f (x))k. The function f/g is the name of a func-
tion whose domain is D (f)N{x € D(g) : g(x) # 0} defined as (f/g) (x) = f (x) /g (x). If
f:D(f) > X and g:D(g) = Y, then go f is the name of a function whose domain is
{xeD(f): f(x) €D(g)} which is defined as go f (x) = g (f (x)). This is called the com-
position of the two functions.

55
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You should note that f (x) is not a function. It is the value of the function at the point x.
The name of the function is f. Nevertheless, people often write f (x) to denote a function
and it doesn’t cause too many problems in beginning courses. When this is done, the
variable x should be considered as a generic variable free to be anything in D (f).

Sometimes people get hung up on formulas and think that the only functions of impor-
tance are those which are given by some simple formula. It is a mistake to think this way.
Functions involve a domain and a range and a function is determined by what it does. This
is an old idea. See Luke 6:44 where Jesus says that you know a tree by its fruit. See also
Matt. 7 about how to recognize false prophets. You look at what it does to determine what
it is. As it is with false prophets and trees, so it is with functions. ! Although the idea is
very old, its application to mathematics started with Dirichlet? in the early 1800’s because
he was concerned with piecewise continuous functions which would be given by different
descriptions on different intervals. Before his time, they did tend to think of functions in
terms of formulas.

Example 4.1.7 Let f(t) =t and g(t) = 1+1t. Then fg: R — R is given by fg(t) =
t(1+1)=t+1%

Example 4.1.8 Let f (1) =2t+ 1 and g(t) =+/1+t. Then

gof(t)=+/1+2t+1)=v2r+2

fort > —1. If t < —1 the inside of the square root sign is negative so makes no sense.
Therefore, gof : {teR:t > —1} > R.

Note that in this last example, it was necessary to fuss about the domain of go f because
g is only defined for certain values of ¢.

The concept of a one to one function is very important. This is discussed in the follow-
ing definition.

Definition 4.1.9 ror any function f: D (f) CX — Y, define the following set known
as the inverse image of y.

o) ={xeD(f): f(x) =y}

There may be many elements in this set, but when there is always only one element in this
set forally € f (D (f)), the function f is one to one sometimes written, 1 — 1. Thus f is one
to one, 1 — 1, if whenever f (x) = f (x1), then x = x1. If f is one to one, the inverse function
f~V is defined on f(D(f)) and f~'(y) = x where f(x) =y. Thus from the definition,
Y (f(x)) = x for all x € D(f) and f(f_1 (y)) =yforally € f(D(f)). Defining id by
id(z) = z this says fo f~' =id and f~' o f =id. Note that this is sloppy notation because
the two id are totally different functions.

'In many religions, including mine, epistemology based on knowledge of good and evil along with known
facts, as urged by Jesus, is disparaged and replaced with other criteria like feelings, proof texts of scripture,
traditions, sacrifice of believers, allegations of miracles, emotions, claimed authority, and social pressure.

2Peter Gustav Lejeune Dirichlet, 1805-1859 was a German mathematician who did fundamental work in
analytic number theory. He also gave the first proof that Fourier series tend to converge to the mid-point of the
jump of the function. He is a very important figure in the development of analysis in the nineteenth century. An
interesting personal fact is that the great composer Felix Mendelsson was his brother in law.
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Polynomials and rational functions are particularly easy functions to understand be-
cause they do come from a simple formula.

Definition 4.1.10 A function f given by f(x) = ayX" + ap_1X" '+ +aix+ag
is called a polynomial. Here the a; are real or complex numbers and n is a nonnegative
integer. In this case the degree of the polynomial f (x) is n. Thus the degree of a polynomial
is the largest exponent appearing on the variable.

f is a rational function if f (x) = % where h and g are polynomials.

‘ For. example, f (x) = 3x° +9x> + 7x + 5 is a polynomial of degree 5 and %
is a rational function.

Note that in the case of a rational function, the domain of the function might not be all
of F. For example, if f(x) = );2 jlg, the domain of f would be all complex numbers not
equal to —1.

Closely related to the definition of a function is the concept of the graph of a function.

Definition 4.1.11 Given two sets, X and Y, the Cartesian product of the two sets,
written as X X Y, is assumed to be a set described as follows.

XxY={(x,y):xeXandyecY}.
2 denotes the Cartesian product of F with F. Recall F could be either R or C.

The notion of Cartesian product is just an abstraction of the concept of identifying a
point in the plane with an ordered pair of numbers.

Definition 4.1.12 7. f:D(f) = R(f) be a function. The graph of f consists of
the set,

{(0y) 1y =f(x) forxeD(f)}

Note that knowledge of the graph of a function is equivalent to knowledge of the func-
tion. To find f (x), simply observe the ordered pair which has x as its first element and the
value of y equals f (x).

4.2 Sequences

Functions defined on the set of integers larger than a given integer are called sequences.

Definition 4.2.1 4 Junction whose domain is defined as a set of the form
{kk+1,k+2,---}

for k an integer is known as a sequence. Thus you can consider

f), f(k+1), f(k+2),

etc. Usually the domain of the sequence is either N, the natural numbers consisting of
{1,2,3,---} or the nonnegative integers, {0,1,2,3,---}. Also, it is traditional to write
1,12, etc. instead of f(1),f(2),f(3) etc. when referring to sequences. In the above
context, f is called the first term, fi| the second and so forth. It is also common to write
the sequence, not as f but as { fi};-, or just { fi} for short.
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Example 4.2.2 Let {a;}_, be defined by a; = k> + 1.

This gives a sequence. In fact, a7 = a(7) = 7> + 1 = 50 just from using the formula for
the k' term of the sequence.

It is nice when sequences come in this way from a formula for the k' term. However,
this is often not the case. Sometimes sequences are defined recursively. This happens, when
the first several terms of the sequence are given and then a rule is specified which deter-
mines a,4 from knowledge of ay,--- ,a,. This rule which specifies a,,+1 from knowledge
of a; for k < n is known as a recurrence relation.

Example 4.2.3 Leta; =1, ap = 1. Assuming ay,--- ,a,41 are known, a, > = ap + ay+1.

Thus the first several terms of this sequence, listed in order, are 1, 1, 2, 3, 5, 8,--- . This
particular sequence is called the Fibonacci sequence and is important in the study of repro-
ducing rabbits. Note this defines a function without giving a formula for it. Such sequences
occur naturally in the solution of differential equations using power series methods and in
many other situations of great importance.

For sequences, it is very important to consider something called a subsequence.

Definition 4.2.4 L. {an} be a sequence and let ny < ny < n3,--- be any strictly
increasing list of integers such that ny is at least as large as the first number in the domain
of the function. Then if by = ay,, {bi} is called a subsequence of {a,} . Here ay, is in some
given set.

For example, suppose a, = (n> +1). Thus a; =2, a3 = 10, etc. If ny = 1,nm, =3,n3 =
5,+++,ng = 2k — 1, then letting by = ay,, it follows

by = ((2k7 1)+ 1) — 42 4k 2.
However, you might not be able to describe a subsequence by a formula as I just did.
4.3 Exercises

I. Letg(t)=+/2—randlet f(t) = % Find go f. Include the domain of go f.

2. Give the domains of the following functions.

@ f) =55 @ f(x) = /5%
(b) f(x)=Vx>—4
© f(x)=vd—x © fx) =/

3. Let f: R — R be defined by f(t) =3+ 1. Is f one to one? Can you find a formula
for f=1?

4. Suppose a; = 1,a, = 3, and a3 = —1. Suppose also that for n > 4 it is known that
ay = ap—1 +2a,_2 +3a,_3. Find a7. Are you able to guess a formula for the h term
of this sequence?

5. Let f: {t € R:t# —1} — R be defined by f () = L. Find f~! if possible.

_r
t+1
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6.

10.
11.
12.

13.
14.
15.

16.

17.

18.

A function f: R — R is a strictly increasing function if whenever x < y, it follows
that f (x) < f(y). If f is a strictly increasing function, does f~! always exist? Ex-
plain your answer.

2t+1ift <1

. 71 . .
fifrs 1 . Find f7 if possible.

Let f(¢) be defined by f(¢) = {
Suppose f: D(f) — R(f) is one to one, R(f) CD(g),and g: D(g) — R(g) is one
to one. Does it follow that g o f is one to one?

If f:R— Rand g: R — R are two one to one functions, which of the following are
necessarily one to one on their domains? Explain why or why not by giving a proof
or an example.

(@) f+g © f°
(d) fg d f/g

Draw the graph of the function f (x) 1.

Draw the graph of the function f (x) = x> +2x 4 2.

Draw the graph of the function f (x) = .

Suppose a, = 1 and let ny = 2%. Find by where by = a,.
If X; are sets and for some j, X; = 0, the empty set. Verify carefully that [T, X; = 0.

Suppose f (x) + f (%) = 7x and f is a function defined on R\ {0}, the nonzero real
numbers. Find all values of x where f (x) = 1 if there are any. Does there exist any
such function?

Does there exist a function f, satisfying f (x) — f (1) = 3x which has both x and 1
in the domain of f?

In the situation of the Fibonacci sequence show that the formula for the 7" term
o 5 (1v5\" _ V5 (1-v5)" g :
can be found and is given by a, = 3 (T) - (T) . Hint: You might
be able to do this by induction but a better way would be to look for a solution to
the recurrence relation, a,+7 = a, + an+1 of the form *. You will be able to show
that there are two values of r which work, one of which is r = HT\[S Next you can
observe that if 7} and 735 both satisfy the recurrence relation then so does cr} +dr;

for any choice of constants c,d. Then you try to pick ¢ and d such that the conditions,
a; = 1 and ap = 1 both hold.

In an ordinary annuity, you make constant payments, P at the beginning of each
payment period. These accrue interest at the rate of r per payment period. This
means at the start of the first payment period, there is the payment P = A;. Then this
produces an amount P in interest so at the beginning of the second payment period,
you would have rP+ P+ P = A,. Thus Ay = A; (1+r) + P. Then at the beginning
of the third payment period you would have A; (1 +r) + P = Az. Continuing in this
way, you see that the amount in at the beginning of the n'" payment period would
be A, given by A, =A,_1(1+r)+ P and A} = P. Thus A is a function defined on
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the positive integers given recursively as just described and A,, is the amount at the
beginning of the n'" payment period. Now if you wanted to find out A, for large n,
how would you do it? One way would be to use the recurrance relation n times. A
better way would be to find a formula for A,.. Look for one in the form A, = CZ" +s

where C,z and s are to be determined. Show that C = %z =(l4r),and s = —17).

19. A well known puzzle consists of three pegs and several disks each of a different
diameter, each having a hole in the center which allows it to be slid down each of
the pegs. These disks are piled one on top of the other on one of the pegs, in order
of decreasing diameter, the larger disks always being below the smaller disks. The
problem is to move the whole pile of disks to another peg such that you never place
a disk on a smaller disk. If you have n disks, how many moves will it take? Of
course this depends on n. If n = 1, you can do it in one move. If n =2, you would
need 3. Let A, be the number required for n disks. Then in solving the puzzle,
you must first obtain the top n — 1 disks arranged in order on another peg before
you can move the bottom disk of the original pile. This takes A,_; moves. Explain
why A, =2A,_1+ 1,A; = 1 and give a formula for A,,. Look for one in the form
A, = Cr" +s. This puzzle is called the Tower of Hanoi. When you have found a
formula for A,, explain why it is not possible to do this puzzle if n is very large.

4.4 The Limit of a Sequence

The concept of the limit of a sequence was defined precisely by Bolzano.? The following
is the precise definition of what is meant by the limit of a sequence. Our sequences will
have values in F? = {(x = (x1,---,x,)) :x; € F}.

Definition 4.4.1 4 sequence {ay}, _, converges to a, written as

lima, =aora, —a
n—o0

if and only if for every € > O there exists ng such that whenever n > ng , ||a, —al| < €. Here
a and a, are assumed to be in F? for some integer p > 1. Thus a,, is in the Cartesian product

3Bernhard Bolzano lived from 1781 to 1848. He had an Italian father but was born in Bohemia, and he wrote
in German. He was a Catholic priest and held a position in philosophy at the University of Prague. It appears
that Bolzano believed in the words of Jesus and did not hesitate to enthusiastically promote them. This got him in
trouble with the political establishment of Austria who forced him out of the university and did not allow him to
publish. He also displeased the Catholic hierarchy for being too rational.

Bolzano believed in absolute rigor in mathematics. He also was interested in physics, theology, and especially
philosophy. His contributions in philosophy are very influential. He originated anti-psychologism also called
logical objectivism which holds that logical truth exists independent of our opinions about it, contrary to the
notion that truth can in any way depend on our feelings. This is the right way to regard truth in mathematics.

The intermediate value theorem from calculus is due to him. These days, this theorem is considered obvious
and is not discussed well in calculus texts, but Bolzano knew better and gave a proof which identified exactly
what was needed instead of relying on vague intuition.

Like many of the other mathematicians, he was concerned with the notion of infinitesimals which had been
popularized by Leibniz. Some tried to strengthen this idea and others sought to get rid of it. They realized
that something needed to be done about this fuzzy idea. Bolzano was one who contributed to removing it from
calculus. He also proved the extreme value theorem in 1830’s and gave the first formal €6 description of continuity
and limits.

This notion of infinitesimals did not completely vanish. These days, it is called non standard analysis. It can be
made mathematically respectable but not in this book.
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F x --- X IF where T consists of real or complex numbers and, although other definitions
are used,

lall = max {|a : i < p}
fora=(ay,---,ap) € FP. In this book, it is usually the case that p = 1, but there is no
difficulty in considering a more general case.

Proposition 4.4.2 The usual properties of absolute value hold for ||-|| with addition of
the vectors, and multiplication by a scalar o, as presented in elementary calculus

a+b=(ai+bi, - ,ap+by), aa=(aay, - ,0ap)
Proof: From the triangle inequality for complex numbers,

lla+b|| = max{|a;+ bl ;i < p} <max{la;|,i < p}+max{[bi[,i < p} = |la] +]b] -
4.2)

Also, for o € F, ||aal| = max{|aqg;|:i < p} = |o|max{|a;|:i < p} = |o]||a||. By defi-
nition, |la|| > 0 and is O if and only if a; = 0 for each i if and only if a = 0 = (0,--- ,0).
Also [|a]| = [la—b+b|| < [la—bl| + [[b]| so [la]| —[[b]| < [la—b]|. Similarly [[b]| — || <
16— all = lla—b| and so [|jal| — [[b]]| < [la—b]. ®

In words the definition says that given any measure of closeness €, the terms of the
sequence are eventually this close to a. Here, the word “eventually” refers to n being suffi-
ciently large. The above definition is always the definition of what is meant by the limit of
a sequence.

Proposition 4.4.3 Let a, = (a’]“, e ,a;',) . Then a,, — a if and only if for each i < p,
al — a;.
Proof: = is obvious because |a! —a;| < ||a, —a|.
< There exists n; such that ‘af-‘ — a,-‘ < € whenever k > n;. Let
N >max{n;: i < p}
Then for n > N, ||la, — a|| = max {|a} —a;|,i < p} <e. B
Theorem 4.4.4 Iflim,_,.a, = a and lim,_,.a, = a then d = a.

Proof: Suppose @ # a. Then let 0 < € < ||d —al| /2 in the definition of the limit. Tt
follows there exists ng such that if n > ng, then ||a, —a|| < € and ||a, — d|| < €. Therefore,
for such 1, [d—all < d—ay| + s —all < e+¢ < la—all )2+l —all /2 = la—al|, a
contradiction. l

Example 4.4.5 Let a, = (% i) € F2.

Then it seems clear that lim,_..a, = (0,0). In fact, this is true from the definition.
Let € > 0 be given. Let n; > max (\/8*1, é) . Then if n > ne > Ve, it follows that

n?+1>¢elandso0< ﬁ:an<8andalson2 1/eso1/n < €. Thus ||a, — (0,0)| =

1
—— —0
n2+1
Note the definition was of no use in finding a candidate for the limit. This had to be
produced based on other considerations. The definition is for verifying beyond any doubt
that something is the limit. It is also what must be referred to in establishing theorems

which are good for finding limits.

max (

£ - 0[) < € whenever n is this large.
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Example 4.4.6 Let a, = n®.

Then in this case lim,_,. a, does not exist. This is so because a, cannot be eventually
close to anything.

Example 4.4.7 Leta, = (—1)".

In this case, lim,_, (—1)" does not exist. This follows from the definition. Let & =1/2.
If there exists a limit, /, then eventually, for all n large enough, |a, —I| < 1/2. However,
lan — ant1| =2 and so,2 =|a, — ayt1| <l|an — | +|l — ans+1] < 1/241/2 =1 which cannot
hold. Therefore, there can be no limit for this sequence.

Theorem 4.4.8 suppose {a,} and {b,} are sequences, a, € F?,b, € F? and that

lim a, = a and lim b,, = b.
n—oo n—soo

Also suppose x and y are in F. Then

lgn Xa, + yb, = xa+yb 4.3)
Ifa, € F,b, € F7P,
lim a,b, = ab (4.4)
n—oo
lim al = a? 4.5)
n—o0
Ifb#0andb €T and a, € F?,
. a, a
lim — = —. 4.6
im0 (4.6)

Proof: The first of these claims is left for you to do. To do the second, let € > 0 be
given and choose n; such that if n > n; then |a, —a| < 1. Then for such n, the triangle
inequality implies

\|anbn — ab|| lanbn — anbl| + ||anb — abl| < |an|[|bn — b+ [|b]| |a, — a

<
< (lal+1)1bn = bl + D]l lan —al -

Now let ny be large enough that for n > ny,

a5l < 5

& and | | < ¢
—_ an—a
(lal+1)° ! 2

(l1Bll+1)"

Such a number 7, exists because of the definition of limit. Therefore, let ng > max (ny,n;).
For n > ng,

lanbn —abll < (lal+1) [[bn = bl + [[b]| |an — al

- 4
+ b
T

< (\a|—i—l)2 )§£.

€
(Jal+1)
This proves 4.4. Then 4.5 follows from this by induction in the above case where b, € F.
Next consider 4.6. Let € > 0 be given and let n; be so large that if n > ny, |b, — b| < %.
Thus for such n,
2

< e [llanb — abl| +{lab — abu ]

a

an a,b—ab,
by

bb,

4
b
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2 2|l
< - llan—all + [lbn = b|l].
b Ib)?
Now choose n; so large that if n > ny, then
e|b| e|b*

ap—al < ==, and |by —b| < — .

Letting ne > max (ny,ny), it follows that for n > ng,

2 elp| | 2]a]_elp?
bl 4 |p|> 4(llal+1)

an

_a 2]a|
by b

Lk

|bp — b| < <e

< 2 llay—al +
= 15 an*a
]

Another very useful theorem for finding limits is the squeezing theorem.

Theorem 4.4.9 1 case an,b, € R, suppose lim,_,a, = a = lim,_,. b, and a, <
cn < by, for all n large enough. Then lim,_..c, = a.

Proof: Let € > 0 be given and let n| be large enough that if n > ny,|a, —a| < €/2 and
|b, — a| < €/2. Then for such n,|c, — a| < |a, —a|+ |b, — a| < €. The reason for this is that
ifc, > a, then |¢, —a| = ¢, —a < b, —a <|a, — a| +|b, — a| because b,, > ¢,,. On the other
hand, if ¢, < a, then

len—al=a—cy,<a—a, <|la—ay|+|b—b,|. W
As an example, consider the following.

Example 4.4.10 Letc, =(—1)" % and let b, = %, and a, = —%. Then you may easily show
that lim, e a, = lim,, e b, = 0. Since a, < ¢, < by, it follows lim,_,. ¢, = 0 also.

Theorem 4.4.11 1im, ... = 0. Whenever |r| < 1. Here r € F.

Proof: If 0 < r < 1 if follows r~' > 1. Why? Letting o = 1 — 1, it follows r = 1.
1 1

Therefore, by the binomial theorem, 0 < " = Fa)” < Tran- Therefore, lim,, . " = 0 if
0 < r < 1.In general, if |[r| < 1, || = |r|" — O by the first part. B
An important theorem is the one which states that if a sequence converges, so does

every subsequence. You should review Definition 4.2.4 on Page 58 at this point.

Theorem 4.4.12 1 {xn} be a sequence with lim,_,.x, = x and let {xnk} be a
subsequence. Then limy_e X, = X.

Proof: Let € > 0 be given. Then there exists ng such that if n > ng, then ||x, —x|| < €.

Suppose k > ne. Then ny > k > ne and so Hx,,k fo < € showing limy_,c. X, = x as claimed.
|

Theorem 4.4.13 L. {xn} be a sequence of real numbers and suppose each x, <1
(> 1) for all n large enough, and lim,,_,co x, = x. Then x < 1 (> 1) . More generally, suppose
{x,} and {y,} are two sequences of real numbers such that lim,,_,c x, = x and lim,_,e y, =
y. Then if x, <y, for all n sufficiently large, then x < y.
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Proof: 1 will show the second claim because it includes the first as a special case.
Letting € > 0 be given, for all n large enough, |y —y,| < € so y >y, — €. Similarly, for n
large enough, x < x,, + €. Therefore,

Y=X2Yn—€—(Xn+€) =2 (yn—xa) —2€>-2¢

Since ¢ is arbitrary, it follows thaty —x > 0. B
Another important observation is that if a sequence converges, then it must be bounded.

Proposition 4.4.14 Suppose x, — x. Then ||x,|| is bounded by some M < .

Proof: There exists N such that if n > N, then ||x — x,|| < 1. It follows from the triangle
inequality, see Proposition 4.4.2, that for n > N, ||x,|| < 1+ ||x|. There are only finitely
many x; for k < N and so for all k,

[l < max {1+ [|x][, x| : k <N} =M < oo B

4.5 Cauchy Sequences

A Cauchy sequence is one which “bunches up”. This concept was developed by Bolzano
and Cauchy. It is a fundamental idea in analysis.

Definition 4.5.1 {an} is a Cauchy sequence if for all € > 0, there exists ng such that
whenever n,m > ng, |a, — ap| < €.

A sequence is Cauchy means the terms are “bunching up to each other” as m,n get
large.

Theorem 4.5.2 The set of terms (values) of a Cauchy sequence in F? is bounded.

Proof: Let € = 1 in the definition of a Cauchy sequence and let n > n;. Then from the
definition, ||a, —ay, || < 1. It follows from the triangle inequality that for all n > ny, ||a,|| <
1+ ||ay, || .Therefore, for all n, [|a,|| < 1+ [lan, || + XL, |lac||. ®

Theorem 4.5.3 If a sequence {a,} in FP converges, then the sequence is a Cauchy
sequence.

Proof: Let € > 0 be given and suppose a, — a. Then from the definition of con-
vergence, there exists ¢ such that if n > ne, it follows that ||a, —a|| < §. Therefore, if
m,n > ne + 1, it follows that ||, — ap|| < ||a, — al| + |la — am|| < § + 5§ = € showing that,
since € > 0 is arbitrary, {a, } is a Cauchy sequence. B

The following theorem is very useful and is likely the most important property of
Cauchy sequences. You know that if a sequence converges, then every subsequence con-
verges to the same thing. However, you can have a sequence which does not converge,
a, = (—1)" for example which has a convergent subsequence, n; = 2k in this example.
This won’t happen with a Cauchy sequence.

Theorem 4.5.4 Suppose {a,} is a Cauchy sequence in FP and there exists a subse-
quence, {ank} which converges to a. Then {a,} also converges to a.

Proof: Let € > 0 be given. There exists N such that if m,n > N, then ||a,, — a,|| < €/2.
Also there exists K such that if k > K, then Ha—ankH < €/2. Then let k > max (K,N).
Then for such k,||ax — al| < ||ax — an, || +||an, —a| <€/2+€/2=¢. 1M

This theorem holds in all instances where it makes sense to speak of Cauchy sequences.
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4.6 The Nested Interval Lemma

In Russia there is a kind of doll called a matrushka doll. You pick it up and notice it comes
apart in the center. Separating the two halves you find an identical doll inside. Then you
notice this inside doll also comes apart in the center. Separating the two halves, you find
yet another identical doll inside. This goes on quite a while until the final doll is in one
piece. The nested interval lemma is like a matrushka doll except the process never stops.
It involves a sequence of intervals, the first containing the second, the second containing
the third, the third containing the fourth and so on. The fundamental question is whether
there exists a point in all the intervals. Sometimes there is such a point and this comes from
completeness.

Lemma 4.6.1 Ler I, = [ak,bk]and suppose that for all k = 1,2,---, It D I;y1. Then
there exists a point, ¢ € R which is an element of every I.. If the diameters (length) of
these intervals, denoted as diam (I;) converges to 0, then there is a unique point in the
intersection of all these intervals.

Proof: Since I;; D I, this implies
a* <dth Bk > P “.7)

Consequently, if £ </,
a <d < <k (4.8)

Now define ¢ = sup{a' : 1 =1,2,--- }. By the first inequality in 4.7, and 4.8
akgc:sup{al:l:k,k+1,~-~}gbk 4.9)

for each k = 1,2---. Thus ¢ € I; for every k and this proves the lemma. The reason for
the last inequality in 4.9 is that from 4.8, b* is an upper bound to {al =kk+1,--- } .
Therefore, it is at least as large as the least upper bound.

For the last claim, suppose there are two points x,y in the intersection. Then |x —y| =
r > 0 but eventually the diameter of I is less than r. Thus it cannot contain both x and y. B

This is really quite a remarkable result and may not seem so obvious. Consider the
intervals [y = (0, 1/k). Then there is no point which lies in all these intervals because no
negative number can be in all the intervals and 1/k is smaller than a given positive number
whenever £ is large enough. Thus the only candidate for being in all the intervals is O and
0 has been left out of them all. The problem here is that the endpoints of the intervals
were not included, contrary to the hypotheses of the above lemma in which all the intervals
included the endpoints.

Corollary 4.6.2 Let R, =T1;_, [a},b}] where Ryi1 C Ry. Then 0 \R, # 0. If the
diameter of R, defined as max {bz —ap k< p} converges to 0, then there is exactly one
point in this intersection.

Proof: Since these rectangles Ry are nested, [}, 7] D [aft!,b{"!] and so there exists
X €Ny [az,bZ] . Then x = (xp,--- ,xp) € NpR,. In case the diameter of R, converges to 0,
if x,y € NRy, then [lx —y|| < max {b} —a},k < p} and this converges to 0 as n — co. Thus
x=y. 1
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4.7 Exercises

1.

10.

11.

12.

13.

14.

. Find lim,,_,

. . n
Find lim,,_, . -
R 3n*4+7n+1000
Find llmnﬂm T
2" 47(5M)
257y

. Find lim, ;e v/ (n% + 6n) — n. Hint: Multiply and divide by \/(n2 + 6n) +n.

Find 1imy, o0 Y7 o7

Suppose {x, +iy,} is a sequence of complex numbers which converges to the com-
plex number x + iy. Show this happens if and only if x, — x and y, — y.

. For |r| < 1, find lim,,—. Y'{_, 7*. Hint: First show Y{_,r* = A % Then recall

r—1

Theorem 4.4.11.

Using the binomial theorem prove that for all n € N,

1 n 1 n+1
(3) =(eams)
n n+1

Hint: Show first that (}) = M{M By the binomial theorem,

k factors

() R0 - E

n-(n—1)--(n—k+1)
knk
binomial expansion for (1+ ﬁ)"ﬂ except you replace n with n + 1 whereever this

occurs. Argue the term got bigger and then note that in the binomial expansion for
1 \nt+
(1 + n+1 )

Prove by induction that for all k > 4, 2k < k!

Now consider the term and note that a similar term occurs in the

1
, there are more terms.

Use the Problems 21 and 8 to verify for all n € N, (1 + %)n <3.

Prove lim,, o0 (l + %)n exists and equals a number less than 3.

Using Problem 10, prove n"+! > (n+ 1)" for all integers, n > 3.

Find lim,,_,., nsinn if it exists. If it does not exist, explain why it does not.

Recall the axiom of completeness states that a set which is bounded above has a least
upper bound and a set which is bounded below has a greatest lower bound. Show that
a monotone decreasing sequence which is bounded below converges to its greatest
lower bound. Hint: Let a denote the greatest lower bound and recall that because of
this, it follows that for all € > 0 there exist points of {a,} in [a,a+ €].
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15. Let A, =Y}, ﬁ for n > 2. Show lim,_... A, exists and find the limit. Hint:

Show there exists an upper bound to the A, as follows.

noo no1 ] 1
=Y (—-—-)=1--<1.
k;zk(k—l) Z(k—l k) n=

k=2

16. Let H, =Y} _, kiz for n > 2. Show lim,,_s.. H, exists. Hint: Use the above problem
to obtain the existence of an upper bound.

17. Let I, = (—1/n,1/n) and let J, = (0,2/n). The intervals, I, and J, are open in-
tervals of length 2/n. Find N;>_,1, and N’7_,J,. Repeat the same problem for /, =
(=1/n,1/n] and J, = [0,2/n).

18. Show the set of real numbers [0, 1] is not countable. That is, show that there can be
no mapping from N onto [0, 1]. Hint: Show that every sequence, the terms consisting
only of 0 or 1 determines a unique point of [0,1]. Call this map y. Show it is onto.
Also show that there is a map from [0, 1] onto ., the set of sequences of zeros and
ones. This will involve the nested interval lemma. Thus there is a one to one and
onto map ¢ from . to [0, 1] by Corollary 3.2.5. Next show that there is a one to
one and onto map from this set of sequences and &7 (N). Consider 0 ({a,}, ) =
{n:a, =1}. Now suppose that f : N — [0,1] is onto. Then 8o ! o f is onto
2 (N). Recall that there is no map from a set to its power set. Review why this is.

19. Show that if I and J are any two closed intervals, then there is a one to one and onto
map from / to J. Thus from the above problem, no closed interval, however short
can be countable.

4.8 Compactness

4.8.1 Sequential Compactness

First I will discuss the very important concept of sequential compactness. This is a property
that some sets have. A set of numbers is sequentially compact if every sequence contained
in the set has a subsequence which converges to a point in the set. It is unbelievably useful
whenever you try to understand existence theorems.

Definition 4.8.1 A ser, C F? is sequentially compact if whenever {a,} C K is
a sequence, there exists a subsequence, {ank} such that this subsequence converges to a
point of K.

The following theorem is part of the Heine Borel theorem.

Theorem 4.8.2 Every closed interval |a, D) is sequentially compact.

Proof: Let {x,} C [a,b] = Iy. Consider the two intervals [a, 2] and [%52,b] each
of which has length (b—a) /2. At least one of these intervals contains x, for infinitely
many values of n. Call this interval I;. Now do for I; what was done for /. Split it in half
and let I, be the interval which contains x, for infinitely many values of n. Continue this

way obtaining a sequence of nested intervals Iy O I} D I, D I3 --- where the length of I, is
(b—a) /2". Now pick n; such that x,, € I, np such that ny > n; and x,,, € I,n3 such that



68 CHAPTER 4. FUNCTIONS AND SEQUENCES

n3 > np and x,, € I3, etc. (This can be done because in each case the intervals contained
x, for infinitely many values of n.) By the nested interval lemma there exists a point ¢
contained in all these intervals. Furthermore, |x,, — c| < (b-a) 2% and so limy_ye0 X, =
c€la,b]. A

Corollary 4.8.3 R=TT/_, [ax,bs] is sequentially compact in RP.

Proof: Let {x,}, | CR, x, = (], ,x;’,) . Then there is a subsequence, still denoted
with n such that {x|'} converges to a point x; € [a;,b;]. Now there exists a further sub-
sequence, still denoted with n such that x} converges to x» € [az,b,]. Continuing to take
subsequence, there is a subsequence, still denoted with n such that x] — x; € [ag,by] for
each k. By Proposition 4.4.3, this shows that this subsequence converges to x = (xq,--- ,Xp).
|

4.8.2 Closed and Open Sets

I have been using the terminology [a,b] is a closed interval to mean it is an interval which
contains the two endpoints. However, there is a more general notion of what it means to be
closed. Similarly there is a general notion of what it means to be open.

Definition 4.8.4 Let U be a set of points in FP. A point p € U is said to be an
interior point if whenever ||x — p|| is sufficiently small, it follows x € U also. The set of
points, x which are closer to p than § is denoted by

B(p.8)={xeF:|x—p| <35}.

This symbol, B(p,8) is called an open ball of radius 8. Thus a point p is an interior point
of U if there exists § > 0 such that p € B(p,8) C U. An open set is one for which every
point of the set is an interior point. Closed sets are those which are complements of open
sets. Thus H is closed means HE is open.

Note the following:

Proposition 4.8.5 If U = H® where H is closed, then U is open. Also 0 and F? are
both open and closed.

Proof: Note that F? is open obviously. Also 0 is obviously open because every point
of @ is an interior point. Indeed, it has none so they all must be interior points. Therefore,
[F? is also closed because it is the complement of an open set. Now H = U and so, given
that H is closed, then by definition, it must be the complement of an open set, but it is
the complement of U and so U must be open. It follows that @ is open because it is the
complement of a closed set F”.

Thus open sets are complements of closed sets and closed sets are complements of open
sets. I will use this fact without comment whenever convenient.

What is an example of an open set? The simplest example is an open ball.

Proposition 4.8.6 B(p,$) is an open set and D (p,r) = {x: ||x—p| < r} is a closed
set.
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Proof: It is necessary to show every point of B(p,d) is an interior point. Let x €
B(p,0). Then let r = § — ||x — p||. It follows r > 0 because it is given that ||x — p|| < 6.
Now consider z € B(x,r) . From Proposition 4.4.2, the triangle inequality,

lz=pll <llz=x[[+[lx—pl <r+lx—pll == llx—pll+lx—pll = &

and so z € B(p,d). Thatis B(x,r) C B(p,0). Since x was arbitrary, this has shown every
point of the ball is an interior point. Thus the ball is an open set.
Consider the last assertion. If y ¢ D(p,r), then ||y — p|| > r and you could consider

B(y,|ly—pll—r). Ifz€B(y,|ly—pl—r), then

lz—pll = llz=y+y—rl>ly—rprl—Ilz—yl
> y=pll=(y—pll—r) =r

and so z ¢ D (p,r) which shows that the complement of D (p, r) is open so this set is closed.
|

Definition 4.8.7 Let A be any nonempty set and let x be a point. Then x is said to
be a limit point of A if for every r > 0,B (x,r) contains a point of A which is not equal to x.

The following proposition is fairly obvious from the above definition and will be used
whenever convenient. It is equivalent to the above definition and so it can take the place of
the above definition if desired.

Proposition 4.8.8 A point x is a limit point of the nonempty set A C F? if and only if
every B (x,r) contains infinitely many points of A, none of which are equal to x. In other
words, there exists a sequence of distinct points of A none equal to x which converges to x.

Proof: < is obvious. Consider = . Let x be a limit point. Let r; = 1. Then B (x,r;)
contains a; # x. If {ay,--- ,a,} have been chosen none equal to x and with no repeats in
the list, let 0 < r, < min (1, min{||a; —x||,i=1,2,---n}) . Then let a,1 € B(x,r,)\ {x}.
Thus a,+ is not equal to any of the earlier a; and every B (x,r) contains B (x,r,) for all n

large enough and hence it contains a; for k > n where the g, are distinct, none equal to x.
]

Example 4.8.9 Consider A = N, the positive integers. Then none of the points of A is a
limit point of A because if n € A, B (n,1/10) contains no points of N which are not equal to
n.

Example 4.8.10 Consider A = (a,b), an open interval in R. If x € (a,b), let
r=min(jx—al,|x—b|).
Then B(x,r) C A because if |y — x| < r, then

y—a = y—x+x—a>x—a—|y—x
= |x—al—|y—x|>x—a|—-r>0
showing y > a. A similar argument which you should provide shows y < b. Thus y € (a,b)

and x is an interior point. Since x was arbitrary, this shows every point of (a,b) is an
interior point and so (a,b) is open.
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Theorem 4.8.11 77e following are equivalent.

1. Ais closed
2. If{an},_, is a sequence of points of A and lim,,_,e a, = a, then a € A.

3. A contains all of its limit points.

If a is a limit point, then there is a sequence of distinct points of A none of which equal
a which converges to a.

Proof: 1.<=>2. Say A is closed and a, — a where each a, € A. If a ¢ A, then there
exists € > 0 such that B(a,€) NA = 0. But then a, fails to converge to a so a € A after all.
Conversely, if 2. holds and x ¢ A, B (x, %) must fail to contain any points of A for some
n € N because if not, you could pick a, € B (x,2) NA and obtain lim, . a, = x which
would give x € A by 2. Thus A€ is open and A is closed.

2. = 3. Say a is a limit point of A. Then by Proposition 4.8.8 there is a sequence of
distinct points of A {a,} with a, — a. By 2.,a € A.

3. = 1. Given 3., why is A€ open? Let x € AC. By 3. x cannot be a limit point. Hence
there exists B (x,r) which contains at most finitely many points of A. Since x € A®, none
of these are equal to x. Hence, making r still smaller, one can avoid all of these points.
Thus the modified r has the property that B (x, r) contains no points of A and so A is closed
because its complement is open. The last claim is from Proposition 4.8.8. B

Note that part of this theorem says that a set A having all its limit points is the same as
saying that whenever a sequence of points of A converges to a point a, then it follows a € A.
In other words, closed is the same as being closed with respect to containing all limits of
sequences of points of A.

Corollary 4.8.12 Let A be a nonempty set and denote by A’ the set of limit points of A.
Then AUA' is a closed set and it is the smallest closed set containing A. In fact, AUA' =
N{C:C s closed and C D A}. This set AUA’ is denoted as A.

Proof: Is it the case that (A UA’ )C is open? This is what needs to be shown if the given
set is closed. Let p ¢ AUA’. Then since p is neither in A nor a limit point of A, there
exists B(p,r) such that B(p,r) NA = 0. Therefore, B(p,r) NA’ = 0 also. This is because
ifz€ B(p,r)NA’, then

B(z,r—lp—zl) € B(p,r)

and this smaller ball contains points of A since z is a limit point. This contradiction shows
that B (p,r) NA’ = 0 as claimed. Hence (A UA’)C is open because p was an arbitrary point
of (AUA")®. Hence AUA' is closed as claimed.

It was just shown that AUA’ D N{C:C D A}. Now suppose C 2 A and C is closed.
Then if p is a limit point of A, it follows from Theorem 4.8.11 that there exists a sequence
of distinct points of A converging to p. Since C is closed, and these points of A are all in C,
it follows that p € C. Hence C D AUA' . Thus AUA' DN{C:CDA} DAUA". 1

Theorem 4.8.13 A serk %0 in R? is sequentially compact if and only if it is closed
and bounded. A set is bounded means it is contained in some ball having finite radius. If K
is sequentially compact and if H is a closed subset of K then H is sequentially compact.
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Proof: = Suppose K is sequentially compact. Why is it closed? Let k,, — k where each
k, € K. Why is k € K? Since K is sequentially compact, there is a subsequence {knj} such
that limj e ky; = k € K. However, the subsequence converges to k and so k = kek. By
Theorem 4.8.11, K is closed. Why is K bounded? If it were not, there would exist ||k, || > n
where k,, € K and n € N which means this sequence could have no convergent subsequence
because the subsequence would not even be bounded. See Theorems 4.5.3 and 4.5.2.

<Suppose that K is closed and bounded. Since § is bounded, there exists
p
R= [ la bi]

k=1

containing K. If {k,} C K, then from Corollary 4.8.3, there exists a subsequence {k,,j}
such that lim_e k,,]. =k € R. However, K is closed and so in fact, k € K.

The last claim follows from a repeat of the preceding argument. Just use K in place
of R and H in place of K. Alternatively, if K is closed and bounded, then so is H, being a
closed subset of K. W

What about the sequentially compact sets in C”? This is actually a special case of
Theorem 4.8.13. For z € C?, z = (z1,-- - ,25) Where z = xK 4 iy*. Thus

(x]’y]’xzayza e ,XPJP) = GZ c R2P

A set K is bounded in C” if and only if {0z : z € K} is bounded in R?”. Also, z,, — zin C?
if and only if 6z, — 6z in R?”. Now K is closed and bounded in C” if and only if 6K =
{0z:z€ K} is closed and bounded in R*7and so K is closed and bounded in C? if and
only if 8K is sequentially compact in R?”. Thus if {z,} is a sequence in K, there exists a
subsequence, still denoted with n such that 6z, converges in R?” if and only if z, converges
to some z € CP. However, z € K because K is closed. Thus K is sequentially compact in
Cr.

Conversely, if K is sequentially compact, then it must be bounded since otherwise there
would be a sequence {k,} C K with ||k,|| > n and so no subsequence can be Cauchy so
no subsequence can converge. K must also be closed because if not, there would be x ¢ K
and a sequence {k,} C K with k, — x. However, by sequential compactness, there is a
subsequence {knk }::1 , kn, — k € K and so k = x € K after all. This proves most of the
following theorem.

Theorem 4.8.14 et v C FP. Then H is closed and bounded if and only if H is se-
quentially compact. A sequence {x,} is a Cauchy sequence in F? if and only if it converges.
In particular, F? is complete, p > 1.

Proof: Consider the last claim. If {z,} converges, then it is a Cauchy sequence by
Theorem 4.5.3. Conversely, if {z,} is a Cauchy sequence, then it is bounded by Theorem
4.5.2 so it is contained in some closed and bounded subset of F”. Therefore, a subsequence
converges to a point of this closed and bounded set. However, by Theorem 4.5.4, the
original Cauchy sequence converges to this point. l

4.8.3 Compactness and Open Coverings

In Theorem 4.8.13 it was shown that sequential compactness in F? is the same as closed
and bounded. Here we give the traditional definition of compactness and show that this is
also equivalent to closed and bounded.
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Definition 4.8.15 A set K is called compact if whenever € is a collection of open
sets such that K C U%, there exists a finite subset of open sets {Uy,--- Uy, } C € such that
K C U, U;. Inwords, it says that every open cover admits a finite subcover.

Lemma 4.8.16 If K is a compact set and H is a closed subset of K, then H is also
compact.

Proof: Let ¢ be an open cover of H. Then H®, % is an open cover of K. It follows that
there are finitely many sets of ¢, {U /};1:1 such that HC UU?_, U; 2 K. Therefore, since no

points of H are in the open set HC, it follows that UL Ui2H. 1R
Now here is the main result, often called the Heine Borel theorem.

Theorem 4.8.17 Let K be a nonempty set in FP. Then the following are equivalent.
1. K is compact
2. K is closed and bounded
3. K is sequentially compact.

Proof: It was shown above in Theorem 4.8.14 that 2. <= 3. Consider 3. = 1. If ¥
is an open cover of K, then I claim there exists § > 0 such that if k € K, then B (k,8) CU
for some U € €. This § is called a Lebesgue number. If not, then there exists k,, € K such
that B (kn, %) is not contained in any set of € because 1/n is not a Lebesgue number. Then
by sequential compactness, there is a subsequence, still denoted by &, which converges to
k€ K. Now B (k,8) C U for some 6 > 0 and some U € €. However, this is a contradiction
because for n large, % < g and k, € B (k, g) 50 B (ky, %) C B(k,8) C U which is a contra-
diction. Consider {B(k,0): k € K} . Finitely many of these sets contain K in their union
since otherwise, there would exist a sequence {k,} such that ||k, — k|| > 6 for all m # n
and so it cannot have any Cauchy subsequence. Hence K would fail to be compact. Thus
K C U™, B(k;, &) for suitable finite set {k;} . Pick U; € ¢ with U; 2O B(k;,8). Then {U;}} |
is an open cover.

It remains to verify that 1.= 2. Suppose that K is compact. Why is it closed and
bounded? Suppose first it is not closed. Then there exists a limit point p which is not in K.
If x € K, then there exists open Uy containing x and V, containing p such that U, NV, = 0.
Since K is compact, there are finitely many of these U, which cover K. Say {Uy,,...,Uy, } .
Then let U = U;Uy,,V = NVy,, an open set. Hence p € V and V contains no points of K.
Thus p is not a limit point after all. To see that K is bounded, pick k9 € K and consider
{B(ko,n)},_, . This is an open cover of K and the sets are increasing so one of these balls
covers K. Hence K is bounded. B

4.8.4 Complete Separability

By Theorem 2.7.9, the rational numbers are dense in R. They are also countable because
there is an onto map from the Cartesian product of the two countable sets Z and Z \ {0} to
the rationals. Indeed, if m/n is a rational number you consider the ordered pair (m,n) in
Z xZ\ {0} and let f ((m,n)) = m/n. Thus, it is possible to enumerate all rational numbers.
Of course, as shown earlier, this means there exists a one to one mapping from N onto QQ but
this is not important here. The only thing which matters is that you can write Q = {r;}; ;.
Now the following is the important theorem.
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Theorem 4.8.18 Let B(x,r) denote the interval (x—rx+r). It is the set of all
real numbers y such that y is closer to x than r. Then there are countably many balls
B ={B(x,r):x€Q,r € QN (0,o0)}. Also every open set is the union of some collection
of these balls.

Proof: Let U be a nonempty open set and let p € U. 1 need to show that p € BC U
for some B € #. There exists R > 0 such that p € B(p,R) C U. Let x € Q such that
lp—x| < 1%' This is possible because Q is dense. Then letting 1% <r< % for r € Q, it
follows that

R
lp—x| < Th
andso p € B=B(x,r) € #. Also,if z€ B(x,r), then |z — p| < |z — x|+ [x —p| <r+ {5 <
% < Randsopé€BCB(p,R) CU showing that U is indeed the union of some subset of
%#. 1l

When you have a countable set of open sets with the property that every open set is the
union of a subset of this countable set, you call this countable set of open sets a countable
basis. When this happens, you say the set is completely separable. . Thus R along with the
usual way of finding distance using the absolute value of the difference of two real numbers
is a completely separable set.

Definition 4.8.19 7here is aiso something called the Lindeldf property.* It says
that if you have any set of open sets €, then there is a countable subset of ¢ denoted
here as € such that U € = U%. Thus this property says that every open cover admits a
countable subcover.

Theorem 4.8.20 R has the Lindelof property.

Proof: Let £ consist of the open intervals having center a rational number and radius a
positive rational number. Then if % is any collection of open sets, let 2% denote those balls
of % which are contained in some set of . For each B € 4, let O (B) be one of the open
sets from % which contains B. Then since every open set of % is the union of sets of 4, it
follows that

U%:UQQU{O(B):BGQ} CuU%

Solet € = {0 (B):Be @} It is a countable set because 2 is countable, being a count-

able subset of a countable set % and the mapping B — O (B) is onto by definition. Note
that the axiom of choice is used to select O (B) from the set of open sets of " which contain
B. N

This is a very useful observation. It holds whenever you have a countable basis. Obvi-
ously much of what is being discussed applies to more general situations.

4.9 Exercises

1. Show the intersection of any collection of closed sets is closed and the union of any
collection of open sets is open.

4Lindelof was a Finnish mathematician who lived from 1870 to 1946. He did important work in complex
analysis.
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. Show that if H is closed and U is open, then H \ U is closed. Next show that U \ H

is open.

. Show the finite intersection of any collection of open sets is open.
. Show the finite union of any collection of closed sets is closed.

. Suppose {Hn}nN:1 is a finite collection of sets and suppose x is a limit point of

UN_, H,. Show x must be a limit point of at least one H,,.

. Give an example of a set of closed sets whose union is not closed.
. Give an example of a set of open sets whose intersection is not open.
. Give an example of a set of open sets whose intersection is a closed interval.

. Give an example of a set of closed sets whose union is open.

Give an example of a set of closed sets whose union is an open interval.
Give an example of a set of open sets whose intersection is closed.
Give an example of a set of open sets whose intersection is the natural numbers.

Explain why I and 0 are sets which are both open and closed when considered as
subsets of F.

Let A be a nonempty set of points and let A’ denote the set of limit points of A. Show
AUA’ is closed. Hint: You must show the limit points of AUA’ are in AUA’. This is
shown in the chapter but do it yourself.

Let U be any open set in [F. Show that every point of U is a limit point of U.

Suppose {K,} is a sequence of sequentially compact nonempty sets which have the
property that K, O K+ for all n. Show there exists a point in the intersection of all
these sets, denoted by N>_, K,,.

Now suppose {K,} is a sequence of sequentially compact nonempty sets which have
the finite intersection property, every finite subset of { K, } has nonempty intersection.
Show there exists a point in N™_, K,,.

Show that any finite union of sequentially compact sets is compact.

Start with the unit interval, Iy = [0,1]. In this interval, Iy, remove the following
middle third open interval, (1/3,2/3) resulting in the two closed intervals, I} =
[0,1/3]U[2/3,1]. Next delete the middle third of each of these intervals resulting
inh =1[0,1/9]U[2/9]U[2/3,5/9]U[8/9,1] and continue doing this forever. Show
the intersection of all these I, is nonempty. Letting P = N°_, [, explain why every
point of P is a limit point of P. Would the conclusion be any different if, instead
of the middle third open interval, you took out an open interval of arbitrary length,
each time leaving two closed intervals where there was one to begin with? This pro-
cess produces something called the Cantor set. It is the basis for many pathological
examples of unbelievably sick functions as well as being an essential ingredient in
some extremely important theorems.
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20. In Problem 19 in the case where the middle third is taken out, show the total length
of open intervals removed equals 1. Thus what is left is very “short”. For your
information, the Cantor set is uncountable. In addition, it can be shown there exists
a function which maps the Cantor set onto [0, 1], for example, although you could
replace [0, 1] with the square [0,1] x [0,1] or more generally, any compact metric
space, something you may study later.

21. Show that there exists an onto map from the Cantor set P just described onto [0, 1].
Show that this is so even if you do not always take out the middle third, but instead
an open interval of arbitrary length, leaving two closed intervals in place of one. It
turns out that all of these Cantor sets are topologically the same meaning that there
is a one to one onto and continuous mapping from one to another. Hint: Base your
argument on the nested interval lemma. This will yield ideas which go somewhere.

22. Suppose {H,} is a sequence of sets with the property that for every point x, there
exists 7 > 0 such that B (x, r) intersects only finitely many of the H,,. Such a collection
of sets is called locally finite. Show that if the sets are all closed in addition to being
locally finite, then the union of all these sets is also closed. This concept of local
finiteness is of great significance although it will not be pursued further here.

23. Show that every uncountable set of points in [ has a limit point. This is not nec-
essarily true if you replace the word, uncountable with the word, infinite. Explain
why.

24. In Section 4.8.4 generalize everything to R”. In this case, the countable dense subset
will be Q7. Also explain why (Q+iQ)” is countable and dense subset of C” and
why C? is completely separable.

4.10 Cauchy Sequences and Completeness

You recall the definition of completeness which stated that every nonempty set of real
numbers which is bounded above has a least upper bound and that every nonempty set of
real numbers which is bounded below has a greatest lower bound and this is a property
of the real line known as the completeness axiom. Geometrically, this involved filling in
the holes. There is another way of describing completeness in terms of Cauchy sequences.
Both of these concepts came during the first part of the nineteenth century and are due to
Bolzano and Cauchy.
The next definition has to do with sequences which are real numbers.

Definition 4.10.1 7% sequence of real numbers, {a,} , is monotone increasing if
for all n, a, < a,1. The sequence is monotone decreasing if for all n, a, > an+1. People
often leave off the word “monotone”.

If someone says a sequence is monotone, it usually means monotone increasing.

There exist different descriptions of completeness. An important result is the following
theorem which gives a version of completeness in terms of Cauchy sequences. This is
often more convenient to use than the earlier definition in terms of least upper bounds and
greatest lower bounds because this version of completeness, although it is equivalent to the
completeness axiom for the real line, also makes sense in many situations where Definition
2.10.1 on Page 27 does not make sense, C for example because by Problem 12 on Page 39
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there is no way to place an order on C. This is also the case whenever the sequence is of
points in multiple dimensions.

It is the concept of completeness and the notion of limits which sets analysis apart from
algebra. You will find that every existence theorem in analysis depends on the assumption
that some space is complete. In case of R the least upper bound version corresponds to a
statement about convergence of Cauchy sequences.

Theorem 4.10.2 7re following are equivalent.

1. Every Cauchy sequence in R converges

2. Every non-empty set of real numbers which is bounded above has a least upper
bound.

3. Every nonempty set of real numbers which is bounded below has a greatest lower
bound.

Proof: 1.= 2. First suppose every Cauchy sequence converges and let S be a nonempty
set which is bounded above. Let b; be an upper bound. Pick s; € S. If s; = by, the least
upper bound has been found and equals b;. If (s; +b1) /2 is an upper bound to S, let this
equal b;. If not, there exists by > s, > (s1 +b;) /2 solet by = by and s; be as just described.
Now let b and s, play the same role as s; and b; and do the same argument. This yields a
sequence {s,} of points of S which is monotone increasing and another sequence of upper
bounds, {b,} which is monotone decreasing and |s, — b,| < 27"*! (b —s1). Therefore, if
m>n

|bn _bm‘ <by—sm <by—5, < 2 (bl _Sl)

and so {b,} is a Cauchy sequence. Therefore, it converges to some number b. Then b must
be an upper bound of S because if not, there would exist s > b and then b, —b > s—b
which would prevent {b,} from converging to b.

2.= 3.,3. = 2. The claim that every nonempty set of numbers bounded below has
a greatest lower bound follows similarly. Alternatively, consider —S = {—x:x € S} and
apply what was just shown. If S is bounded below, then —S is bounded above and so there
exists a least upper bound for —S called —/. Then [ is a lower bound to S. If there is b > [
such that b is also a lower bound to S, then —b would also be an upper bound to —S and
would be smaller than — which contradicts the definition of —/. Hence [ is the greatest
lower bound to S. To show 3. = 2., also consider —S and apply 3. to it similar to what was
just done in showing 2.= 3.

2.,3.= 1.Now suppose the condition about existence of least upper bounds and greatest
lower bounds. Let {a,} be a Cauchy sequence. Then by Theorem 4.5.2 {a,} C [a,b] for
some numbers a,b. By Theorem 4.8.2 there is a subsequence, {a,, } which converges to
X € [a,b]. By Theorem 4.5.4, the original sequence converges to x also. ll

Theorem 4.10.3 If either of the above conditions for completeness holds, then
whenever {a,} is a monotone increasing sequence which is bounded above, it converges
and whenever {b, } is a monotone sequence which is bounded below, it converges.

Proof: Let a = sup{a, :n > 1} and let € > 0 be given. Then from Proposition 2.10.3
on Page 27 there exists m such that a — € < a,, < a. Since the sequence is increasing, it
follows that for all n > m, a — € < a, < a. Thus a = lim,,_,. a,. The case of a decreasing
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sequence is similar. Alternatively, you could consider the sequence {—a,} and apply what
was just shown to this decreasing sequence. ll

By Theorem 4.10.2 the following definition of completeness is equivalent to the original
definition when both apply. However, note that convergence of Cauchy sequences does not
depend on an order to it applies to much more general situations. Recall from Theorem
4.8.14 that C and R are complete. Just apply that theorem to the case where p = 1.

4.10.1 Decimals

You are all familiar with decimals. In the United States these are written in the form
.ajazas --- where the a; are integers between 0 and 9.7 Thus .23417432 is a number writ-
ten as a decimal. You also recall the meaning of such notation in the case of a terminating
decimal. For example, .234 is defined as 10 + 102 + Now what is meant by a nonter-
minating decimal?

103
Definition 4.10.4 L. .ajay - -- be a decimal. Define

n
.alaz---z Z—kk

Proposition 4.10.5 The above definition makes sense. Also every number in [0,1] can
be written as such a decimal.

Proof: Note the sequence {ZZ:] 1% is an increasing sequence. Therefore, if there
exists an upper bound, it follows from Theorem 4.10.3 that this sequence converges and so
the definition is well defined.

n
1

n k n 9
Lig=Llioc °Liw

_yn ntl 1 _ 1 1
NOW (Zk 1 101<) = Zk:l T0F *):k 1 lok =Y 10k — Yk 10k = 70 — qonrr and so

ZZ=1 ToF < % (i — #> < 10 (i) = % Therefore, since this holds for all n, it follows

10 1o+l ) — 9 \10
the above sequence is bounded above. It follows the limit exists.
Now suppose x € [0,1). Let “‘ <x< “131 where a; is an integer between 0 and 9.

If integers ay,- - ,a, each between 0 and 9 have been obtained such that }';_, 1’% <x<

Yol o+ “1'6;1 (XY_, =0). Then from the above, 10" (x—ZZ 1 1ok) < 1 and so there
exists a,1 such that

n

n+1 . ag app1 +1
< — Z
o = ( L 10k> RENTY

An+ | Any1+1
which shows that {557 < ( —Yi 10k) {onr - Therefore,

n
. ak
= m ) o

SIn France and Russia they use a comma instead of a period. This looks very strange but that is just the way
they do it.
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because the distance between the partial sum up to n and x is always no more than 1/10".
In case x = 1, just let each a, = 9 and observe that the sum of the geometric series equals
1.1

An amusing application of the above is in the following theorem. It gives an easy way
to verify that the unit interval is uncountable.

Theorem 4.10.6 The interval [0,1) is not countable.

Proof: Suppose it were. Then there would exist a list of all the numbers in this interval.
Writing these as decimals,

X1 = .411012013014415 "
X2 = .4210220230144025 "
X3 = .a431032033034035 ** -
Consider the diagonal decimal, .aj1a22a33a44 - - - . Now define a decimal expansion for an-

other number in [0, 1) as follows. y = .b1byb3by - -+ where |by — ag| > 4. Then |y — x| >

%.Thus y is not equal to any of the x; which is a contradiction since y € [0,1). W

4.10.2 lim sup and lim inf

Sometimes the limit of a sequence does not exist. For example, if a, = (—1)", then
lim,, . @, does not exist. This is because the terms of the sequence are a distance of 1
apart. Therefore there can’t exist a single number such that all the terms of the sequence
are ultimately within 1/4 of that number. The nice thing about limsup and liminf is that
they always exist. First here is a simple lemma and definition. First review the definition of
inf and sup on Page 27 along with the simple properties of these things. Also lim,,_,c @, = o0
means that if / € R is given, then for large enough n,a, > I. A similar definition holds for
lim,, e a, = —co.

Definition 4.10.7 Denote by [—o0, 0] the real line along with symbols o and —es.
It is understood that oo is larger than every real number and —oo is smaller than every real
number. Then if {A,} is an increasing sequence of points of [—0, 0], lim,,_, A, equals oo if
the only upper bound of the set {A} is oo. If {A,} is bounded above by a real number, then
lim,,—, A, is defined in the usual way and equals the least upper bound of {A,}. If {An} is
a decreasing sequence of points of [—oo, 0], limy,_, A, equals —eo if the only lower bound
of the sequence {A,} is —oo. If {A,,} is bounded below by a real number, then lim,,_,A,, is
defined in the usual way and equals the greatest lower bound of {A, }. More simply, if {A,}
is increasing, lim,_, A, = sup {A, }and if {A,} is decreasing then lim,_,A, =inf{A,}.

Lemma 4.10.8 Ler {a,} be a sequence of real numbers and let U, = sup{ay : k > n}.
Then {U,} is a decreasing sequence. Also if L, = inf{ay : k > n}, then {L,} is an increas-
ing sequence. Therefore, lim,_,.. L, and lim,,_,., U, both exist.

Proof: From the definition, if m < n, L,, = inf{a; : k > m} < inf{a; :k >n} = L,.
Thus the L, are increasing. If you take inf of a smaller set, it will be as large as inf of the
larger set. Similarly the U, are decreasing. Thus their limits exist as in the above definition.
|

From the lemma, the following definition makes sense.
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Definition 4.10.9 r.: {an} be any sequence of points of [—eo, ]

lim sup a, = lim sup{a; : k > n}
n—soo n—reo

lim inf a, = lim inf{a; : k > n}.
n—soo n—soo

Theorem 4.10.10 Suppose {ay,} is a sequence of real numbers and that

lim sup a, and lim inf a,
Nn—yo0 n—yoco

are both real numbers. Then lim,_,. a, exists if and only if liminf,_,.. a, = limsup,_,. an
and in this case, lim,_,. a, = liminf,,_,..a, = limsup,_,., an.

Proof: First note that sup {ay : k > n} > inf{a; : k > n} and so from Theorem 4.4.13,

lim sup a, = lim sup{a; : k > n} > lim inf{a; : k > n} =lim inf a,,.
oo n—oo n—yoo n—oo

= Suppose lim,,_, a, = a € R. Then given € > 0, there is N such thatif n > N,
a—€<a,<a-+¢

It follows thatif n > N,a— & < L, < U, < a-+ €.Passing to a limit, it follows from Theorem
4.4.13
a—¢e<liminf a, <limsupa, <a+¢€
n—reo n—soo
and so, since € is arbitrary, liminf and lim sup are equal to the limit a.
<« Suppose liminf,,_,. a, = limsup,_,.,a, = a € R. Then if n is large enough,

a—e<L,<aq,<U,<a+e¢

Since € is arbitrary, lim, o, =a. B
With the above theorem, here is how to define the limit of a sequence of points in
[—o0,00], the new case being that a, is allowed to be +-oo.

Definition 4.10.11 7.s {an} be a sequence in [—oo,o0|. lim,_,ea, exists exactly
when liminf,_,..a, = limsup,,_,_, a,, and in this case

lim @, = lim inf a, = lim sup a,.

n—soo n—soo N—so0

The significance of limsup and liminf, in addition to what was just discussed, is con-
tained in the following theorem which follows quickly from the definition.

Theorem 4.10.12 Suppose {a,} is a sequence of points of [—eo,00|. Then let A =
limsup,,_,., a,. Then if b > A, it follows there exists N such that whenever n > N,a, < b.
If ¢ < A, then a, > c for infinitely many values of n. Let ¥y = liminf, . a,. Then if d < 7,
it follows there exists N such that whenever n > N,a, > d. If e > 7, it follows a, < e for
infinitely many values of n.

The proof of this theorem is left as an exercise for you. It follows directly from the defi-
nition and it is the sort of thing you must do yourself. Here is one other simple proposition.
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Proposition 4.10.13 Let lim,,,.a, = a > 0 and suppose each b, > 0. Then

lim sup a,b,, = alim sup b,,.
n—soo n—soo
Proof: This follows from the definition. Let A, = sup{aby : k > n}. For all n large
enough, a, > a — € where € is small enough that a — € > 0. Therefore,

An>sup{by:k>n}(a—¢)
for all n large enough. Then limsup,,_,., a,b, = lim,_,ee A, =

lim sup apb, > lim (sup{by : k > n}(a—¢)) = (a—€)lim sup b,
n—soo n—oo n—oo

Similar reasoning shows limsup,_,., a,b, < (a+ ¢€)limsup,_,, b,. Now since € > 0 is ar-
bitrary, the conclusion follows. ll

4.10.3 Shrinking Diameters

It is useful to consider another version of the nested interval lemma. This involves a se-
quence of sets such that set (n+ 1) is contained in set n and such that their diameters
converge to 0. It turns out that if the sets are also closed, then often there exists a unique
point in all of them. This is just a more general version of the nested interval theorem which
holds in the context that the sets are not necessarily intervals.

Definition 4.10.14 et Sbea nonempty set. Then diam (S) is defined as
diam (S) = sup{jx—y|:x,y € S}.

This is called the diameter of S.

Theorem 4.10.15 7 {F,};_, be a sequence of closed sets in FP such that

lim diam (F,) =0

n—oo

and F, D F, 1| for each n. Then there exists a unique p € Ny_ Fy.

Proof: Pick p; € Fi. This is always possible because by assumption each set is non-
empty. Then {pi},_,, € F, and since the diameters converge to O it follows {p;} is a
Cauchy sequence. Therefore, it converges to a point, p by completeness of F”. Since each
Fy is closed, it must be that p € Fj for all k. Therefore, p € N2 F. If g € N;2_, Fy, then
since both p,q € Fy, |p —¢| < diam (F;). It follows since these diameters converge to 0,
|p—¢| < € forevery €. Hence p=¢.

A sequence of sets, { G, } which satisfies G,, O G, for all n is called a nested sequence
of sets.

The next theorem is a major result called Bair’s theorem. In fact, you just need the
context of a complete metric space but we are emphasizing F? here.

Definition 4.10.16 ax open set U C [P is dense if for every x € FP and r >
0,B(x,r)NU #0.
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Theorem 4.10.17 Lo {Un} be a sequence of dense open sets. Then N, Uy, is dense.
Proof: Let p € F? and let rp > 0. I need to show DN B(p,ry) # 0. Since U is dense,

there exists p; € Uy NB(p,ry), an open set. Let p; € B(p1,r1) € B(p1,71) C U1 NB(p,ro)
and r; < 27!, This is possible because U; N B(p,ry) is an open set and so there exists
r1 such that B(p1,2r1) C U, NB(p,ry). But B(py,r1) € B(p1,r1) € B(p1,2r1) because

B(pi,r)={xe€X:d(x,p) <ri}. (Why?)

There exists p, € U, NB(p1,r1) because U, is dense. Let
p2 € B(p2,12) € B(p2,r2) CU2NB(p1,r1) CUINUNB(p,r0).
and let r, < 272, Continue in this way. Thus r,, < 27"
B(pn,rn) CUINUN...0U,NB(p,ro), B(pn,rn) € B(pu—1,7n—1)-

The sequence, {p,} is a Cauchy sequence because all terms of {p;} for k > n are
contained in B (p,,ry,), a set whose diameter is no larger than 2~". Since F? is complete,
(Theorem 4.8.14) there exists p. such that lim,_.. p, = p. Since all but finitely many
terms of {p,} are in B(py, ), it follows that pe € B(pm,rn) for each m. Therefore,

Peos € M1 B(pmyrm) € N2 UiNB(p,rp). A

The countable intersection of open sets is called a G set.

4.11 The Euclidean Norm

1/2
Fora=(ay,---,a,) €T, define |a| = (Zle |ak\2) . Then it is obvious that |aa| = || |a]
whenever o € F and it is obvious that |a| > 0 and equals 0 if and only if a = 0, the zero
vector. As to the triangle inequality 4.2, by the Cauchy Schwarz inequality,

4 P P P
ety = Y el = Y P+ Y il +2 Y Re (xiw)
k=1 k=1 k=1 k=1
P ) P ) P
< Y bl Y elT 2 ) bl x|
k=1 =1 k=1
o2 2 o2 e 2 v 2
< Y bl 2 Y Y Il = ([ +¥[)
k=1 k=1 k=1

8o [x+y| < |x|+]y|. Also, it is obvious that
2 2 2
n x| = x|” = [lx]|” so v/ llx]| = |x| = [|x]

Thus, with this Euclidean norm F” has the same Cauchy sequences, the same open and
closed sets, and all the same theorems concerning compactness. Thus, from the point of
view of analysis, there is no difference. The reason for the Euclidean norm is that it is
geometrically better.
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4.12 Exercises

1.

10.

11.

. Let a; = 0 and suppose that a, | =

Suppose x = .3434343434 where the bar over the last 34 signifies that this repeats
forever. In elementary school you were probably given the following procedure for
finding the number x as a quotient of integers. First multiply by 100 to get 100x =
34.34343434 and then subtract to get 99x = 34. From this you conclude that x =
34/99. Fully justify this procedure. Hint: .34343434 = lim, .. 34Y}_, (ﬁ)k now
use Problem 7 on Page 66.

. Let a € [0,1]. Show a = .ajazas... for some choice of integers in {0,1,2,---,9},

ay,ay,--- if it is possible to do this. Give an example where there may be more than
one way to do this.

. Show every rational number between 0 and 1 has a decimal expansion which either

repeats or terminates.

. Using Corollary 3.2.5, show that there exists a one to one and onto map 6 from the

natural numbers N onto Q, the rational number. Denoting the resulting countable set
of numbers as the sequence {r,}, show that if x is any real number, there exists a
subsequence from this sequence which converges to that number.

. A number has decimal expansion .01001000100001000001- - - . Show this is an irra-

tional number.

. Prove v/2 is irrational. Hint: Suppose v/2 = p /q where p, q are positive integers and

the fraction is in lowest terms. Then 2¢> = p? and so p? is even. Explain why p = 2r
so p must be even. Next argue ¢ must be even.

. Show that between any two integers there exists an irrational number. Next show

that between any two numbers there exists an irrational number. You can use the fact
that 1/2 is irrational if you like.

. Let a be a positive number and let x; = b > 0 where b? > a. Explain why there exists

such a number, b. Now having defined x,, define x| = % (x,, + ﬁ) . Verify that

{x,} is a decreasing sequence and that it satisfies x2 > a for all n and is therefore,
bounded below. Explain why lim,_,.x;, exists. If x is this limit, show that 2 =a.
Explain how this shows that every positive real number has a square root. This is an
example of a recursively defined sequence. Note this does not give a formula for x,,,
just a rule which tells how to define x,, 1 if x,, is known.

9
9—ay, *

it follows that a,, < % + % 5. Find the limit of the sequence. Hint: You should prove
these things by induction. Finally, to find the limit, let n# — oo in both sides and argue

that the limit a, must satisfy a = 92(1.

Write ay,a3,a4. Now prove that for all n,

If lim,,—,c a, = a, does it follow that lim, . |a,| = |a|? Prove or else give a counter
example.

i
100" _

. 5 .
Show lim, e 75 = 0, limy,—ye0 =,
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12.

13.

14.

15.

16.
17.
18.

19.

20.
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Suppose lim,_.x, = x. Show that then limn_m%Zz:lxk = x. Give an example
where lim,,_, x;,, does not exist but lim,, % Y i_ Xk does.

Suppose r € (0,1). Show that lim,,_,.. 7" = 0. Hint: Use the binomial theorem. r =

1 1 1
T+5 Where 8 > 0. Therefore, r"* = (=34 < Ting: €tc.

Prove lim,, ;. /7 = 1. Hint: Let e, = {/n — 1 so that (1 +e¢,)" = n. Now observe

that e, > 0 and use the binomial theorem to conclude 1 + ne,, + n("z_ 1 e2 < n. This
nice approach to establishing this limit using only elementary algebra is in Rudin

[24].

Find lim,,—,e0 (x" + 5)1/ " for x > 0. There are two cases here, x < 1 and x > 1. Show
that if x > 1, the limit is x while if x < 1 the limit equals 1. Hint: Use the argument
of Problem 14. This interesting example is in [11].

Find limsup,_,., (—1)" and liminf,_,.. (—1)" . Explain your conclusions.

Give a careful proof of Theorem 4.10.12.

Let {a,} be a sequence in (—oo,00). Let Ay = sup{a, : n > k} so that
A= limnsglo)oan = ’}ijgoAn,

the A, being a decreasing sequence.

(a) Show that in all cases, there exists B, < A, such that B, is increasing and
lim, oo B, = A.

(b) Explain why, in all cases there are infinitely many k such that a; € [By,A,].
Hint: If forall k >m > n, a; < By, then a; < B, also and so sup {ay : k > m} <
B,,, < A, contrary to the definition of A,,.

(¢) Explain why there exists a subsequence {a, } such that limy_,e.a,, = A.
(d) Show that if y € [—oo, 0] and there is a subsequence {ank} which has the prop-
erty that limy_,.a,, =7, then y < 4.

This shows that limsup,,_,,, @, is the largest in [—eo, 0] such that some subsequence
converges to it. Would it all work if you only assumed that {a,} is not —eco for
infinitely many n? What if a, = —eo for all n large enough? Isn’t this case fairly
easy? The next few problems are similar.

Let A = limsup,,_,,, a,. Show there exists a subsequence, {ank} such that
lim a, = A.
k—yo0
Now consider the set S of all points in [—ee, eo] such that for s € S, some subsequence
of {a, } converges to s. Show that S has a largest point and this point is limsup,,_,., @y.
Let {a,} C R and suppose it is bounded above. Let
S = {x € R such that x < a, for infinitely many n}

Show that for each n, sup (S) < sup{ay : k >n}. Why is sup (S) < limsup,_,..,ax?
Next explain why the two numbers are actually equal. Explain why such a sequence
has a convergent subsequence. For the last part, see Problem 19 above.
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21.

22.

23.
24.

25.

26.

217.

28.

29.
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Let A = liminf,_..a,. Show there exists a subsequence, {ay, } and limy_,..a,, = 2.
Now consider the set, S of all points in [—eo, 0] such that for s € S, some subse-
quence of {a,} converges to s. Show that S has a smallest point and this point is
liminf, .. a,. Formulate a similar conclusion to Problem 20 in terms of liminf and
a sequence which is bounded below.

Prove that if a, < b, for all n sufficiently large that

lim inf a, <lim inf b,, lim sup a, < lim sup b,,.
n—soo n—oo n—yo0 n—yoo

Prove that limsup,,_,,, (—a,) = —liminf,_,e ay,.

Prove that if a > 0, then limsup,,_,., aa, = alimsup,_,.,a, while if a <0,

lim sup aa, = alim inf a,.
n—yoo n—ee

Prove that if lim,_.. b, = b, then limsup, _,., (b, +a,) = b+ limsup,_, ., a,. Conjec-
ture and prove a similar result for liminf.

Give conditions under which the following inequalities hold.

lim sup (a, +b,) < limsup a,+lim sup b,
n—o0 n—oo0 n—soo

lim inf (a,+b,) > lim inf a,+lim inf b,.
n—yo0 n—o0 n—oo

Hint: You need to consider whether the right hand sides make sense. Thus you can’t

consider —oo 4- oo,

Give an example of a nested sequence of nonempty sets whose diameters converge
to 0 which have no point in their intersection.

Give an example of a nested sequence of nonempty sets S, such that S, 2 Sn+1 whose
intersection has more than one point. Next give an example of a nested sequence of
nonempty sets S, Sy 2 Sn+1which has 2 points in their intersection.

For F =R or C, suppose F = U;_, H, where each H, is closed. Show that at least
one of these must have nonempty interior. That is, one of them contains an open ball.
You can use Theorem 4.10.17 if you like.
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Infinite Series of Numbers

5.1 Basic Considerations

Earlier in Definition 4.4.1 on Page 60 the notion of limit of a sequence was discussed.
There is a very closely related concept called an infinite series which is dealt with in this
section.

Definition 5.1.1 Define Yy, ar =1limy,_,o Y i, ai whenever the limit exists and is
finite. In this case the series is said to converge. If the series does not converge, it is said to
diverge. The sequence {Y_, ai}, . in the above is called the sequence of partial sums.

This is always the definition. Here it is understood that the ay, are in T, either R or C but it
is the same definition in more general situations.

From this definition, it should be clear that infinite sums do not always make sense.
Sometimes they do and sometimes they don’t, depending on the behavior of the partial
sums. As an example, consider } ;> , (—l)k. The partial sums corresponding to this symbol
alternate between —1 and 0. Therefore, there is no limit for the sequence of partial sums.
It follows the symbol just written is meaningless and the infinite sum diverges.

Example 5.1.2 Find the infinite sum, Y, _; e +1)

Note =

1
n(n+1) n 1 and so Zﬂ ln n+l
1

limN*)ooZn:l m = thﬁm( N+1 + l) =1.

): (,ﬁﬁ):*m“ Therefore,

Proposition 5.1.3 Ler a; > 0. Then {Y}_,, ax},._, is an increasing sequence. If this
sequence is bounded above, then Y, a converges and its value equals

n
sup{Zak:n—m,erl,m}.

k=m
When the sequence is not bounded above, Y, ax diverges.
Proof: It follows that {Y'}_, ai},_, is an increasing sequence because

n+1

Zak_zak—an+l>0

k=m

If it is bounded above, then by the form of completeness found in Theorem 4.10.2 on Page
76 it follows that the sequence of partial sums converges to

n
sup{Zak:nm,erl,m}

k=m

If the sequence of partial sums is not bounded, then it is not a Cauchy sequence and so it
does not converge. See Theorem 4.5.3 on Page 64. B

In the case where a; > 0, the above proposition shows there are only two alternatives
available. Either the sequence of partial sums is bounded above or it is not bounded above.

85
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In the first case convergence occurs and in the second case, the infinite series diverges. For
this reason, people will sometimes write } ;" ax < oo to denote the case where convergence
occurs and Y7, a; = oo for the case where divergence occurs. Be very careful you never
think this way in the case where it is not true that all a; > 0. For example, the partial
sums of )77, (—l)k are bounded because they are all either —1 or 0 but the series does not
converge.

One of the most important examples of a convergent series is the geometric series.
This series is )., #". The study of this series depends on simple high school algebra and
Theorem 4.4.11 on Page 63. Let S, =Y}, r*. Then

S,,:Z:rk7 rSy Z k1 — Zrk
k=0

k=0
Therefore, subtracting the second equation from the ﬁrst yields (1 —r)S, =1—r"""and so
a formula for S, is available. In fact, if r £ 1,5, = By Theorem 4.4.11, lim,, .. S;, =

- in the case when || < 1. Now if || > 1, the 11m1t clearly does not exist because S, fails

to be a Cauchy sequence (Why?). This shows the following.

Theorem 5.1.4 7he geometric series, )., 1" converges and equals ﬁ iflr] <1
and diverges if |r| > 1.

If the series do converge, the following holds.

Theorem 5.1.5 i Y ar and Y.i_ . by both converge and x,y are numbers, then

Zak: Z Af—j (51)

k=m k=m+j
Zxak—i-ybk :xZak+yZbk (5.2)
=m =m =m

)
k=m

where in the last inequality, the last sum equals +oo if the partial sums are not bounded
above.

< ) lad (5.3)
k=m

Proof: The above theorem is really only a restatement of Theorem 4.4.8 on Page 62
and the above definitions of infinite series. Thus

n+j
Zak—hmZakfhm Zak j= Zak]
k=m+j k=m+j

To establish 5.2, use Theorem 4.4.8 on Page 62 to write

o n n n

Zxak—i—ybk = lim Zxak—i-ybk:lim xZak—l—yZbk
" k=m e k=m k=m

k=m
= X Z ap+y Z by.
k=m k=m
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Formula 5.3 follows from the observation that, from the triangle inequality,

n
Y

k=m

n o
<Y lal <Y o
k=m

k=m

and 50 [, k] = 1My [0y aa] < £ o] W
Recall that if lim, . A, = A, then lim,,_, |A,| = |A].

Example 5.1.6 Find Y7 o (3 + %) -

From the above theorem and Theorem 5.1.4,

> 5 6> =1 =1 1 1
4 )=5 — 16 — =5 +6 =19.
L(5t%) S Ea 5 =S )

The following criterion is useful in checking convergence. All it is saying is that the
series converges if and only if the sequence of partial sums is Cauchy. This is what the
given criterion says. However, this is not new information.

Theorem 5.1.7 Ler {ax} be a sequence of points in F. The sum Y., a; converges
if and only if for all € > 0, there exists ng such that if ¢ > p > ng, then

q
) a
k=p

<E. 5.4)

Proof: Suppose first that the series converges. Then {Y}_, a;},"  is a Cauchy se-
quence by Theorem 4.5.3 on Page 64. Therefore, there exists ne > m such that if g >
p—1>ne>m,

<e. (5.5)

q p—l q
Yoa— ) a=|Y a
k=m k=m k=p
Next suppose 5.4 holds. Then from 5.5 it follows upon letting p be replaced with p + 1

that {Y7_,, ax}, . is a Cauchy sequence and so, by Theorem 4.8.14, it converges. By the
definition of infinite series, this shows the infinite sum converges as claimed. ll

5.2 Absolute Convergence

Definition 5.2.1 The statement that a series Y i ar converges absolutely means
Y i lax| converges. If the series does converge but does not converge absolutely, then it is
said to converge conditionally.

Theorem 5.2.2 If Y i, ax converges absolutely, then it converges.
Proof: Let € > 0 be given. Then by assumption and Theorem 5.1.7, there exists ng

such that whenever ¢ > p > ne, ZZ:p lay| < €. Therefore, from the triangle inequality,

€> Y, la] > ‘ZZ:,, ak’ . By Theorem 5.1.7, Y.i°_, a converges. B
In fact, the above theorem is really another version of the completeness axiom. Thus
its validity implies completeness. You might try to show this.
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One of the interesting things about absolutely convergent series is that you can “add
them up” in any order and you will always get the same thing. This is the meaning of the
following theorem. Of course there is no problem when you are dealing with finite sums
thanks to the commutative law of addition. However, when you have infinite sums strange
and wonderful things can happen because these involve a limit.

Theorem 5.2.3 Let 0 : N — N be one to one and onto. Suppose Y ;.| ay converges
absolutely. Then Y| ag) = Yp—1 G-

Proof: From absolute convergence, there exists M such that

=)

Y lal= <z al- Y ak|) <e

k=M+1

Since 0 is one to one and onto, there exists N > M such that
{172';"' 7M} - {6(1)’9(2)"" ,G(N)}.

It follows that it is also the case that ;7 v | |a9(k)‘ < &. This is because the partial sums
of the above series are each dominated by a partial sum for ;7 ;. | |a| since every index
0 (k) equals some n for n > M + 1. Then since € is arbitrary, this shows that the partial
sums of } ag;) are Cauchy. Hence, this series does converge and also

=

< Z |ak|<£
k=M1

M N
Y ac— Y agu
k=1 k=1

Hence
M

Y a—
=1k

< +

Y a— ) ag
k=1 k=1

M N
Y a—) ag
k=1 k=1

23
1

=

< Z lax| + €+ Z |ae(k)}<38
k=M+1 k=N+1

+

N 0o
Y a0 — Y dok)
k=1 k=1

Since € is arbitrary, this shows the two series are equal as claimed.
So what happens when series converge only conditionally?

Example 5.2.4 Consider the series Y _, (—l)k%. Show that there is a rearrangement
which converges to 7 although this series does converge. (In fact, it converges to —In2
for those who remember calculus.)

First of all consider why it converges. Notice that if S, denotes the 7" partial sum, then

1 1

Son—Swm—2 = %—2n71<0
1 1
SZnJrl *Sanl = 72”—"—7] +% >0
1
SZn - 52”71 E

Thus the even partial sums are decreasing and the odd partial sums are increasing. The
even partial sums are bounded below also. (Why?) Therefore, the limit of the even partial
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sums exists. However, it must be the same as the limit of the odd partial sums because
of the last equality above. Thus lim,_.. S, exists and so the series converges. Now I will
show later that Y7, zik and Y77, Zk%l both diverge. Include enough even terms for the
sum to exceed 7. Next add in enough odd terms so that the result will be less than 7. Next
add enough even terms to exceed 7 and continue doing this. Since 1/k converges to 0, this
rearrangement of the series must converge to 7. Of course you could also have picked 5 or
—8 just as well. In fact, given any number, there is a rearrangement of this series which
converges to this number.

Theorem 5.2.5 (comparison test) Suppose {an} and {b,} are sequences of non neg-
ative real numbers and suppose for all n sufficiently large, a, < by,. Then

1. If Y b, converges, then ) ", a, converges.
2. If Y.~ an diverges, then ) > b, diverges.

Proof: Consider the first claim. From the assumption, there exists n* such that n* >
max (k,m) and for all n > n* b, > a,. Then if p > n*,

p

Sa<far ¥ nsFarin

n=m n=n*+1

Thus the sequence,{Y?_,, an};"zm is bounded above and increasing. Therefore, it converges
by completeness. The second claim is left as an exercise. B

Example 5.2.6 Determine the convergence of Y ,._, n2

1 p 1 17 _ 1
Forn>1, - < n( - Now):n zm "2 [ﬁ_a] =1 -5 1. Therefore,
. __1
use the comparison test with a,, = n2 and b, = 2T
A convenient way to implement the comparison test is to use the limit comparison test.
This is considered next.

Theorem 5.2.7 Let an, b, > 0 and suppose for all n large enough,

a, _ ay
O<a< —< —<b<oo.
S b

n n

Then Y a, and Y b, converge or diverge together.

Proof: Let n* be such that n > n*, then ‘bl" > aand 3* < b and so for all such n,ab, <
an < bb,, and so the conclusion follows from the companson test. W

The following corollary follows right away from the definition of the limit.

Corollary 5.2.8 Let a,,b, > 0 and suppose hm,,_,oo 4 = A € (0,). Then Y a, and
Y b, converge or diverge together.

Example 5.2.9 Determine the convergence of Yy, m
n*+2n+
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This series converges by the limit comparison test above. Compare with the series of
Example 5.2.6.

1) Vv /

lim " = 1im Y* + nt7 1+ +

n—soo 1 n—soo n~>°°
< RV n4+2n+7>

Therefore, the series converges with the series of Example 5.2.6. How did I know what to
compare with? I noticed that v/n* 4+ 2n+7 is essentially like Vin# = n? for large enough
n. You see, the higher order term n* dominates the other terms in n* + 2n + 7. Therefore,
reasoning that 1/v/n* +2n+7 is a lot like 1/n? for large n, it was easy to see what to
compare with. Of course this is not always easy and there is room for acquiring skill
through practice.

To really exploit this limit comparison test, it is desirable to get lots of examples of
series, some which converge and some which do not. The tool for obtaining these examples
here will be the following wonderful theorem known as the Cauchy condensation test.

Theorem 5.2.10 L. a, > 0 and suppose the terms of the sequence {a,} are de-

creasing. Thus a, > any1 for all n. Then
Z a, and Z 2" apn
n=1 n=0

converge or diverge together.

Proof: This follows from the inequality of the following claim.

Claim:
n 2" n
Y 2ay =Y ac> Y 2 ay. (5.6)
k=1 k=1 k=0

Proof of the Claim: Note the claim is true for n = 1. Suppose the claim is true for n.
Then, since 21 — 2" = 2" and the terms a,, are decreasing,

n+1

22 Aoyk—1 —2”+1a2n+22 Aok—1 >2"+ azn—l,-zak

on+ 1 on

+1
> Zak>2 a2n+1+2ak>2 a2n+1+22" ! :nZz/Hazk
k=0 k=0

By induction, the claim is valid. Then passing to a limit in 5.6
(=<} (==} (=) 1 (=)
2Y 2ay =Y 2%ay z Z =5 ) 2y
k=0 k=1 k=0 k=0

Thus, if ¥, 2¥ay < o then the partial sums of Y5>, a; are bounded above by Y5> 2%a,«
so these partial sums converge. If Y ° Zkazk diverges, then

||M8

n—oo

N BN v
oo:hmikgl()Zazkﬁr}gI;];ak

and so Y ay, also diverges. Thus the two series converge or diverge together. Bl
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Example 5.2.11 Determine the convergence of Y, kip where p is a positive number.
These are called the p series.

Leta, = # Then ay = (%)" From the Cauchy condensation test the two series

=) )

1 > . 1\" B n
Y — and ;)2 (21,) =) (2“ P>)

n=1 n=0

converge or diverge together. If p > 1, the last series above is a geometric series having
common ratio less than 1 and so it converges. If p < 1, it is still a geometric series but in
this case the common ratio is either 1 or greater than 1 so the series diverges. It follows
that the p series converges if p > 1 and diverges if p < 1. In particular, >, n~! diverges
while Y'°  n=2 converges.

Yo, p>1 converges

n=1 pP

Yo, p<1 diverges

n=1 nP

Example 5.2.12 Determine the convergence of Y i, ﬁ.
n=+100n

(1)
Vn24100n

Use the limit comparison test. lim,_c ( > =1 and so this series diverges with

oo 1
Lii g
Sometimes it is good to be able to say a series does not converge. The n'" term test
gives such a condition which is sufficient for this. It is really a corollary of Theorem 5.1.7.

Theorem 5.2.13 If Yo, an converges, then lim,_..a, = 0.

Proof: Apply Theorem 5.1.7 to conclude that lim,, e @, = lim, e Y, ax = 0. W

It is very important to observe that this theorem goes only in one direction. That is,
you cannot conclude the series converges if lim,—.a, = 0. If this happens, you don’t
know anything from this information. Recall lim, ,on~! = 0 but ¥, n~! diverges. The
following picture is descriptive of the situation.

lima, =0

Y a, converges

ay, =pn!

5.3 Exercises

1. Determine whether the following series converge and give reasons for your answers.
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@ I ﬁ © Y3

) Yoo (Vntl—y/n o n A\
- lgnoz ) ® L (71

© Yo (2},)1

@ Ly 2 @ T ()"

Determine whether the following series converge and give reasons for your answers.

zn
@) Loy 257 © Yotz
P 100
(b) Xoii o d) YoZi Tom

Find the exact values of the following infinite series if they converge.
oo 1 oo 1
@ Yiss mrmay © Yo ey
b) i @ T (v~ v
(b) Xil, kk+1D) =1\ vk  Vi+l

Suppose Y, ax converges and each a; > 0. Does it follow that Y5 a7 also con-
verges?

Find a series which diverges using one test but converges using another if possible.
If this is not possible, tell why.

IfY > a,and Y, b, both converge and a,,b, are nonnegative, can you conclude
the sum, Y7, a,b, converges?

If }" | a, converges and a, > 0 for all n and b, is bounded, can you conclude
Yo | apby, converges?

. L e —n/2
Determine the convergence of the series ), ():Z:l %) "2,

Is it possible there could exist a decreasing sequence of positive numbers, {a,} such
that lim, yea, =0but }.;°_, (1 — ”’Zl—:‘) converges? (This seems to be a fairly diffi-
cult problem.)Hint: You might do something like this. Show

1—x 1—x

M T Ty

an
An+1

Next use a limit comparison test with } > ; In ( ) Go ahead and use what you

learned in calculus about In and any other techniques for finding limits. These things
will be discussed better later on, but you have seen them in calculus so this is a little
review.

Suppose ¥ a, converges conditionally and each a,, is real. Show it is possible to add
the series in some order such that the result converges to 13. Then show it is possible
to add the series in another order so that the result converges to 7. Thus there is no
generalization of the commutative law for conditionally convergent infinite series.
Hint: To see how to proceed, consider Example 5.2.4.
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5.4 More Tests for Convergence

5.4.1 Convergence Because of Cancellation

So far, the tests for convergence have been applied to non negative terms only. Sometimes,
a series converges, not because the terms of the series get small fast enough, but because of
cancellation taking place between positive and negative terms. A discussion of this involves
some simple algebra.

Let {a,} and {b,} be sequences and let A, =Y }_, ax, A-1 =A9=0. Thenif p < ¢

q q q q
Z anbn == Z bn (An *Anfl) = Z bnAn - Z bnAnfl
n=p n=p n=p n=p
q q-1 q-1
= Z buAn — Z bn+1An = quq - prp—l + Z An (bn - bn—H) (5.7
n=p n=p—1 n=p

This formula is called the partial summation formula of Dirichlet.

Theorem 5.4.1 (Dirichlet’s test) Suppose A, = Y}_, ay is bounded and also that
limy, o by, = O, with b, > b, 11 for all n. Then Y, a,b, converges.

Proof: This follows quickly from Theorem 5.1.7. Indeed, letting |A,| < C, and using
the partial summation formula above along with the assumption that the b,, are decreasing,

q g—1
Y anbu| = |byAg—bpAp_1+ Y Ay (by—bny1)
n=p n=p

q—1
< C(|bg|+|bp|) +C Y, (ba—bui1) = C(|bg| + |bp|) +C (b, —by)
n=p
and by assumption, this last expression is small whenever p and ¢ are sufficiently large. B

Definition 5.4.2 Ifb, >0 for all n, a series of the form ¥y (— 1)kbk orY(— l)kfl by
is known as an alternating series.

The following corollary is known as the alternating series test.

Corollary 5.4.3 (alternating series test) If lim,_,b, = 0, with b, > b, 1, then the
series, Yoo (—1)" b, converges.

Proof: Let a, = (—1)". Then the partial sums of ¥, a, are bounded and so Theorem
5.4.1 applies. &
In the situation of Corollary 5.4.3 there is a convenient error estimate available.

Theorem 5.4.4 Let b, > 0 for all n such that b, > by for all n and lim,,_,e by, = 0.
and consider either Y, (—=1)" b, or Y2 (—1)" "' b,.. Then

oo N
Y "= Y (—1)"b| < byl
n=1 n=1
- 1 al 1
Z(_l)rh bn_Z(_l)ni by < ‘bNH‘
n=1 n=1
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See Problem 8 on Page 99 for an outline of the proof of this theorem along with another
way to prove the alternating series test.

Example 5.4.5 How many terms must I take in the sum, ¥, (—1)" ﬁ to be closer than

1 oo 1
010 Loy (1) 27 ?

value. Thus n =3 and so |Y7 , (—1)" n21+1 —Y2_ (=1)" n21+1 <4

From Theorem 5.4.4, I need to find » such that ﬁ < % and then n — 1 is the desired

Definition 5.4.6 A series Y a, is said to converge absolutely if ¥ |a,| converges. It
is said to converge conditionally if ¥ |ay,| fails to converge but ¥ a, converges.

Thus the alternating series or more general Dirichlet test can determine convergence of
series which converge conditionally.

5.4.2 Ratio And Root Tests

A favorite test for convergence is the ratio test. This is discussed next. It is at the other
extreme from the alternating series test, being completely oblivious to any sort of cancella-
tion. It only gives absolute convergence or spectacular divergence.

Theorem 5.4.7 suppose a,| > 0 for all n and suppose lim,,_., lns1] r. Then
pp pp Tan]

o0 diverges if r > 1
Z an, { converges absolutely if r < 1
n=1 test fails if r =1

Proof: Suppose r < 1. Then there exists n; such that if n > ny, then

Ap+1
dn

0< <R

where r < R < 1. Then |a,11| < R |ay| for all such n. Therefore,
|an|+p| <R |an1+p,1 | <R? |an|+p,2| < < RP|ay,| (5.8)

and so if m > n, then |a,,| < R™™™ |a,, |. By the comparison test and the theorem on geo-
metric series, Y |a,| converges. This proves the convergence part of the theorem.

To verify the divergence part, note that if » > 1, then 5.8 can be turned around for some
R > 1. Showing lim,_,c |a,| = . Since the n'" term fails to converge to 0, it follows the
series diverges.

To see the test fails if 7 = 1, consider Y,n~!' and ¥.n 2. The first series diverges while
the second one converges but in both cases, r = 1. (Be sure to check this last claim.)

The ratio test is very useful for many different examples but it is somewhat unsatisfac-
tory mathematically. One reason for this is the assumption that a, # 0, necessitated by the
need to divide by a,,, and the other reason is the possibility that the limit might not exist.
The next test, called the root test removes both of these objections. Before presenting this
test, it is necessary to first prove the existence of the p* root of any positive number. This
was shown earlier in Theorem 2.11.2 but the following lemma gives an easier treatment of
this issue based on theorems about sequences.
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Lemma 5.4.8 Ler o > 0 be any nonnegative number and let p € N. Then o'/? exists.
This is the unique positive number which when raised to the p'* power gives a.

Proof: Consider the function f (x) = x” — o. Then there exists by such that f (b)) >0
and a; such that f(a;) < 0. (Why?) Now cut the interval [a;,b] into two closed intervals
of equal length. Let [ay, 3] be one of these which has f (a;) f (b2) < 0. Now do for [ay,b;]
the same thing which was done to get [az,b3] from [a;,b;]. Continue this way obtaining a
sequence of nested intervals [ay,bg] with the property that

bk—ak :Zl_k(bl 7(11).

By the nested interval theorem, there exists a unique point x in all these intervals. By
Theorem 4.4.8

fla) = f(x), fb) = f(x).
Then from Theorem 4.4.13,
J(x) f(x)=lim f(a) f (bx) <0

k—>oo

Hence f(x)=0. 1

Theorem 5.4.9 suppose |a,,|1/" < R < 1 for all n sufficiently large. Then

oo

Z ay converges absolutely.
n=1

If there are infinitely many values of n such that |a,| 1/n > 1, then

o
Z ay diverges.

n=1

Proof: Suppose first that \a,,|l/ " < R < 1 for all n sufficiently large. Say this holds
for all n > ng. Then for such n,m < R. Therefore, for such n, |a,| < R" and so the
comparison test with a geometric series applies and gives absolute convergence as claimed.

Next suppose |an|1/ " > 1 for infinitely many values of n. Then for those values of n,
la,| > 1 and so the series fails to converge by the n'"* term test.

Stated more succinctly the condition for the root test is this: Let » = limsup,,_,., |ax| I/
then

o converges absolutely if r < 1
Y acq testfailsif r=1
k=m divergesif r > 1

To see the test fails when r = 1, consider the same example given above, Y, % and Y, n%
Indeed, lim,_,.n'/" = 1. To see this, let e, = n'/* — 1 so (1+e,)" = n By the binomial
theorem, 1 + ne,, + @eﬁ <nandsoe? < n(ffl) showing that e, — 0.

A special case occurs when the limit exists.

Corollary 5.4.10 Suppose lim,_... |an\1/ " exists and equals r. Then

oo converges absolutely if r < 1

Z arp testfailsifr=1
k=m diverges if r > 1
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Proof: The first and last alternatives follow from Theorem 5.4.9. To see the test fails
if » =1, consider the two series ) -, % and )~ n% both of which have r = 1 but having
different convergence properties. The first diverges and the second converges. B

5.5 Double Series

Sometimes it is required to consider double series which are of the form

Z Z a jik = Z Z a gk | -
k=m j=m k=m \ j=m

In other words, first sum on j yielding something which depends on k and then sum these.

The major consideration for these double series is the question of when

Y Yap=Y Y an

k=m j=m Jj=mk=m
In other words, when does it make no difference which subscript is summed over first? In
the case of finite sums there is no issue here. You can always write

M N N M
Y Y oap=Y ) ap
k=m j=m Jj=mk=m
because addition is commutative. However, there are limits involved with infinite sums and
the interchange in order of summation involves taking limits in a different order. Therefore,
it is not always true that it is permissible to interchange the two sums. A general rule of
thumb is this: If something involves changing the order in which two limits are taken, you
may not do it without agonizing over the question. In general, limits foul up algebra and
also introduce things which are counter intuitive. Here is an example. This example is a
little technical. It is placed here just to prove conclusively there is a question which needs
to be considered.

Example 5.5.1 Consider the following picture which depicts some of the ordered pairs
(m,n) where m,n are positive integers.

0 0 ¢ 0 —c
0O ¢c 0 — O
b 0 —c 0 0
0 a O 0 0
The a,b,c are the values of ayy,. Thus a,, =0 foralln > 1, ap1 = a,a1p = b,am(mH) =—c

whenever m > 1, and @y, —1) = ¢ whenever m > 2. The numbers next to the point are the
values of amy. You see an, = 0 for all n, ay; = a,aiy = b,auy, = ¢ for (m,n) on the line
y = 1 +x whenever m > 1, and a,, = —c for all (m,n) on the line y = x — 1 whenever
m>2.

Then Y > _amm=aifn=1,Y__am=>b—cifn=2andif n>2Y " | am, =0.
Therefore, Y 1 Y.;n—| Gmn = a+b—c. Nextobserve that) > ap, =bifm=1,Y"_ au, =
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a+cifm=2,and Y}~ | am, =0 if m > 2. Therefore, Y ;> ¥~ | amy = b+a+c and so
the two sums are different. Moreover, you can see that by assigning different values of a, b,
and c, you can get an example for any two different numbers desired.

Don’t become upset by this. It happens because, as indicated above, limits are taken
in two different orders. An infinite sum always involves a limit and this illustrates why
you must always remember this. This example in no way violates the commutative law of
addition which has nothing to do with limits. Algebra is not analysis. Crazy things happen
when you take limits. Intuition is routinely rendered useless.

However, it turns out that if a;; > 0 for all 7, j, then you can always interchange the
order of summation. This is shown next and is based on the Lemma 2.10.5 which says you
can intercange supremums.

Lemma 5.5.2 If{A,} is an increasing sequence in [—o0, )|, then sup {A,} =1im, . A,,.

Proof: Let sup ({A, : n € N}) = r. In the first case, suppose r < 0. Then letting € > 0
be given, there exists n such that A, € (r —¢,r]. Since {A,} is increasing, it follows if
m>n, then r—e& <A, <A,, <rand so lim,_,.A, = r as claimed. In the case where
r = oo, then if a is a real number, there exists n such that A, > a. Since {A;} is increasing,
it follows that if m > n, A,, > a. But this is what is meant by lim,_,. A, = c. The other
case is that » = —oo. But in this case, A,, = —oc for all n and so lim,, . A,;, = —cc. R

Theorem 5.5.3 Leta;; > 0. Then Y2, Y5 aij = Y5 Y52 aij.

Proof: First note there is no trouble in defining these sums because the g;; are all
nonnegative. If a sum diverges, it only diverges to oo and so o is the value of the sum. Next
note that )77 }° . a;; > sup, Y7, Yl a;; because for all j, ¥, a;j > Y., a;j. Therefore,
using Lemma 5.5.2,

ZZ“U > supZZa,j = supn111_1>n ZZ@,J

jrlr jrlr ]rlr

= sgp”lgn ZZ“’J = suplf‘r lim Zal]

lr]r

= Y Y= tmY Ya =Y Yay

ni=rj=r i=r j=r i=r j=r

Interchanging the i and j in the above argument proves the theorem. B
The following is the fundamental result on double sums.

Theorem 5.5.4 Le aij € F and suppose 3,2, 3.7, |a,-j| <oo. Then ¥;2,3 7 aij =
i=r Lizraij and every infinite sum encountered in the above equation converges.

Proof: By Theorem 5.5.3 Y72, Y72, ’aij| =YY, }a,-j’ < oo, Therefore, for each
J Yy ’a,-j| < co and for each i, }'7_, ‘aij’ < oo, By Theorem 5.2.2 on Page 87, both of
the series };2, aij, Y.j_aij converge, the first one for every ;j and the second for every i.
Also, Y7, T2 aijf| < X7, X2, [T ai| S TR, X7 |aij| < eosoby
Theorem 5.2.2 again, Y7, Y7, aij, Y=, Y7, aij both exist. It only remains to verify they
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are equal. By similar reasoning you can replace a;; with Rea;; or with Ima;; in the above
and the two sums will exist.

The real part of a finite sum of complex numbers equals the sum of the real parts.
Then passing to a limit, it follows Re}.7" .3 a;j = }7-, Y;2 Rea;; and similarly, one
can conclude that Im)'” . Z;-c':r ai; =Y, Z;":,Ima,-j. Note 0 < (‘aiﬂ +Rea,-j) <2 aij| .
Therefore, by Theorem 5.5.3 and Theorem 5.1.5 on Page 86

Y Y fag+ ¥ Y Rea; = XX (Jay| +Reay)

j=ri=r Jj=ri=r j=ri=r

(|aij| +Reai;) = ¥ )" |aij| + Y ) Reaj;

Il
s
 ngk

i=r j=r i=r j=r i=rj=r
= LY |ay[+} Y Reay
Jj=ri=r i=r j=r

and so
RCZ Za,-j = Z ZRea,-j = Z ZRCCIU = RCZ Za,'j
j=ri=r Jj=ri=r i=r j=r i=r j=r
Similar reasoning applies to the imaginary parts. Since the real and imaginary parts of the
two series are equal, it follows the two series are equal. Bl
One of the most important applications of this theorem is to the problem of multiplica-
tion of series.

Definition 5.5.5 et Yo, aiand Y ;.. b; be two series. For n > r, define
akbnkarr-
=r

ch =
k

The series Y ,._,.cp is called the Cauchy product of the two series.

It isn’t hard to see where this comes from. Formally write the following in the case
r=0:
(ao+ar+ax+az---)(bo+bi+by+b3--)
and start multiplying in the usual way. This yields
apbo + (aoby + boay) + (apby +ai1by +azby) + -+ -

and you see the expressions in parentheses above are just the ¢, forn =0,1,2,--- . There-
fore, it is reasonable to conjecture that }° .a; Y7 .b; = ¥, ¢, and of course there would
be no problem with this in the case of finite sums but in the case of infinite sums, it is
necessary to prove a theorem. The following is a special case of Merten’s theorem.

Theorem 5.5.6 Suppose Yi°.a; and } 7, bj both converge absolutely'. Then

(£ (£2)-£e

!Actually, it is only necessary to assume one of the series converges and the other converges absolutely. This
is known as Merten’s theorem and may be read in the 1974 book by Apostol listed in the bibliography.

where c, = Y] _, axbp_iir-
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Proof: Let p,y =1if r <k <nand py =0 if k > n. Then ¢, = Y, pukaibn—k+r-

Also,
Z ank |ak‘ |bn k+r| = Z ‘ak| Z Pnk ‘bn k+r|
=rn=r n=r
—ZlakIZIbn k+r\—ZIak\Z!b (k- r\—ZlakI Z || < eo.
m=r
Therefore, by Theorem 5.5.4
[==] n [} [}
Z Cn = Z Zakb” k+r = Z ankakbnkarr
n=rk=r n=rk=r

*Zakzpnkbn k+r*Zakan k+r = Zakzb u

5.6 Exercises

1.

Determine whether the following series converge absolutely, conditionally, or not at
all and give reasons for your answers.

@ X (-1)" 55 0 T (1" 35
(b) Ty (=) T I
n ! (g) Zn: (_1) n7
© Loy (=) 5t S
() Yoy (=1)" % (h) Loy (—1)" %
© I (1) fom () X (~1)" o

Suppose Y., a, converges. Can the same thing be said about } ", aﬁ? Explain.

A person says a series converges conditionally by the ratio test. Explain why his
statement is total nonsense.

A person says a series diverges by the alternating series test. Explain why his state-
ment is total nonsense.

Find a series which diverges using one test but converges using another if possible.
If this is not possible, tell why.

IfY, ,a, and Y, b, both converge, can you conclude the sum, }" | a,b, con-
verges?

If Y, a, converges absolutely, and b, is bounded, does Y ~_, a,b, always converge?
What if it is only the case that )" | a, converges?

Prove Theorem 5.4.4. Hint: For Y5 | (—1)" b,, show the odd partial sums are all no
larger than Y, (—1)" b, and are increasing while the even partial sums are at least
as large as Y| (—1)" b, and are decreasing. Use this to give another proof of the
alternating series test. If you have trouble, see most standard calculus books.
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10.

11.
12.

13.
14.

15.

16.

17.

CHAPTER 5. INFINITE SERIES OF NUMBERS

Use Theorem 5.4.4 in the following alternating series to tell how large n must be so
that |Y5  (=1) ax — Y7, (—1)* ag| is no larger than the given number.

@ Y (—-1)*L 001

(b) Yoy (1) kiz .001
© X, (-1 17 001

Consider the series Y7 (—1)" \/ﬁ Show this series converges and so it makes

2
sense to write (Z/}”:o (—1)" \/nlﬁ) . What about the Cauchy product of this series?

Does it even converge? What does this mean about using algebra on infinite sums as
though they were finite sums?

Verify Theorem 5.5.6 on the two series } ;" 2% and Yo 37k,

You can define infinite series of complex numbers in exactly the same way as infinite
series of real numbers. That is w =Y ;> | zx means: For every € > 0 there exists N
such that if n > N, then |w —Y}_, zx| < €. Here the absolute value is the one which
applies to complex numbers. = Va?+b2. Show that if {a,} is a
decreasing sequence of nonnegative numbers with the property that lim,_,.a, =0
and if @ is any complex number which is not equal to 1 but which satisfies || =1,
then Y | @"a, must converge. Note a sequence of complex numbers, {a, + ib,}
converges to a + ib if and only if a, — a and b,, — b. See Problem 6 on Page 66.
There are quite a few things in this problem you should think about.

Suppose limy_,., s = s. Show it follows lim;, e 1 ZZ:I Sp=S.
Using Problem 13 show that if }'77 converges then it follows
lim, oo 2 ¥ aj = 0.

Show that if {p;};, are the prime numbers, then };° 1%1 = oo, That is, there are
enough primes that the sum of their reciprocals diverges. Hint: Let 7 (n) denote the
number of primes less than equal to n, { P1s-s Pa(n) } Then explain why

noq noq n (n) (n) 2y L
Eie(f) (50 ) <Tlity <Tlom -t
k=1 (n) k=1

k=1P1 1Pn =1

and consequently why limy,_,. 7T (n) = o0 and Y5 |

1l_-w
o .
. . . 2\ 172 .
Verify the allegation about the Euclidean norm |x| = ( e ) that F? with

the Euclidean norm yields the same Cauchy sequences, compact sets, and open and
closed sets as F” with the norm ||-|.

Suppose S is an uncountable set and suppose f (s) is a positive number for each s € S.
Also let S denote a finite subset of S. Show that

sup{Zf(s):SgS}m
SES



Chapter 6

Continuous Functions

The concept of function is far too general to be useful in calculus. There are various ways
to restrict the concept in order to study something interesting and the types of restrictions
considered depend very much on what you find interesting. In Calculus, the most funda-
mental restriction made is to assume the functions are continuous. Continuous functions
are those in which a sufficiently small change in x results in a small change in f (x). They
rule out things which could never happen physically. For example, it is not possible for a
car to jump from one point to another instantly. Making this restriction precise turns out to
be surprisingly difficult although many of the most important theorems about continuous
functions seem intuitively clear.

Before giving the careful mathematical definitions, here are examples of graphs of func-
tions which are not continuous at the point xo.

You see, there is a hole in the picture of the graph of this function and instead of
filling in the hole with the appropriate value, f (xo) is too large. This is called a removable
discontinuity because the problem can be fixed by redefining the function at the point xg.
Here is another example.

You see from this picture that there is no way to get rid of the jump in the graph of
this function by simply redefining the value of the function at xy. That is why it is called
a nonremovable discontinuity or jump discontinuity. Now that pictures have been given of
what it is desired to eliminate, it is time to give the precise definition.

The definition which follows, due to Bolzano, Cauchy1 Bolzano, and Weierstrass and

! Augustin Louis Cauchy 1789-1857 was the son of a lawyer who was married to an aristocrat. He was born
in France just after the fall of the Bastille and his family fled the reign of terror and hid in the countryside till it
was over. Cauchy was educated at first by his father who taught him Greek and Latin. Eventually Cauchy learned
many languages.

101
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Weierstrass® is the precise way to exclude the sort of behavior described above and all
statements about continuous functions must ultimately rest on this definition from now
on or something which is equivalent to it. I am going to present this in the context of
functions which are defined on D (f) C F? having values in F? where p,q are positive
integers because it is no harder. However, in most of the applications in this book, D (f)
will be in R or C.

Definition 6.0.1 A function f: D(f) CFP — F9 is continuous at x € D (f) if for
each € > 0 there exists § > 0 such that whenever'y € D (f) and ||y — x|| < & it follows that
IIf (x) = f ()|l < €. A function f is continuous if it is continuous at every point of D (f).

If f has values in F?, it is of the form x — (fi (x),---, f, (x)) where the f; are real
valued functions.

In sloppy English this definition says roughly the following: A function f is continuous
at x when it is possible to make f(y) as close as desired to f (x) provided y is taken close
enough to x. In fact this statement in words is pretty much the way Cauchy described it.
The completely rigorous definition above is usually ascribed to Weierstrass.

If you are like me, you may find the following equivalent description of continuity
easier to remember and use. I don’t have a very good reason why this is so, but it seems to
be the case, at least for many people. I will use either definition whenever convenient.

Theorem 6.0.2 4 function f is continuous if and only if whenever x, — x with
Xn,X € D(f), it follows that f(x,) — f(x). In words, convergent sequences get taken
fo convergent sequences.

Proof: = Suppose x, — x as described. I need to verify that f (x,) — f(x). I know
that for any € > 0 there exists a suitable § such that the conditions of continuity hold. I also
know that, since x,, — x, eventually, for all n large enough, ||x,, — x|| < 8. Therefore, for all
n large enough, ||f (x) — f (x,)|| < €, but this is the definition of what it means to say that

f () = f ().

After the reign of terror, the family returned to Paris and Cauchy studied at the university to be an engineer but
became a mathematician although he made fundamental contributions to physics and engineering. Cauchy was
one of the most prolific mathematicians who ever lived. He wrote several hundred papers which fill 24 volumes.
He also did research on many topics in mechanics and physics including elasticity, optics and astronomy. More
than anyone else, Cauchy invented the subject of complex analysis. He is also credited with giving the first
rigorous use of continuity in terms of €,0 arguments in some of his work, although he clung to the notion of
infinitesimals. He might have his name associated with more important topics in mathematics and engineering
than any other person. He was a devout Catholic, a royalist, adhering to the Bourbons, and a man of integrity and
principle, according to his understanding.

He married in 1818 and lived for 12 years with his wife and two daughters in Paris till the revolution of 1830.
Cauchy was a “Legitimist” and refused to take the oath of allegiance to the new ruler, Louis Philippe because
Louis was not sufficiently Bourbon, and ended up leaving his family and going into exile for 8 years. It wasn’t
the last time that he refused to take such an oath.

Notwithstanding his great achievements he was not a popular teacher.

2Wilhelm Theodor Weierstrass 1815-1897 brought calculus to essentially the state it is in now. When he was
a secondary school teacher, he wrote a paper which was so profound that he was granted a doctor’s degree. He
made fundamental contributions to partial differential equations, complex analysis, calculus of variations, and
many other topics. He also discovered some pathological examples such as nowhere differentiable continuous
functions. Cauchy and Bolzano were the first to use the € § definition presented here but this rigorous definition
is associated more with Weierstrass. Cauchy clung to the notion of infinitesimals and Bolzano’s work was not
readily available. The need for rigor in the subject of calculus was only realized over a long period of time and
this definition is part of a trend which went on during the nineteenth century to define exactly what was meant.
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< Suppose the sequence condition holds. Why is f continuous at x? If it isn’t, then
there exists € > 0 for which there is no suitable definition from the definition of continuity.
Hence 1/n is not a suitable 0 for this €. It follows that there exists x,, such that ||x, —x|| <
1/nand yet ||f (x,) — f (x)|| > €. But then x,, — x and f (x,) - f (x) where the symbol -
indicates that f (x,) does not converge to f (x). Hence f must be continuous at x after all.
|

This definition or its equivalent formulation rules out the sorts of graphs drawn above.

Consider the second nonremovable discontinuity. The removable discontinuity case is
similar. You could let x, — xp where each x,, < x¢ and the limit of f (x,) will fill in the hole
at the bottom of the graph although the actual value of the function at f (xg) is larger. Thus
S (xn) = f(x0) so f is not continuous at x.

Notice that the concept of continuity as described in the definition is a point property.
That is to say it is a property which a function may or may not have at a single point. Here
is an example.

Example 6.0.3 Ler
fx) =

x if x is rational
0 if x is irrational ~

This function is continuous at x = 0 and nowhere else.

If x, — 0, then | f (x,)| < |x,| and |x,| — O so it follows that f (x,) — 0= f(0) and
so the function is continuous at 0. However, if x # 0 and rational, you could consider a
sequence of irrational numbers converging to x, {x,} and f(x,) =0—0# f(x). If x
is irrational, you could pick a sequence of rational numbers {x,} converging to x and so
S (xn) =xn — x # f(x). Here is another example.

Example 6.0.4 Show the function f (x) = —5x+ 10 is continuous at x = —3.

To do this, note first that f(—3) = 25 and it is desired to verify the conditions for
continuity. Consider the following. |—5x+ 10— (25)| =5 |x— (=3)|.

This allows one to find a suitable &. If € > 0 is given, let 0 < § < %8. Then if 0 <
|x—(=3)| < 6, it follows from this inequality that |—5x+ 10— (25)] = 5|]x—(=3)| <
Sle=e.

Sometimes the determination of § in the verification of continuity can be a little more
involved. Here is another example.

Example 6.0.5 Show the function f (x) = \/2x+ 12 is continuous at x = 5.

First note f (5) = v/22. Now consider: ‘\/Zx—i— 12— \/22‘ = ’%

2 |
S <—VDlx—5
N raay P ARl TRt

whenever |x — 5| < 1 because for such x,/2x+ 12 > 0. Now let € > 0 be given. Choose &
such that 0 < § < min (1, 5‘427) . Then if |x — 5| < &, all the inequalities above hold and

2 2 eV
\/2x+12—\/22|<—x—5 <= —¢
’ S A T
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Example 6.0.6 Show f (x) = —3x% +7 is continuous at x = 7.

Suppose x;,, — x. Then by the theorem on limits, Theorem 4.4.8, —3xﬁ +7 — =32 +7
and so this function is continuous at x. In particular, it is continuous at 7.

Proposition 6.0.7 For x € F?, and S CF? S # 0, let
inf{||x —s|| : s € S} = dist(x,5)

Then
|dist (x,S) —dist (y,5)| < [|x— ]| (%)

so dist : F? — R is continuous.

Proof: One of dist (x,S),dist (y,S) is larger. Say dist (y,S) > dist (x,S) . Then pick § € §
such that dist (x,S) + & > |[x—§|| . Then

|dist (x,S) —dist (y,S)]

dist (y,S) — dist (x,$) < [ly =8| = (llx— 8] — &)
[y =xll+[x =S8l = (xSl —&) < [ly—xl +&

IN

If dist (x,S) > dist(y,S), reverse x,y in the argument. Since € is arbitrary, this shows .
Then letting § = € in the definition for continuity shows x — dist (x, S) is continuous. Hl

The following is a useful theorem which makes it easy to recognize many examples of
continuous functions.

Theorem 6.0.8 7ne following assertions are valid

1. The function af + bg is continuous at x when f, g are continuous at x € D (f)ND(g)
and a,b € F.

2. If f has values in F9 and g has values in F are each continuous at x, then fg is
continuous at x. If, in addition to this, g (x) # 0, then f/g is continuous at x.

3. If f is continuous at x, f (x) € D(g) C F?, and g is continuous at f (x) ,then go f is
continuous at x.

4. The function f :FP — R, given by f (x) = ||x|| is continuous.

Proof: All of these follow immediately from the theorem about limits of sequences,
Theorem 4.4.8, and the equivalent definition of continuity given above, Theorem 6.0.2. For
example, consider the third claim about the composition of continuous functions. Suppose
X, — x. Then by continuity of f, f (x,) — f(x) and now, by continuity of g,g (f (x,)) —
g (f (x)). The other claims are similar. H

6.1 Continuity at Every Point of D (f)

Next is a useful property of continuous functions which has to do with preserving order.

Theorem 6.1.1 suppose f: D(f) — R is continuous at x € D(f) and suppose
f(xn) <1 (>1) for all n sufficiently large, where {x,} is a sequence of points of D(f)
which converges to x. Then f (x) <I1(>1).
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Proof: Since f(x,) <[ and f is continuous at x, it follows from Theorem 4.4.13 and
Theorem 6.0.2, f (x) = lim, o f (x,) < . The other case is entirely similar. H
Now here is the main result about inverse images and continuity at every point.

Theorem 6.1.2 4 function f is continuous at every point of its domain D (f) if and
only if either of the two equivalent conditions hold. For

S ={xeD(f): f(x) €5},
1. =Y (V) =UnND(f) for some U open wheneverV is open.

2. f~Y(H) = CND(f) for some C closed whenever H is closed.

Proof: Continuous = 1. Letx € f~! (V) so f(x) € B(f (x),€&,) C V for some &, > 0.
Then by continuity, there is 8, > 0 such that f (B (x,6,) D (f)) C B(f(x),&x) CV and
s0, letting U = Uy p-1()B (x, 8x) , it follows that fFLvy=unD(f).

1. = Continuous. You could pick a particular open set B(f(x),€) =V and then
1 (V)=UnD(f) foropen U and so if x € f~! (V) then there is &, such that B (x,§,) C
U and soif y € B(x,8,)ND(f), then f(y) € B(f(x),€) which is the standard definition
of continuity at x.

1. = 2. Let H be closed. Then HC is open and so f~' (H®) = U ND(f) for U open.
But then /= (H) = U ND(f) where UC is closed. (D (f)=f~"(H)Uf~'(H))

2.= 1. Let U be open. Then U€ is closed and so f~! (US) = CND(f) for a closed
set C. But then C° N D (f) = f~' (U) where C€ is open. B

This suggests the following definition.

Definition 6.1.3 et S bea nonempty set. Then one can define relatively open and
relatively closed subsets of S as follows. A set O C S is relatively open if O = U NS where
U is open. A set K C S is relatively closed if there is a closed set C such that K = SNC.

In words, the above theorem says that a function is continuous at every point of its
domain if and only if inverse images of open sets are relatively open if and only if inverse
images of closed sets are relatively closed.

6.2 Exercises

1. Let f(x) =2x+7. Show f is continuous at every point x. Hint: You need to let
€ > 0 be given. In this case, you should try § < £/2. Note that if one § works in the
definition, then so does any smaller §.

2. Suppose D(f) =[0,1]U{9} and f(x) = x on [0,1] while f(9) = 5. Is f continuous
at the point, 9? Use whichever definition of continuity you like.

3. Let f(x) = x>+ 1. Show f is continuous at x = 3. Hint: Consider the follow-
ing which comes from algebra. |f (x) = f(3)| = |2 +1—(9+1)| = [x+3|[x—3].
Thus if |x—3| < 1, it follows from the triangle inequality, |x| < 14+3 =4 and so
|f (x) — f(3)] < 4]x—3|. Complete the argument by letting 6 < min(1,€/4). The
symbol, min means to take the minimum of the two numbers in the parenthesis.

4. Let f(x) = 2x*+ 1. Show f is continuous at x = 1.
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10.

11.

12.
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. Let f(x) = x> 42x. Show f is continuous at x = 2. Then show it is continuous at

every point.

Let f(x) = |2x+3|. Show f is continuous at every point. Hint: Review the two
versions of the triangle inequality for absolute values.

Let f(x) = ﬁ Show f is continuous at every value of x.

If x € R, show there exists a sequence of rational numbers, {x,} such that x,, — x and
a sequence of irrational numbers, {x/,} such that x/, — x. Now consider the following

function.
¥ (x) . 1 if x is rational
~ 1 Oif xis irrational

Show using the sequential version of continuity in Theorem 6.0.2 that f is discontin-
uous at every point.

If x € R, show there exists a sequence of rational numbers, {x, } such that x, — x and
a sequence of irrational numbers, {x}, } such that x), — x. Now consider the following
function.

(x) = x if x is rational
fx) = 0 if x is irrational

Show using the sequential version of continuity in Theorem 6.0.2 that f is continuous
at 0 and nowhere else.

Suppose y is irrational and y, — y where y, is rational. Say y, = p,/g,. Show that
lim,,_, g, = o=. Now consider the function

[ 0if xis irrational
)= é ifx= 5 where the fraction is in lowest terms

Show that f is continuous at each irrational number and discontinuous at every
nonzero rational number.

Suppose f is a function defined on R. Define

05 f (x) = sup{|f (y) = f ()| : y,z € B(x,8)}

Note that these are decreasing in 6. Let @ f (x) = infg-o @5 f (x). Explain why f is
continuous at x if and only if @ f (x) = 0. Next show that

o e 1
{X: a)f(x) = 0} = Mip=1 Yp=1 {X: w(]/n)f(x) < m}
Now show that U;> | {x: @1/, f (x) < 1} is an open set. Explain why the set of
points where f is continuous must always be a G5 set. Recall that a G set is the
countable intersection of open sets.

Show that the set of rational numbers is not a G set. That is, there is no sequence
of open sets whose intersection is the rational numbers. Extend to show that no
countable dense set can be Gg. Using Problem 11, show that there is no function
which is continuous at a countable dense set of numbers but discontinuous at every
other number.
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13.

14.

15.

16.

17.

18.

19.
20.
21.
22.

23.

Use the sequential definition of continuity described above to give an easy proof of
Theorem 6.0.8.

Let f(x) = /x show f is continuous at every value of x in its domain. For now,
assume +/x exists for all positive x. Hint: You might want to make use of the identity,
e _xy .

V=Y Vx5 At some point in your argument.

Using Theorem 6.0.8, show all polynomials are continuous and that a rational func-
tion is continuous at every point of its domain. Hint: First show the function given as
f (x) = x is continuous and then use the Theorem 6.0.8. What about the case where
x can be in F? Does the same conclusion hold?

Let f (x) = { (1) gi ; 8 and consider g (x) = f (x) (x —x°) . Determine where g is

continuous and explain your answer.

Suppose f is any function whose domain is the integers. Thus D (f) = Z, the set of
whole numbers, ---,—3,—2,—1,0,1,2,3,--- . Then f is continuous. Why? Hint: In
the definition of continuity, what if you let § = %? Would this § work for a given
€ > 07 This shows that the idea that a continuous function is one for which you can
draw the graph without taking the pencil off the paper is a lot of nonsense.

Give an example of a function f which is not continuous at some point but |f] is
continuous at that point.

Find two functions which fail to be continuous but whose product is continuous.
Find two functions which fail to be continuous but whose sum is continuous.
Find two functions which fail to be continuous but whose quotient is continuous.

Suppose f is a function defined on R and f is continuous at 0. Suppose also that
Ff(x+y)=f(x)+ f(y). Show that if this is so, then f must be continuous at every
value of x € R. Next show that for every rational number, r, f(r) = rf(1). Finally
explain why f (r) = rf (1) for every r a real number. Hint: To do this last part, you
need to use the density of the rational numbers and continuity of f.

Show that if r is an irrational number and 22 — r where p,, ¢, are positive integers,
then it must be that p, — o and g;, — oo. Hint: If not, extract a convergent subse-
quence for p, and g, argue that to which these converge must be integers. Hence r
would end up being rational.

6.3 The Extreme Values Theorem

The extreme values theorem says continuous functions achieve their maximum and mini-
mum provided they are defined on a sequentially compact set.

Example 6.3.1 Let f(x) =1/xforx e (0,1).

Clearly, f is not bounded. Does this violate the conclusion of the above lemma? It does
not because the end points of the interval involved are not in the interval. The same function
defined on [.000001, 1) would have been bounded although in this case the boundedness of
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the function would not follow from the above lemma because it fails to include the right
endpoint.
The next theorem is known as the max min theorem or extreme value theorem.

Theorem 6.3.2 Lok C F? be sequentially compact and let f : K — R be continu-
ous. Then f achieves its maximum and its minimum on K. This means there exist, x1,x; € K
such that for all x e K, f (x1) < f (x) < f(x2).

Proof: Let A = sup{f(x) :x € K}. Then if / < A, there exists x € K such that f (x) >/
since otherwise, A is not as defined since ! would be a smaller upper bound. Thus there
exists a sequence {x,} € K such that lim,_,e f (x,) = A. This is called a maximizing se-
quence. Since K is sequentially compact, there exists a subsequence {x,,k } which converges
to x € K. Therefore, A = limy_seo f (xn,) = f (x) so f achieves its maximum value. A simi-
lar argument using a minimizing sequence and 1 = inf{f (x) : x € K} shows f achieves its
minimum value on K. B

In fact a continuous function takes compact sets to compact sets. This is another of
those big theorems which tends to hold whenever it makes sense. Therefore, I will be
vague about the domain and range of the function f.

Theorem 6.3.3 Let D(f) D K where K is a compact set. Then f(K) is also com-
pact.

Proof: Suppose % is an open cover of f (K). Then by Theorem 6.1.2, since f is con-
tinuous, it satisfies the inverse image of open sets being open condition. For U € ¥,

F 1 (U) =0y ND(f), where Oy is open

Thus {Oy : U € €'} is an open cover of K. Hence there exist {Oy,,---,0y,} each open
whose union contains K. It follows that {U),---,U,} is an open cover of f (K). B

You could also do the following: If { f (x,)} is a sequence in f (K), then there is a sub-
sequence {xnk} such that limy_,.. x,, = x € K by compactness of K. Hence by continuity,
f(xn,) = f(x) € £(K) so f(K) is sequentially compact. By Theorem 4.8.17, f(K) is
compact.

6.4 The Intermediate Value Theorem

The next big theorem is called the intermediate value theorem and the following picture
illustrates its conclusion. It gives the existence of a certain point. This theorem is due to
Bolzano around 1817. He identified completeness of R as the reason for its validity.

y (b, (b))
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You see in the picture there is a horizontal line, y = ¢ and a continuous function which
starts off less than ¢ at the point a and ends up greater than c at point b. The intermediate
value theorem says there is some point between a and b shown in the picture as z such that
the value of the function at this point equals c. It may seem this is obvious but without
completeness the conclusion of the theorem cannot be drawn. Nevertheless, the above
picture makes this theorem very easy to believe.

Proposition 6.4.1 Suppose f : [a,b] — R is continuous and suppose

fla)f(b) <0.
Then there exists x € [a,b] such that f (x) = 0.

Proof: When we have an interval [a,,b,] in this argument, ¢, will be the midpoint
(an+by) /2. Letag = a,by = b. If [a,, b,) has been chosen such that f (a,) f(b,) <0, con-
sider [a,, cy] and [c,, by]. Either f (a,) f (¢n) <0 or f(cy) f (by) < 0 since if both products
are positive, then f (a,) and f (b,) are either both positive or both negative contradicting
f(ay) f(by) <0. Pick one of the intervals for which the product is non-positive. Let the
left endpoint be a,+; and the right endpoint be b,,11 s0 f(a,+1) f (bys1) < 0. Now these
nested intervals have exactly one point in their intersection because they have diameters
converging to 0. Call it x. Then (f (x))* = limy_e. f (ay) f (by) < 0. This is by Theorem
6.1.1. Thus f(x) =0. H

It is easy to generalize this Proposition.

Theorem 6.4.2 Suppose f : [a,b] — R is continuous and suppose either f (a) < c¢ <
F(b) or f(a) > c> f(b). Then there exists x € (a,b) such that f (x) = 0.

Proof: Apply the above proposition to g (x) = f (x) — ¢ obtaining a point x € (a,b) with
gx)=f(x)—c=0.1

Lemma 6.4.3 Let ¢ : [a,b] — R be a continuous function and suppose ¢ is one to one,
written as 1 — 1 on (a,b). Then ¢ is either strictly increasing or strictly decreasing on
[a,b].

Proof: First it is shown that ¢ is either strictly increasing or strictly decreasing on
(a,b).
If ¢ is not strictly decreasing on (a,b), then there exists x; < y1, x1,y1 € (a,b) such that

(@ (1) =9 (x1) (1 —x1) > 0.

If for some other pair of points, x, < y, with x,y, € (a,b), the above inequality does not
hold, then since ¢ is 1 — 1,

(¢ (32) — ¢ (x2)) (2 —x2) <O0.
Letx, =tx;+ (1 —¢)xy and y, =ty; + (1 — 1) y2. Then x; <y, for all 7 € [0, 1] because
tx; <ty; and (1 —1)x < (1 —t)yz

with strict inequality holding for at least one of these inequalities since not both ¢ and
(1 —¢) can equal zero. Now define

h(t) = (0 (v) = ¢ () (v —xi).



110 CHAPTER 6. CONTINUOUS FUNCTIONS

Since 4 is continuous and %(0) < 0, while (1) > 0, there exists # € (0,1) such that
h(t) = 0. Therefore, both x, and y, are points of (a,b) and ¢ (y;) — ¢ (x;) = O contradicting
the assumption that ¢ is one to one. It follows ¢ is either strictly increasing or strictly
decreasing on (a,b).

This property of being either strictly increasing or strictly decreasing on (a,b) carries
over to [a,b] by the continuity of ¢. Suppose ¢ is strictly increasing on (a,b). (A similar
argument holds for ¢ strictly decreasing on (a,b).) If x > a, then let z, be a decreasing
sequence of points of (a,x) converging to a. Then by continuity of ¢ at a,

0 (@)= lim §.(2) < 0 (21) < ().
Therefore, ¢ (a) < ¢ (x) whenever x € (a,b) . Similarly ¢ (b) > ¢ (x) for all x € (a,b). B

Corollary 6.4.4 Let f: (a,b) — R be one to one and continuous. Then f ((a,b)) is an
open interval, (c,d) and = : (¢,d) — (a,b) is continuous.

Proof: Since f is either strictly increasing or strictly decreasing, it maps open intervals
to open intervals. Letting / be an open interval, ( f’l)_1 (I) = f(I) which is an open
interval. Therefore, if V is open, (f*‘)_1 (V) = (f*‘)_1 (Urevly) = Urey (f*')_1 (L)
which is an open set because it is the union of open sets. Here x € I, C V and the open
interval I, exists because V is open. By Theorem 6.1.2, f~! is continuous. H

6.5 Connected Sets

Some sets are connected and some are not. The term means roughly that the set is in
one “one piece”. The concept is a little tricky because it is defined in terms of not being
something else. In some of the theorems below, I will be vague about where the sets
involved in the discussion are because it is often the case that it doesn’t matter. However,
you can think of the sets as being in F” where F is either R or C. First recall the following
definition.

Definition 6.5.1 Ler S be a set. Then S , called the closure of S consists of SUS’
where S’ denotes the set of limit points of S.

Recall Corollary 4.8.12 which says that SUS’, denoted as S is the intersection of all
closed sets which contain S and is a closed set.
Note that it is obvious from the above definition that if S C T, then S C T.

Definition 6.5.2 A set S is said to be separated if it is of the form
S=AUB, where ANB=BNA=0
A set S is connected if it is not separated.

Example 6.5.3 Consider S = [0,1) U (1,2]. This is separated. Therefore, it is not con-
nected.

To see this, note that [0, 1) = [0, 1] which has empty intersection with (1,2]. Similarly

(1,2] = [1,2] and has empty intersection with [0, 1).
One of the most important theorems about connected sets is the following.
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Theorem 6.5.4 Suppose U and V are connected sets having nonempty intersection.
Then U UV is also connected.

Proof: Suppose U UV = AUB where ANB = BNA = 0. Consider the sets ANU and

BNU. Since
(ANU)N(BNU)=(ANU)N(BNU) =0,

It follows one of these sets must be empty since otherwise, U would be separated. It follows
that U is contained in either A or B. Similarly, V must be contained in either A or B. Since
U and V have nonempty intersection, it follows that both V and U are contained in one of
the sets A, B. Therefore, the other must be empty and this shows U UV cannot be separated
and is therefore, connected. W

How do connected sets relate to continuous real valued functions?

Theorem 6.5.5 Let £: X — R be continuous where X is connected. Then f (X) is
also connected.

Proof: To do this you show f(X) is not separated. Suppose to the contrary that
f(X) =AUB where A and B separate f (X). Then consider the sets f~! (A) and f~' (B).
If z€ f~1(B), then f(z) € B and so f(z) is not a limit point of A. Therefore, there exists
an open ball U of radius € for some € > 0 containing f (z) such that U NA = 0. But then,
the continuity of f and the definition of continuity imply that there exists 6 > 0 such that
f(B(z,8)) C U. Therefore z is not a limit point of f~!(A). Since z was arbitrary, it fol-
lows that f~!(B) contains no limit points of f~!(A). Similar reasoning implies f~' (A)
contains no limit points of f~! (B). It follows that X is separated by f~! (A) and f~! (B),
contradicting the assumption that X was connected. ll

On R the connected sets are pretty easy to describe. A set, [ is an interval in R if and
only if whenever x,y € I then (x,y) C I. The following theorem is about the connected sets
in R.

Theorem 6.5.6 A set C in R is connected if and only if C is an interval.

Proof: Let C be connected. If C consists of a single point p, there is nothing to prove.
The interval is just [p, p]. Suppose p < g and p,q € C. You need to show (p,q) C C. If
x € (p,q)\C,let CN(—o0,x) =A, and CN (x,%0) = B. Then C = AUB and the sets A and
B separate C contrary to the assumption that C is connected.

Conversely, let I be an interval. Suppose / is separated by A and B. Pick x € A and y € B.
Suppose without loss of generality that x < y. Now define the set, S = {t € [x,y] : [x,f] C A}
and let  be the least upper bound of S. Then [ € A so [ ¢ B which implies € A. Butif [ ¢ B,
then for some & > 0,

(l,I+8)NB=0

contradicting the definition of / as an upper bound for S. Therefore, [ € B which implies
[ ¢ A after all, a contradiction. It follows I must be connected. l

Another useful idea is that of connected components. An arbitrary set can be written
as a union of maximal connected sets called connected components. This is the concept of
the next definition.

Definition 6.5.7 Let S be a set and let p € S. Denote by Cj, the union of all con-
nected subsets of S which contain p. This is called the connected component determined by

p.
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Theorem 6.5.8 Le:c » be a connected component of a set S. Then C), is a connected
set and if C, NCy # 0, then C, = C,,.

Proof: Let ¢ denote the connected subsets of S which contain p. If C,, = AUB where
ANB=BNA =0, then p is in one of A or B. Suppose without loss of generality p € A.
Then every set of ¥ must also be contained in A since otherwise, as in Theorem 6.5.4, the
set would be separated. But this implies B is empty. Therefore, C, is connected. From this,
and Theorem 6.5.4, the second assertion of the theorem is proved. B

This shows the connected components of a set are equivalence classes and partition the
set.

Probably the most useful application of this is to the case where you have an open set
and consider its connected components.

Theorem 6.5.9 Let U be an open set on R. Then each connected component is
open. Thus U is an at most countable union of disjoint open intervals.

Proof: Let C be a connected component of U. Let x € C. Since U is open, there
exists 6 > 0 such that (x—0,x+ ) C U. Hence this open interval is also contained in C
because it is connected and shares a point with C which equals the union of all connected
sets containing x. Thus each component is both open and connected and is therefore, an
open interval. Each of these disjoint open intervals contains a rational number. Therefore,
there are countably many of them because there are countably many rational numbers.

That the rational numbers are at most countable is easy to see. You know the integers are
countable because they are the union of two countable sets. Thus Z x (Z\ {0}) is countable
because of Theorem 3.2.7. Now let 6 : Z x (Z\ {0}) — Q be defined as 6 (m,n) = . This
is onto. Hence Q is at most countable. This is sufficient to conclude there are at most
countably many of these open intervals.

To emphasize what the above theorem shows, it states that every open set in R is the
countable union of open intervals. It is really nice to be able to say this.

6.6 Exercises

1. Give an example of a continuous function defined on (0, 1) which does not achieve
its maximum on (0,1).

2. Give an example of a continuous function defined on (0, 1) which is bounded but
which does not achieve either its maximum or its minimum.

3. Give an example of a discontinuous function defined on [0, 1] which is bounded but
does not achieve either its maximum or its minimum.

4. Give an example of a continuous function defined on [0, 1) U (1,2] which is positive
at 2, negative at 0 but is not equal to zero for any value of x.

5. Let f (x) = x° +ax* + bx® + cx? + dx + e where a,b,c,d, and e are numbers. Show
there exists real x such that f (x) = 0.

6. Give an example of a function which is one to one but neither strictly increasing nor
strictly decreasing.
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7.

10.

11.

12.

13.

14.

15.

16.

17.

Show that the function f (x) = x" —a, where n is a positive integer and a is a number,
is continuous.

Use the intermediate value theorem on the function f (x) = x” — 8 to show v/8 must
exist. State and prove a general theorem about n'” roots of positive numbers.

Prove /2 is irrational. Hint: Suppose v/2 = p/q where p, g are positive integers and
the fraction is in lowest terms. Then 2¢> = p? and so p? is even. Explain why p = 2r
so p must be even. Next argue g must be even.

Let f(x) = x — /2 for x € Q, the rational numbers. Show that even though f (0) <
0 and f(2) > 0, there is no point in Q where f(x) = 0. Does this contradict the
intermediate value theorem? Explain.

It has been known since the time of Pythagoras that /2 is irrational. If you throw out
all the irrational numbers, show that the conclusion of the intermediate value theorem
could no longer be obtained. That is, show there exists a function which starts off
less than zero and ends up larger than zero and yet there is no number where the
function equals zero. Hint: Try f (x) = x*> — 2. You supply the details.

A circular hula hoop lies partly in the shade and partly in the hot sun. Show there
exist two points on the hula hoop which are at opposite sides of the hoop which
have the same temperature. Hint: Imagine this is a circle and points are located by
specifying their angle, 6 from a fixed diameter. Then letting T (0) be the temperature
in the hoop, T (04 2x) =T (6). You need to have T (0) = T (6 + «) for some 6.
Assume T is a continuous function of 6.

A car starts off on a long trip with a full tank of gas. The driver intends to drive the
car till it runs out of gas. Show that at some time the number of miles the car has
gone exactly equals the number of gallons of gas in the tank.

Suppose f is a continuous function defined on [0, 1] which maps [0, 1] into [0, 1].
Show there exists x € [0, 1] such that x = f (x) . Hint: Consider /# (x) =x— f (x) and
the intermediate value theorem. This is a one dimensional version of the Brouwer
fixed point theorem.

Let f be a continuous function on [0, 1] such that f(0) = f(1). Let n be a positive

integer larger than 2. Show there must exist ¢ € [0,1— 1] such that f (c+1) =
f(c). Hint: Consider h(x) = f (x+ %) — f(x). Consider the subintervals [%, %]
fork=1,--- ,n— 1. You want to show that & equals zero on one of these intervals. If
h changes sign between two successive intervals, then you are done. Assume then,
that this does not happen. Say A remains positive. Argue that f(0) < f (%) . Thus

FEN > (1) =f(=L+1) It follows that A (1 — 1) <O buth (1-2) > 0.

Use Theorem 6.5.5 and the characterization of connected sets in R to give a quick
proof of the intermediate value theorem.

A set is said to be totally disconnected if each component consists of a single point.
Show that the Cantor set is totally disconnected but that every point is a limit point
of the set. Hint: Show it contains no intervals other than single points.
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18. A perfect set is a non empty closed set such that every point is a limit point. Show
that no perfect set in R can be countable. Hint: You might want to use the fact that
the set of infinite sequences of 0 and 1 is uncountable. Show that there is a one to
one mapping from this set of sequences onto a subset of the perfect set.

19. Suppose f: K — R where K is a compact set and f is continuous. Show that f
achieves its maximum and minimum by using Theorem 6.3.3 and the characteri-
zation of compact sets in R given earlier which said that such a set is closed and
bounded. Hint: You need to show that a closed and bounded set in R has a largest
value and a smallest value.

6.7 Uniform Continuity

There is a theorem about the integral of a continuous function which requires the notion of
uniform continuity. Uniform continuity is discussed in this section. Consider the function
f(x) =1 for x € (0,1). This is a continuous function because, by Theorem 6.0.8, it is
continuous at every point of (0,1). However, for a given € > 0, the § needed in the €,6
definition of continuity becomes very small as x gets close to 0. The notion of uniform
continuity involves being able to choose a single § which works on the whole domain of f.
Here is the definition.

Definition 6.7.1 Le: f be a function. Then f is uniformly continuous if for every
€ > 0, there exists a 6 depending only on € such that if |x —y| < 6 then |f (x) — f (v)| < €.

It is an amazing fact that under certain conditions continuity implies uniform continuity.

Theorem 6.7.2 Let f 1 K — T be continuous where K is a sequentially compact set
in FP. Then f is uniformly continuous on K.

Proof: If this is not true, there exists € > 0 such that for every 6 > 0 there exists a pair
of points, xg and ys such that even though |xs —ys|| < &, || (xs) — f (vs)|| > €. Taking
a succession of values for § equal to 1,1/2,1/3,---, and letting the exceptional pair of
points for 8 = 1/n be denoted by x,, and yj,

1
[Pen =yl <= [1f (o) = f )| 2 &

Now since K is sequentially compact, there exists a subsequence, {xnk} such that x, —
z € K. Now n; > k and so Hx,,k —Ym H < % Consequently, y, — z also. x,, is like a person
walking toward a certain point and y,, is like a dog on a leash which is constantly getting
shorter. Obviously y,, must also move toward the point also. Indeed,

1
e =2l < e =2l =2} < 2 + [ =2

and the right side converges to 0 as k — co.
By continuity of f and Theorem 6.1.1,

0=|lf () = f @l = Jim [|f (vn,) = F () || > &,

an obvious contradiction. Therefore, the theorem must be true. ll
The following corollary follows from this theorem and Theorems 4.8.14, 4.8.13 which
give closed and bounded sets are sequentially compact.
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Corollary 6.7.3 Suppose K is any closed and bounded set in FP. Then if f is continuous
on K, it follows that f is uniformly continuous on K.

6.8 Exercises

1. A function f : F? — F9 is Holder continuous if there exists a constant, K such that

1f () = f D) < K[l =]

for all x,y € D. Show every Holder continuous function is uniformly continuous.
When a = 1, this is called a Lipschitz function or Lipschitz continuous function.

2. Let x — dist(x,S) be defined in Proposition 6.0.7. Show it is uniformly continuous
on FP.

3. If ||x;, — yu|| — O and x,, — z, show that y, — z also. This was used in the proof of
Theorem 6.7.2.

4. Consider f: (1,00) — R given by f(x) = 1. Show f is uniformly continuous even
though the set on which f is defined is not sequentially compact.

5. If f is uniformly continuous, does it follow that | f] is also uniformly continuous? If
| f] is uniformly continuous does it follow that f is uniformly continuous? Answer the
same questions with “uniformly continuous” replaced with “continuous”. Explain
why.

6. Let f: D — R be a function. This function is said to be lower semicontinuous® at
x € D if for any sequence {x,} C D which converges to x it follows

£ (@) <Tim inf £ (x,).

Suppose D is sequentially compact and f is lower semicontinuous at every point of
D. Show that then f achieves its minimum on D.

7. Let f: D — R be a function. This function is said to be upper semicontinuous at
x € D if for any sequence {x,} C D which converges to x it follows

£(x) > tim sup £ (x,).

n—yoo

Suppose D is sequentially compact and f is upper semicontinuous at every point of
D. Show that then f achieves its maximum on D.

8. Show that a real valued function is continuous if and only if it is both upper and
lower semicontinuous.

9. Give an example of a lower semicontinuous function which is not continuous and an
example of an upper semicontinuous function which is not continuous.

3The notion of lower semicontinuity is very important for functions which are defined on infinite dimensional
sets. In more general settings, one formulates the concept differently.
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10. Suppose {fx : @ € A} is a collection of continuous functions. Let
F(x)=inf{fy (x): a € A}
Show F is an upper semicontinuous function. Next let

G(x)=sup{fu(x): @ €A}
Show G is a lower semicontinuous function.

11. Let f be a function. epi (f) is defined as

{(ny) iy = f(0)}

It is called the epigraph of f. We say epi (f) is closed if whenever (x,,y,) € epi (f)
and x,, — x and y, — y, it follows (x,y) € epi(f). Show f is lower semicontinuous
if and only if epi (f) is closed. What would be the corresponding result equivalent to
upper semicontinuous?

12. Suppose K C [P is a compact set and f : K — 4 is continuous and one to one. Show
that f~!: f(K) — K is continuous.

6.9 Sequences and Series of Functions

When you understand sequences and series of numbers it is easy to consider sequences and
series of functions.

Definition 6.9.1 4 sequence of functions is a map defined on N or some set of inte-
gers larger than or equal to a given integer, m which has values which are functions. It is
written in the form {f,}, _, where f, is a function. It is assumed also that the domain of
all these functions is the same.

In the above, where do the functions have values? Are they real valued functions? Are
they complex valued functions? Are they functions which have values in R"? It turns out
it does not matter very much and the same definition holds. However, if you like, you can
think of them as having values in F. This is the main case of interest here.

Example 6.9.2 Suppose f, (x) = x" for x € [0,1]. Here is a graph of the functions f (x) =

x,x2, 3, x4 2.

Definition 6.9.3 L. {fu} be a sequence of functions. Then the sequence converges
pointwise to a function f if for all x € D, the domain of the functions in the sequence,

f(x) = lim f, (x)

n—yeo

This is always the definition regardless of where the f, have their values.
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Thus you consider for each x € D the sequence {f;, (x)} and if this sequence converges
for each x € D, the thing it converges to is called f (x).

Example 6.9.4 In Example 6.9.2 find lim,,_,c f;.

Forx €[0,1),limyex™ = f, (x) =0. Atx =1, f,, (1) = 1 for all n so lim, 0 f (1) = 1.
Therefore, this sequence of functions converges pointwise to the function f (x) given by
f(x)=0if 0 <x < 1and f(1) = 1. However, given small € > 0, and n, there is always
some x such that |f (x) — f, (x)| > €. Just pick x less than 1 but close to 1. Then f(x) =0
but f,, (x) will be close to 1.

Pointwise convergence is a very inferior thing but sometimes it is all you can get. It’s
undesirability is illustrated by Example 6.9.4. The limit function is not continuous although
each f,, is continuous. Now here is another example of a sequence of functions.

Example 6.9.5 Let f, (x) = Lsin (n’x).

T n

In this example, |, (x)| < 1 so this function is close to 0 for all x at once provided n is
large enough. There is a difference between the two examples just given. They both involve
pointwise convergence, but in the second example, the pointwise convergence happens for
all x at once. In this example, you have uniform convergence.

Definition 6.9.6 L. {fu} be a sequence of functions defined on D. Then {f,} is
said to converge uniformly to f if it converges pointwise to f and for every € > 0 there
exists N such that for all n > N, sup,cp |f (x) — fn (x)] < €

The following picture illustrates the above definition.

The dashed lines define a small tube centered about the graph of f and the graph of the
function f;, fits in this tube for all » sufficiently large. In the picture, the function f is being
approximated by f;, which is very wriggly.

The reason uniform convergence is desirable is that it drags continuity along with it and
imparts this property to the limit function.

Theorem 6.9.7 Le: {fu} be a sequence of functions defined on D which are contin-
uous at z and suppose this sequence converges uniformly to f. Then f is also continuous at
z. If each f,, is uniformly continuous on D, then f is also uniformly continuous on D.

Proof: Let € > 0 be given and pick z € D. By uniform convergence, there exists N such
that if n > N, then for all x € D,

If () = S (x)| < &/3. 6.1

Pick such an n. By assumption, f, is continuous at z. Therefore, there exists § > 0 such
that if |z — x| < 0 then | f, (x) — £ (z)| < €/3. It follows that for |x —z| < &,

f) =@ < )= fa@l+1fa () =@+ 12 (2) = £ ()]
< €/3+¢/3+¢€/3=¢
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which shows that since € was arbitrary, f is continuous at z.

In the case where each f; is uniformly continuous, and using the same f,, for which 6.1
holds, there exists a 6 > 0 such that if |y —z| < &, then |f, (z) — f, ()| < €/3. Then for
|y - Zl < 57

FO) =@ < FO)=AOI+1a®) =@+ () - ()]
< g/3+¢€/3+¢€/3=¢

This shows uniform continuity of f. l

Definition 6.9.8 7. {fu} be a sequence of functions defined on D. Then the se-
quence is said to be uniformly Cauchy if for every € > 0 there exists N such that whenever

m,n > N, sup,cp |fin (x) — fo (x)] < &

Then the following theorem follows easily.

Theorem 6.9.9 L. {fu} be a uniformly Cauchy sequence of F valued functions
defined on D. Then there exists f defined on D such that { f,} converges uniformly to f.

Proof: For each x € D, {f, (x)} is a Cauchy sequence. Therefore, it converges to some
number because of completeness of F. (Recall that completeness is the same as saying
every Cauchy sequence converges.) Denote by f(x) this number. Let € > 0 be given and
let N be such thatif n,m > N, | f,, (x) — fu (x)| < €/2 for all x € D. Then for any x € D, pick
n > N and it follows from Theorem 4.4.13

)~ £ @] = lim [fu(0) ~ ()| <e/2<e.m

Corollary 6.9.10 Let {f,} be a uniformly Cauchy sequence of functions continuous
on D. Then there exists f defined on D such that {f,} converges uniformly to f and f is
continuous. Also, if each f, is uniformly continuous, then so is f.

Proof: This follows from Theorem 6.9.9 and Theorem 6.9.7. B
Here is one more fairly obvious theorem.

Theorem 6.9.11 L. {fu} be a sequence of functions defined on D. Then it con-
verges pointwise if and only if the sequence { f, (x)} is a Cauchy sequence for every x € D.
It converges uniformly if and only if { f,} is a uniformly Cauchy sequence.

Proof: If the sequence converges pointwise, then by Theorem 4.5.3 the sequence
{fu (x)} is a Cauchy sequence for each x € D. Conversely, if { f, (x)} is a Cauchy sequence
for each x € D, then since f,, has values in F, and FF is complete, it follows the sequence
{f (x)} converges for each x € D. (Recall that completeness is the same as saying every
Cauchy sequence converges.)

Now suppose { f,} is uniformly Cauchy. Then from Theorem 6.9.9 there exists f such
that { f,} converges uniformly on D to f. Conversely, if {f,} converges uniformly to f on
D, then if € > 0 is given, there exists N such thatifn > N,

If () = fu(x)| < €/2

for every x € D. Thenif m,n > N and x € D,

o () = fon (O] < [ () = F [+ | () = S (W) < €/2+ €/2= €.
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Thus {f,} is uniformly Cauchy. B

Note that the above theorem would hold just as well if the functions had values in any
complete space meaning that Cauchy sequences converge. As before, once you understand
sequences, it is no problem to consider series.

Definition 6.9.12 1. {fn} be a sequence of functions defined on D. Then

(iﬂyﬂymiﬂ@ (6.2)

F0=Y i@ ©6.3)

If for all x € D, the limit in 6.2 exists, then 6.3 is said to converge pointwise. Y, | fi
is said to converge uniformly on D if the sequence of partial sums, {Y_, fx} converges
uniformly. If the indices for the functions start at some other value than 1, you make the
obvious modification to the above definition as was done earlier with series of numbers.

Theorem 6.9.13 L. {fn} be a sequence of functions defined on D. The series
Y e fx converges pointwise if and only if for each € > 0 and x € D, there exists Ng
which may depend on x as well as € such that when q > p > Ng y,

<€

q

Y fe(x)
k=p
The series Y i, fr converges uniformly on D if for every € > O there exists Ng such that if
q > p > Ng¢ then

sup
xeD

q
Y fix)|<e (6.4)

k=p

Proof: The first part follows from Theorem 5.1.7. The second part follows from ob-
serving the condition is equivalent to the sequence of partial sums forming a uniformly
Cauchy sequence and then by Theorem 6.9.11, these partial sums converge uniformly to a
function which is the definition of ;7 ; fi. B

Is there an easy way to recognize when 6.4 happens? Yes, there is. It is called the
Weierstrass M test.

Theorem 6.9.14 L. {fu} be a sequence of functions defined on D. Suppose there
exists My such that sup{|f, (x)| : x € D} <M, and ¥;;,_; M,, converges. Then ¥, f, con-
verges uniformly on D.

Proof: Let z € D. Then letting m < n,

n

< Y lhiGI< i M <e

k=m+1 k=m+1

n m
Y @)=Y filo)
k=1 k=1
whenever m is large enough because of the assumption that ) ~_; M, converges. Therefore,
the sequence of partial sums is uniformly Cauchy on D and therefore, converges uniformly
oY, fronD. B
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Theorem 6.9.15 If {fu} is a sequence of functions defined on D which are continu-
ous at zand ) ;.| fr converges uniformly, then the function Y., fi must also be continuous
at z.

Proof: This follows from Theorem 6.9.7 applied to the sequence of partial sums of the
above series which is assumed to converge uniformly to the function ;7 f;. B

6.10 Weierstrass Approximation

It turns out that if f is a continuous real valued function defined on an interval, [a,b] then
there exists a sequence of polynomials, {p,} such that the sequence converges uniformly
to f on [a,b]. T will first show this is true for the interval [0, 1] and then verify it is true on
any closed and bounded interval. First here is a little lemma which is interesting for its own
sake in probability. It is actually an estimate for the variance of a binomial distribution.

Lemma 6.10.1 The following estimate holds for x € [0,1] and m > 2.
m
) (m) (k—mx)*x* (1 —x)"* <
i—o \K

Proof: Here are some observations. Y () kx* (1 —x)" k=

Bl
3

m—1)! (e
mxz 1)) - ))!xk_1(1_x)( 1) (k—1)

_ mxmil (m_l)xk(l—x)mlk:mx

k=0 k

k=0
_ - (m—2)! - (m—2)~(k-2)
— m(m_l)xzkg’Z(k—2)'(m—2—(k—2))‘Xk 2(1 X) 2)—(k=2
m—2 m—2
= mm—1x" (1 —x)m2=k = -1
=02 E (" ) (1)

Now (k —mx)? = k2 — 2kmx+m2x% = k (k— 1) +k (1 — 2mx) +m2x%. From the above and
the binomial theorem, Y () (k —mx)*x* (1 —x)" % =

k=0 k=0

+mx22<> (1—x)"* =m(m—1)x*+ (1 — 2mx) mx + m*x*

1
=mx(1—x) sz |

Now let f be a continuous function defined on [0, 1]. Let p, be the polynomial defined

by
)= i ( ) ( )xk(l—x)"k. (6.5)
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Jdv. e sequence of polynomials in 6.5 converges uniformly to f on
Theorem 6.10.2 7 f polynomials in 6.5 iformly to f
[0,1]. These polynomials are called the Bernstein polynomials.

Proof: By the binomial theorem,

and so by the triangle inequality

r@-mwi= ¥ () |7(5) -0

At this point you break the sum into two pieces, those values of k such that k/n is close to
x and those values for k such that k/n is not so close to x. Thus

ICRCIEN () (%) -rw

le—(k/n

+\x—(k/znnza (Z> ‘f <:) R

where 9 is a positive number chosen in an auspicious manner about to be described. Since
f is continuous on [0,1], it follows from Theorems 4.8.2 and 6.7.2 that f is uniformly
continuous. Therefore, letting € > 0, there exists 6 > 0 such that if [x—y| < &, then
|f (x) — f(y)| < €/2. This is the auspicious choice for §. Also, by Lemma 6.3.2 |f (x)]
for x € [0, 1] is bounded by some number M. Thus 6.6 implies that for x € [0, 1],

Xk (1 _x)nfk

xk (1 7x)n—k

(1 —x)k (6.6)

n\ € e
£ -pa0)] < (1)5 -
[x—(k/n)|<d
+2m Y] (n>xk(1—x)"k
|nx—k|>nd k

e N
< S4oM BT (1
-2 |nx7§\’2n6 (k> 8’ iy

e 2M & (n e
< 2+’1262];)(k>(k—nx)2xk(l—x) k

Now by Lemma 6.10.1 there is an estimate for the last sum. Using this estimate yields for
allx € [0,1],
£ 2M n € M
)| <4+ 5=+ —.
If (x) pz(x)‘—2+n2624 2+2n52

Therefore, whenever n is sufficiently large that % < £.it follows that for all n this large
and x € [0,1],

1f () = pa ()] < §+§ —em

Now this theorem has been done, it is easy to extend to continuous functions defined
on [a,b]. This yields the celebrated Weierstrass approximation theorem. Also note that this
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would hold just as well if the functions had values in C or even C” provided you had a norm
defined on C”". In fact, it would hold if the functions have values in any normed space, a
vector space which has a norm. These Bernstein polynomials are very remarkable.

Theorem 6.10.3 Suppose f is a continuous function defined on |a,b). Then there
exists a sequence of polynomials, {p,} which converges uniformly to f on [a,b).

Proof: Fort € [0,1], let () = a+ (b—a)t. Thus h maps [0, 1] one to one and onto
[a,b]. Thus fohis acontinuous function defined on [0, 1] . It follows there exists a sequence
of polynomials {p,} defined on [0, 1] which converges uniformly to f o/ on [0, 1]. Thus for
every € > 0 there exists N such that if n > Ng, then for all 7 € [0,1],|f o h(¢) — pn (£)] < €.
However, h is onto and one to one and so for all x € [a,b], |f(x)—pa (k' (x))] < &.
Now note that the function x — p, (h~! (x)) is a polynomial because A~ (x) = 3=%. More

specifically, if p, (t) = Y1, axt* it follows

P 0) = Y =)

which is clearly another polynomial. l

6.11 Ascoli Arzela Theorem

This is a major result which plays the role of the Heine Borel theorem for the set of con-
tinuous functions. I will give the version which holds on an interval, although this theorem
holds in much more general settings. First is a definition of what it means for a collec-
tion of functions to be equicontinuous. In words, this happens when they are all uniformly
continuous simultaneously.

Definition 6.11.1 Ler s € C([0,T)) where C([0,T)) denotes the set of functions
which are continuous on the interval [0,T]. Thus S is a set of functions. Then S is said to
be equicontinuous if whenever € > 0 there exists a 8 > 0 such that whenever f € S and
|x—y| < 8, it follows

If ) —fl<e

The set of functions is said to be uniformly bounded if there is a positive number M such
that for all f € S,
sup{|f (x)[:x€[0,T]} <M

Then the Ascoli Arzela theorem says the following in which it is assumed the functions
have values in F although this could be generalized.

Theorem 6.11.2 L. {futn_y €C([0,T]) be uniformly bounded and equicontinu-

ous. Then there exists a uniformly Cauchy subsequence.

Proof: Let € > 0 be given and let 6 correspond to €/4 in the definition of equicontinu-
ity. Let 0 =x9 < x; < --- <x, =T where these points are uniformly spaced and the distance
between successive points is 7' /n < 8. Then the points { f, (xo)},_, is a bounded set in F.
By the Heine Borel theorem, there is a convergent subsequence { T (xo)};()):l. Thus

{k(0)} denotes a strictly increasing sequence of integers. Then the same theorem implies
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there is a convergent subsequence of this one, denoted as k (1) such that limy 1) .. f(1) (x0)
and limy(1)_,., fi(1) (x1) both exist. Then take a subsequence of {f()} called k(2) such
that for x; = xo,x1,X2, limg2) e fx(2) (x;) exists. This can be done because if a sequence
converges then every subsequence converges also. Continue this way. Denote by {k} the
last of these subsequences. Thus for each x; of these equally spaced points of the interval,
limg_,e fi (x;) converges. Thus there exists m such that if k,/ > m, then for each of these
x,-,i = 1,...,n,

i) = fi )| <

Let x € [0, T] be arbitrary. Then there is x; such that x; < x < x;+. Hence, for k,I > m,

i (6) = i ()| < i (%) = S (i) [+ e (i) = i (i) [+ 1o (i) = i (%)

By the assumption of equicontinuity, this implies

i) = i)l < e () = e G|+ 1 fie (i) = fi (i) [+ o (i) = i ()]
e & ¢
—+-+-<e
< 4+4+4<

This has shown that for every € > 0 there exists a subsequence {f; } with the property that
supyeo,r) | fi (¥) — fi ()| < € provided k, 1 are large enough. The argument also applies with
no change to a given subsequence in place of the original sequence of functions. That is,
for any subsequence of the original one, there is a further subsequence which satisfies the
above condition. In what follows { fi };._, will denote a subsequence of { f(i_1>k}::1 . Let
g;=1/2"so that lim; .. &; = 0. Then let { fik} - denote a subsequence which corresponds
to €; in the above construction. Consider the following diagram.

fit, 12, fiz, fia, -
f21, 22, f23, faa, o
31, 132, 33, f34,

The Cantor diagonal sequence is f; = fix in the above. That is, it is the sequence

fi1, o2, f335 fag -

Then from the construction, fj, fjr1,fj+2, -+ is a subsequence of { fjk}:zl- Therefore,
there exists m such that k,/ > m,

sup |fi (x)— fi (x)| <€

x€[0,7]

However, these €; converge to O and this shows that the diagonal sequence { fj};o:l just
described is a uniformly Cauchy sequence. l

The process of obtaining this subsequence is called the Cantor diagonal process and
occurs in other situations.

From this follows an easy corollary.

Corollary 6.11.3 Lez {f,},_, € C([0,T]) be uniformly bounded and equicontinuous.
Then there exists a subsequence which converges uniformly to a continuous function f
defined on [0,T].
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Proof: From Theorem 6.9.11 the uniformly Cauchy subsequence from the Ascoli
Arzela theorem above converges uniformly to a function f. Now by Theorem 6.9.7, this
function f is also continuous because, by this theorem, uniform convergence takes conti-
nuity with it and imparts it to the limit function. ll

This theorem and corollary are major results in the theory of differential equations.
There are also infinite dimensional generalizations which have had great usefulness in the
theory of nonlinear partial differential equations.

6.12 Space Filling Continuous Curves

When you have a function 0 : [a,b] — R”, which is continuous, then the set of points
obtained 0 ([a, b]) is called a continuous curve. One of the horrifying examples which came
out in the late nineteenth and early twentieth centuries was a space filling curve. Peano was
the first to find one of these but there are many related results, all counter intuitive. Here is
a simple example of how these things can occur.

Consider the following picture of a square Q having sides equal to 1 subdivided into
four equal squares and an interval divided into four equal sub-intervals as shown.

Il ;|03
01| 0}

Let 6 (I') = Q} as shown. Now the important thing about this is that if two of the
intervals 1},] are adjacent, then so are are the squares Qf and Q}. Subdivide I! into
four equal intervals and Qi] into four equal squares in exactly the same way. Denote the
resulting intervals by 7 and Q? so there are now 16 of these intervals and squares, still with
the property that if Ikz, and 112 are adjacent, then so are Q,% and le. Continue this way such
that each I/""! is contained in some I and then 0,, (I) 2 6,4 (I'"") and adjacent adjacent
intervals are mapped to adjacent squares. The diameter of the union of two adjacent squares
in the n'"* stage of the construction is 2 (27").

Now if x € I, the original interval, x =" I,?n for a sequence of nested intervals I,Z’jl.

n=1
Define 60 (x) =N}y, 6, (I,:‘”). This is well defined because if you have two sequences

of intervals having x equal to their intersection, then since the adjacent intervals go to
adjacent squares, the diameter of 6,, (I') U8, (') for x in both I} and I}" is no more than
2(27") showing that the definitions of 0 (x) do not differ by more than this for each n.
This is also why 6 is continuous. If x, — x, and n € N, eventually, for r large enough,
|x, — x| < 57" It follows that both x, x, are in a single ;! or else there are adjacent intervals
I7,I" such that x is in one and x, is in the other. Hence 6 (x) is in some 6,, (I') and 6 (x;)
is in either 6, (I/') an adjacent square or in 6, (I') . Either way, the construction implies
that |0 (x) — 0 (x,)|| <2(27"). Thus 6 is continuous. It is clear that 6 is onto because
if y € Q, then there is a nested sequence of squares {Qz’l}n_l with y = N,Q} and then

0 (ﬂnll’fn) = 0 (x) =y. However, 0 is not one to one.

The last assertion about 6 not being one to one relates to the fact that if 6 were one
to one, then its inverse would also be continuous and the interval and the square would
be what is called homeomorphic. However, if you remove a point from the middle of the
interval, the result is not connected but if you remove a point from the square, the result is
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connected. This could not happen because, as discussed earlier, the continuous image of a
connected set is connected.

Proposition 6.12.1 Ler Q be a square. Then there exists a continuous mapping 0 which
maps the unit interval [0, 1] onto Q.

Note that Q could have been an n dimensional cube. You would just need to subdivide
intervals into more equal pieces. This shows that there are space filling continuous curves
where 6 ([0, 1]) = Q where Q is some sort of square or box, etc. Not surprisingly, there are
generalizations. One generalization is to something called chainable continua.

6.13 Tietze Extension Theorem

This is about taking a real valued continuous function defined on a closed set in F” and
extending it to a continuous function which is defined on all of F”. First, review Lemma
6.0.7.

Lemma 6.13.1 Let H,K be two nonempty disjoint closed subsets of FP. Then there
exists a continuous function, g : FP — [—1/3,1/3] such that

g(H) =—1/3, g(K)=1/3,g(E”) C [~1/3,1/3].

Proof: Let f (x) = %. The denominator is never equal to zero because if
dist (x,H) = 0, then x € H because H is closed. (To see this, pick i € B(x,1/k)NH. Then
hy — x and since H is closed, x € H.) Similarly, if dist(x,K) = 0, then x € K and so the

denominator is never zero as claimed. Hence f is continuous and from its definition, f =0
onH and f =1 on K. Now let g (x) = 3 (f(x) — 1) . Then g has the desired properties. W

Definition 6.13.2 ror f: M CF? — R, define I f1l5s as sup{|f (x)] : x € M}.

Lemma 6.13.3 Suppose M is a closed set in P and suppose f: M — [—1,1] is contin-
uous at every point of M. Then there exists a function, g which is defined and continuous
on all of P such that || f —gl|,, < 5, g (FP) € [—1/3,1/3].

Proof: Let H = f~! ([~1,—1/3]),K = f~'([1/3,1]). Thus H and K are disjoint closed
subsets of M. Suppose first H, K are both nonempty. Then by Lemma 6.13.1 there exists g
such that g is a continuous function defined on all of F” and g(H) = —1/3, g(K) =1/3,
and g (F7) C [-1/3,1/3]. It follows || f — g||,; < 2/3. If H = 0, then f has all its values in
[—1/3,1] and so letting g = 1/3, the desired condition is obtained. If K =0, let g = —1/3.
]

Lemma 6.13.4 Suppose M is a closed set in FP and suppose f : M — [—1,1] is contin-
uous at every point of M. Then there exists a function g which is defined and continuous on
all of F? such that g = f on M and g has its values in [—1,1].

Proof: Using Lemma 6.13.3, let g; (F?) C [—1/3,1/3] and ||f — g1/ < % Suppose
g1, ,&n have been chosen such that g; (F?) C [—1/3,1/3] and

m 2 i—1 2 m
f-= <) i <() . 6.7)
SIORTRE
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This has been done for m = 1. Then

(56

and so (%)m (f—):;”zl (%)i_lgi) can play the role of f in the first step of the proof.
Therefore, there exists g,,+1 defined and continuous on all of F? such that its values are

in[~1/3,1/3] and
(-6,
|| (fé <§)i_1gi> - (i)mgmﬂ < <§>m+l,

It follows there exists a sequence, {g;} such that each has its values in [—1/3,1/3] and for
every m 6.7 holds. Then let g (x) =Y, (%)171 gi (x). It follows

o o\ il m oo\l

= : < = - <1

1(5) «0|<L(3) 5=
2yi—11

i=1
i1 . .
and ‘(%)l gi (x)‘ < (3) 3 so the Weierstrass M test applies and shows convergence

<1
M

2
< Z
-3

Hence

M

g (x)| <

is uniform. Therefore g must be continuous by Theorem 6.9.7. The estimate 6.7 implies
f=gonM. N
The following is the Tietze extension theorem.

Theorem 6.13.5 Let M be a closed nonempty subset of P and let f : M — [a,b]
be continuous at every point of M. Then there exists a function, g continuous on all of FP
which coincides with f on M such that g (F”) C [a,b].

Proof: Let fi(x) =1+ ﬁ (f(x)—b). Then f; satisfies the conditions of Lemma
6.13.4 and so there exists g; : F? — [—1, 1] such that g is continuous on F? and equals f)
on M. Let g (x) = (g1 (x) — 1) (25%) + b. This works. B

6.14 Exercises

1. Suppose {f,} is a sequence of decreasing positive functions defined on [0, ) which
converges pointwise to 0 for every x € [0,00). Can it be concluded that this sequence
converges uniformly to 0 on [0, 0)? Now replace [0,0) with (0, ). What can be said
in this case assuming pointwise convergence still holds?

2. If {f,} and {g,} are sequences of functions defined on D which converge uniformly,
show that if a, b are constants, then af;, +bg, also converges uniformly. If there exists
a constant, M such that | f, (x)|, |g, (x)| < M for all n and for all x € D, show {f,g.}
converges uniformly. Let f, (x) = 1/x forx € (0,1) and let g, (x) = (n — 1) /n. Show
{fu} converges uniformly on (0,1) and {g,} converges uniformly but { f,¢,} fails to
converge uniformly.
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. Show thatif x > 0,Y7_, i—]: converges uniformly on any interval of finite length.

Letx > 0 and consider the sequence { (1 + )"} . Show this is an increasing sequence

and is bounded above by } ;7 %’:

k
Show for every x,y real, ¥ (le;y I converges and is (Z}?:o %k') (Z/o::o %) )

. . o 2n+1 . . .
Consider the series Y (—1)" 5——. Show this series converges uniformly on any

2nt1)!
interval of the form [—-M,M].

Formulate a theorem for a series of functions which will allow you to conclude the
infinite series is uniformly continuous based on reasonable assumptions about the
functions in the sum.

Find an example of a sequence of continuous functions such that each function is
nonnegative and each function has a maximum value equal to 1 but the sequence of
functions converges to 0 pointwise on (0,o0).

Suppose {f,} is a sequence of real valued functions which converges uniformly to a
continuous function f. Can it be concluded the functions f; are continuous? Explain.

o h(nx) .

Let /1 (x) be a bounded continuous function. Show the function f (x) = Y| =5~ is

continuous.

Let S be a any countable subset of R. Show there exists a function f defined on R
which is discontinuous at every point of S but continuous everywhere else. Hint:
This is real easy if you do the right thing. It involves Theorem 6.9.15 and the Weier-
strass M test.

By Theorem 6.10.3 there exists a sequence of polynomials converging uniformly to
f(x) =|x| on the interval [—1, 1]. Show there exists a sequence of polynomials, {p, }
converging uniformly to f on [—1, 1] which has the additional property that for all
n,pn (0) =0.

If f is any continuous function defined on [a, b] , show there exists a series of the form
Y i1 Pk, Where each py is a polynomial, which converges uniformly to f on [a,b].
Hint: You should use the Weierstrass approximation theorem to obtain a sequence
of polynomials. Then arrange it so the limit of this sequence is an infinite sum.

Sometimes a series may converge uniformly without the Weierstrass M test being
applicable. Show Y>>, (—1)" ’% converges uniformly on [0, 1] but does not con-
verge absolutely for any x € R. To do this, it might help to use the partial summation
formula, 5.7.

Suppose you have a collection of functions S C C ([0, T]) which satisfy

max £ <M, sop LSO

7 <K
x€[0,7) 0<x<y<T lx =y

where ¥ < 1. Show there is a uniformly convergent subsequence of S which con-
verges uniformly to some continuous function. The second condition on f is called
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a Holder condition and such functions are said to be Holder continuous. These func-
tions are denoted as C%? ([0, 7]) and this little problem shows that the embedding of
C%7([0,T]) into C ([0, T]) is compact.

Suppose f € C([a,b]) and fabf (x)x"dx = 0 for every n > 0, such that n is an integer.
Show that then f (x) = O for all x. I am assuming you know about the integral from
beginning calculus. This will be developed later in more generality. Hint: Use
Weierstrass approximation theorem.

Suppose f : R — R is continuous and T periodic. Thus f (x+kT) = f (x) for k € Z.
Show that there exists a sequence of polynomials {p,} converging uniformly to f on
[T /2,T /2] such that p, (T /2) = p, (=T /2). Hint: Say {p,} converges uniformly
to f on [T /2,T/2]. Consider

ﬁn (T/Z) _ﬁn (—T/Z)
T

pa) =1(0/2) a0~ | )T/ (T2
If p, denotes the T periodic extension of p,, explain why p, converges uniformly to
fonR.

Is it possible to get a continuous onto function f : [0,1] — P where P is the Cantor
set?

Show there exists a continuous function 6 : P — [0, 1] such that 6 is onto where P
is the Cantor set. Show there exists a continuous function which maps the Cantor
set onto [0, 1] x [0, 1]. You might recall that the Cantor set does not even contain any
intervals so this is very surprising.

For P the Cantor set, show there is a continuous, onto function f : P — [0, 1] x [0, 1].
This may be a little easier than what is in the chapter. Can you extend f to all of
[0,1] with f(x) € [0,1] x [0,1]? Hint: You might use Tietze extension theorem on
the components of f.

Let K be a nonempty compact subset in [F”. For P the Cantor set, there is a continuous
function f : P — K which is onto. Try and show this. Will it be possible to extend
f to all of [0,1] if K is not connected? Hint: Try and show that for every n, there
are finitely many closed balls having radius 1/n whose union contains K. Then for
B one of these closed balls, you could consider K N B as another compact set.

If £ : K — RY is continuous and one to one and K is compact, show that = : f (K) —
K must be continuous.



Chapter 7

The Derivative

Some functions have them and some don’t. Some have them at some points and not at
others. This chapter is on the derivative. Functions which have derivatives are somehow
better than those which don’t. To begin with it is necessary to discuss the concept of a limit
of a function. This is a harder concept than continuity and it is also harder than the concept
of the limit of a sequence or series although that is similar. One cannot make any rational
sense of the concept of derivative without an understanding of limits of a function. This is
the main reason for considering the notion of limit.

7.1 Limit of a Function

For now, I will continue considering functions defined on a subset D (f) of F? having values
in F9.

Definition 7.1.1 Let x be a limit point of D (f). Then limy_, f (y) = L means that
for every € > 0 there is 8 > 0 such that whenever 0 < ||y —x|| < 8, with y € D(f), then

If &) —Ll <e.

Definition 7.1.2 Let x be a limit point of D(f) and let f have values in R. Then
limy_,y f (y) = co means that for 1, there is 6 > 0 such that if 0 < ||y — x|| < 6, withy € D(f),
then f(y) > I. A similar definition holds to define lim,_,, f (y) = —oo. If D(f) contains an
interval (a,0), then limy_ f (x) = L € F? means that for every € > 0 there exists | such
that if x > 1, then || f (x) — L|| < €. limy_,_w f (x) = L is defined similarly.

I will leave for the reader the appropriate definition in the case that x — oo and f (x) — oo
and other such cases.

Theorem 7.1.3 iflim,,, £ (y) = L and limy_, f (y) = L1, then L = L. Uniqueness
y y
also holds for one sided limits and for limits as x — o0 or x — —oo.

Proof: Let € > 0 be given. There exists § > 0 such that if 0 < |[y—x| < J, then
If () —L| <€, |f(y)—Li| < €. Therefore, for such y,(It exists because x is a limit point)
IL—Li| <|L—f()|+|f(y) —Li| < €+€=2¢. Since € > 0 was arbitrary, this shows
L = L;. The argument is exactly the same in the case of one sided limits. You simply need
to have some y close enough to x on one side and in the case of limits at oo, you use y
such that |y| is sufficiently large. B

In the special case that f is defined near a point x, we sometimes speak of left and right
limits by restricting the domain to be either those y < x or those y > x. When this is done,
one writes limy_,y f (y) or limy_,, f(y).

The first thing to do is to give an easier to use description in terms of sequences.

Proposition 7.1.4 Let x be a limit point of D(f). Then limy_, f (y) = L € F4 if and
only if whenever x, — x for each x, # x, the x, distinct points, it follows that f (x,) — L.

Proof: = Let x, — x where no x, equals x. Let € > 0 be given. By assumption,
|f () —L| < € whenever 0 < |y—x| < & for some 8. However, for all n large enough,
0 < |x, —x| < & and so |f (x,) — L| < €. Hence f (x,) — L.

<« Suppose the condition on the sequences holds. If the condition for the limit does
not hold, then there exists € > 0 such that no matter how small &, there will be 0 <

129
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ly—x| < 8,yeD(f), and yet |f(y) —L| > €. Now let §; = 1. There exists x; # x with
X1 €B(x,61)ND(f) and |f(x1)—L| > €. Let 0, = min(%,%|x—x1|) . Now pick x, €
B (x,07),xy # x such that |f (xp) —L| > €. Let §3 = min (%,%\x—xﬂ,%\x—xﬂ) and
pick x3 € B(x,03) with |f (x3) —L| > €,x3 # x. Continue this way to generate a sequence
of distinct points {x,}, none equal to x which converges to x. Then L = lim,_;. f (x,) be-
cause of the condition on limits of the sequence so eventually |L — f (x,)| < €, contrary to
the construction of the x,. B

The value of a function at x is irrelevant to the value of the limit at x! This must
always be kept in mind. In fact, it is not necessary for f to even be defined at the limit point.
All interesting limits are this way. You do not evaluate interesting limits by computing
S (x)! It may be the case that f (x) is right but this is merely a happy coincidence when it
occurs and as explained below in Theorem 7.1.8, this is sometimes equivalent to f being
continuous at x.

Theorem 7.1.5 In this theorem, x is always a limit point of D (f). Suppose that both
limy_,, f (y) = L and limy_,, g (y) = K where K and L are numbers, not t-co. Then if a, b
are numbers,

lim (af (y) +bg (v)) = aL + bK, (7.1)
lim fg (v) =LK (7.2)

and if K # 0,
lim ;Cg; = % (7.3)

Also, if h is a continuous function defined in some interval containing L, then

limho f () = h(L). (7.4)

Suppose f is real valued and limy_,, f (y) = L. If f(y) < a all y near x either to the right
or to the left of x, then L < a and if f (y) > a then L > a.

Proof: All of these claims follow from Proposition 7.1.4 and the theorems on limits of
sequences Theorem 4.4.8. For example, consider 7.4. Letting x be a limit point and x,, — x,
then by assumption f (x,) — L and so, by continuity of A, it follows that & (f (x,)) — h(L).
If f(y) <a for all y less than a and near to x, then if x, — x from the left, eventually
f(x;) <aandso L < aalso. The other case is similar.

A very useful theorem for finding limits is called the squeezing theorem.

Theorem 7.1.6 Suppose f,g,h are real valued functions and that

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

x—a x—a
and for all x near a, f (x) <h(x) < g(x).Then limy_,, h(x) = L.

Proof: If L > h(x), then |h(x)—L| < |f(x)—L|. If L <h(x), then |h(x)—L| <
|g (x) — L|. Therefore,

|7 (x) = L] < [f (x) = L[+ |g (x) = L|.
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Now let € > 0 be given. There exists d; such that if 0 < [x—a| < &1,|f (x) —L| < &/2
and there exists 8 such that if 0 < |x—a| < &7, then |g(x) —L| < €/2. Letting 0 < § <
min (81, 67),if 0 < |x—a| < J, then

() LI <|f ()~ Ll +]g(x)~L| <e/2+¢e/2=¢. W

Proposition 7.1.7 Ifx € D(f) and x is a limit point of D (f) , then f is continuous at x
if and only if limy_, f (y) = f (x).

Proof: =-Let y, — x where y, € D(f) and the y, are distinct. Then by continuity of f
at x, it follows that lim,_,e f (y,) = f ().

< Let € > 0 be given. Then there is & > 0 such that whenever 0 < ||y — x| < &, it will
follow that ||f (y) — f (x)|| < €. However, if y = x, then || f (y) — f (x)|| = 0 < € and so the
conditions for continuity are satisfied. ll

The case of this proposition which is of the most interest here in this chapter is the
following theorem. Intervals are of the form (a,b),[a,b), (a,b], or [a,b], Endpoints of an
interval are clearly limit points of the interval.

Theorem 7.1.8 For f:1 — R, and I is an interval. then f is continuous at x € I if
and only if limy_,, f (y) = f (x).

Example 7.1.9 Find lim, 3 ©=2.
Note that );2__39 = x+ 3 whenever x # 3. Therefore, if 0 < |x—3| < €,
2
-9
a —6‘ = x+3-6/=|x—3|<e.
x—=3

It follows from the definition that this limit equals 6.

You should be careful to note that in the definition of limit, the variable never equals
the thing it is getting close to. In this example, x is never equal to 3. This is very significant
because, in interesting limits, the function whose limit is being taken will not be defined at
the point of interest. The habit students acquire of plugging in the point to take the limit is
only good on useless and uninteresting limits which are not good for anything other than to
give a busy work exercise, deceiving people into thinking they know what is going on.

Example 7.1.10 Let
=2 px 23
= 1 .
X 3 fx

How should f be defined at x =3 so that the resulting function will be continuous there?

The limit of this function equals 6 because for x # 3, ’;2:39 = % = x+ 3. There-

fore, by Theorem 7.1.8 it is necessary to define f (3) = 6.

Example 7.1.11 Find limy—e 135

Write 5 = W Now it seems clear that lim,_,. 1+ (1/x) = 1 # 0. Therefore,

Theorem 7.1.5 implies limy—e0 15 = limy—eo m = % =1.
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Example 7.1.12 Show lim,_,,/x = \/a whenever a > 0. In the case that a = 0, take the
limit from the right.

There are two cases. First consider the case when a > 0. Let € > 0 be given. Multiply
and divide by \/x+ /a. This yields

V= +a| =

Now let 0 < 81 < a/2. Then if [x—a| < 81,x > a/2 and so

|x —a| 2\[

[Va=val= (f/xf)+f va

x—al.

Nowlet0<5<mm(5], \[> Then for 0 < |x —a| < 6,

2ieva
va 22

Next consider the case where a = 0. In this case, let € > 0 and let § = 2. Then if
0<x—0< =g itfollows that 0 < /x < (82)1/2 —¢.

V-l < 22 -al <

7.2 Exercises
1. Find the following limits if possible

1

=

. i
@) leHHf 2. Find limy, o &2 2
(b) im0 7 s
(©) limeo_ 2 3. Find lim, 4 L2,
2
(d) limyys S50 - Vant Yi47yR
' e 4. Find llmx_mW~
(e) hmx%l*x X+3
20 30
s 5. Find 1imﬁw%
X+
(g) limy e =57
(h) limyse =225 6. Find lim, > 24—

7. Find lim,_. (\/1 —Tx+x2—+1 —|—7x—|—x2) )
8. Prove Theorem 7.1.3 for right, left and limits as y — co.

9. Prove from the definition that lim,_,, /x = +/a for all a € R. Hint: You might want
to use the formula for the difference of two cubes,

a—b*=(a—b)(a* +ab+b?).

10. Prove Theorem 7.1.8 from the definitions of limit and continuity.
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. . (x+h)3—x3
Find lim,_,¢ “—5—
Lh _
Find limy,_,o =

=—

©427

Find lim,, 3 % 5

2
Find limy_0 Y853 if i exists.

/ 2
Find the values of x for which limy_,( % exists and find the limit.

3 _3
Find Timy, o Y70V if it exists. Here x # 0.

Suppose limy_,y f(y) = L1 # Lo = limy,— f(y). Show lim,_,, f (x) does not ex-
ist. Hint: Roughly, the argument goes as follows: For |y; —x| small and y; > x,
|f (y1) — Li| is small. Also, for |y, —x| small and y, < x, | f (y2) — Lp| is small. How-
ever, if a limit existed, then f (y;) and f(y;) would both need to be close to some
number and so both L; and L, would need to be close to some number. However,
this is impossible because they are different.

Suppose f is an increasing function defined on [a,b]. Show f must be continuous
at all but a countable set of points. Hint: Explain why every discontinuity of f is a
jump discontinuity and

—)= 1 < < =1
FG=)= lim FO) < £ < S () = lim F )
with f(x+) > f(x—). Now each of these intervals (f(x—),f(x+)) at a point, x
where a discontinuity happens has positive length and they are disjoint. Furthermore,
they have to all fitin [f (@), f (»)] . How many of them can there be which have length
at least 1/n?

x27y2 . . . . .
Let f(x,y) = el Find lim,_,o (limy_0 f (x,y)), limy_o (lim,—o f (x,y)). If you
did it right you got —1 for one answer and 1 for the other. What does this tell you
about interchanging limits?

The whole presentation of limits above is too specialized. Let D be the domain of a
function f. A point x not necessarily in D, is said to be a limit point of D if B (x,r)
contains a point of D not equal to x for every r > 0. Now define the concept of limit
in the same way as above and show that the limit is well defined if it exists. That is,
if x is a limit point of D and lim,_,, f (x) = L; and limy_, f (x) = Ly, then L; = L. Is
it possible to take a limit of a function at a point not a limit point of D? What would
happen to the above property of the limit being well defined? Is it reasonable to
define continuity at isolated points, those points which are not limit points, in terms
of a limit as is often done in calculus books?

If f is an increasing function which is bounded above by a constant M, show that
lim,_,.. f (x) exists. Give a similar theorem for decreasing functions.
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7.3 The Definition of the Derivative

The following picture of a function y = o(x) is an example of one which appears to be
tangent to the line y = 0 at the point (0,0).

y=o(x) y = é€lx|

0,00 &

You see in this picture, the graph of the function y = €|x| also where € > 0 is just a

positive number. Note there exists § > 0 such that if |x| < , then |o (x)| < € x| or in other
\OI(JT)\

X
appearance of being tangent to the line y = 0 at the point (0,0) and observe that in every
case, it will follow that for all € > 0 there exists 6 > 0 such that if 0 < |x| < &, then

lo @)l

[

words, < €. You might draw a few other pictures of functions which would have the

<E. (7.5)

In other words, a reasonable way to say a function is tangent to the line y = 0 at (0,0) is to
say for all € > 0 there exists 8 > 0 such that 7.5 holds. In other words, the function y = o (x)
is tangent at (0,0) if and only if lim,_,o \0‘(;” = (. More generally, even if the function has
values in F or something even more general where it is not possible to draw pictures, the

following is the definition of o (x).

Definition 7.3.1 A function y =k (x) is said to be o (x) if

Jim KO _ (7.6)

x—0 \x\

As was just discussed, in the case where x € R and k is a function having values in
R this is geometrically the same as saying the function is tangent to the line y = 0 at the
point (0,0). This terminology is used like an adjective. & (x) is o (x) means 7.6 holds. Thus
o(x)=50(x),0(x)4+0(x)=0(x), etc. The usage is very imprecise and sloppy, leaving out
exactly the details which are of absolutely no significance in what is about to be discussed.
It is this sloppiness which makes the notation so useful. It prevents you from fussing with
things which do not matter. This takes some getting used to.

Now consider the case of the function y = g (x) tangent to y = b+ mx at the point (¢,d) .

y=mx+b

Thus, in particular, g (¢) = b+ mc = d. Then letting x = ¢ + A, it follows x is close to ¢
if and only if 4 is close to 0. Consider then the two functions

y=glc+h),y=b+m(c+h).
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If they are tangent as shown in the above picture, you should have the function
k(h) = g(c+h)—(b+m(c+h))=g(c+h)—(b+mc)—mh
= glc+h)—g(c)—mh
tangent to y = 0 at the point (0,0). As explained above, the precise meaning of this function

being tangent as described is to have k (h) = o (k). This motivates (I hope) the following
definition of the derivative which is the precise definition free of pictures and heuristics.

Definition 7.3.2 L g be a T (either C or R) valued function defined on an open
set in ¥ containing c. Then g’ (c) is the number; if it exists, which satisfies

(8(ct+h)—g(c)) =g (c)h=o0(h)
where o (h) is defined in Definition 7.3.1.

The above definition is more general than what will be extensively discussed here. I
will usually consider the case where the function is defined on some interval contained in
R. In this context, where the function is defined on a subset of R, the definition of derivative
can also be extended to include right and left derivatives.

Definition 7.3.3 Let g be a function defined on an interval, [c,b). Then gy (c) is the
number, if it exists, which satisfies

(g4 (c+h) —gs ()~ g () h=o(h)
where o (h) is defined in Definition 7.3.1 except you only consider positive h. Thus

L Lo

=0.
h—=0+  |h|

This is the derivative from the right. Let g be a function defined on an interval, (a,c]. Then
&' (c) is the number, if it exists, which satisfies

(8- (c+h)—g-(c) g (c)h=o(h)
where o (h) is defined in Definition 7.3.1 except you only consider negative h. Thus

Lo lo()

0 || 0

This is the derivative from the lefft.

I will not pay any attention to these distinctions from now on. In particular I will not
write g’ and g, unless it is necessary. If the domain of a function defined on a subset of
R is not open, it will be understood that at an endpoint, the derivative meant will be the
appropriate derivative from the right or the left. First I need to show this is well defined
because there cannot be two values for g’ (c).

Theorem 7.3.4 The derivative is well defined because if

(gc+h)—g(c))—mh = o(h)
(g(c+h)—g(c))—mh = o(h) (1.7)

then my = mo.
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Proof: Suppose 7.7. Then subtracting these, (my —m;)h=o0(h) —o(h) = o (h) and so
dividing by / # 0 and then taking a limit as s — 0 gives my —my = limy_,o 2% — 0. Note

the same argument holds for derivatives from the right or the left also. ll
Observation 7.3.5 The familiar formula from calculus applies.

) — i 8 HR) —g ()
g(x)fhmT

h—0

This is because the right side is

g (x)h+o(h)

lim ; =g (x).

h—0

So why am I fussing with little o notation? It is because functions of variables not
in R must also be considered, although not so much in this book, but in this setting, you
must do something like what I have just been discussing in this special case and in fact,
the above definition continues to apply with no change in all situations while geometric
notions involving “slope” don’t.

Now the derivative has been defined, here are some properties.

Lemma 7.3.6 Suppose g’ (c) exists. Then there exists 8 > 0 such that if |h| < &,
lg(c+h)—g(e)l < (|&' () +1) || (7.8)

o(lg(c+h)=g(c)) =o(h) (7.9)

g is continuous at c.

Proof: This follows from the definition of g’ (c).

(g(c+h)—g(c) —g (c)h=o(h)
and so there exists 6 > 0 such that if 0 < |h| < 8,

(g (c+h)—g(c)) —&'(c) Al

<1
||

By the triangle inequality,
g (c+h)—g(c)|— |8 (c)h] < |(g(c+h)—g(c)) —& (c)h] < |h]

and so
lg(c+h)—g(c)l < (| (c)|+1) A

Next consider the second claim. By definition of the little o notation, there exists a
61 > 0 such that if

lg(c+h)—g(c)| <61,

then

O(Ig(C+h)—g(C)l)<‘ lg(c+h)—g(c)]- (7.10)

&
g (c)l+1
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But from the first inequality, if |4| < &, then |g(c+h) — g (c)| < (|¢’ (¢)|+ 1) |h| and so for
|h| < min <5, %) , it follows |g(c+h) —g(c)| < (|¢' (¢)|+ 1) |h| < &1 and so from

(FAGIER
7.10,
€
o(lg(c+h)—g(c)]) < mlg(chh)—g(C)l
€ , B
< W(‘g(c)|+1)|h|—8|h\

and this shows limy,_,( w = 0 because for nonzero i small enough,

o(lg(c+h) —g(c)])
Al

<E.

This proves 7.9.
The assertion about continuity follows from 7.8. Just let 4 = x — ¢ and the formula gives
the following for |x — ¢| small enough.

lg(x) =g (c)| < (|g' ()| +1) x—c| W
Of course some functions do not have derivatives at some points.

Example 7.3.7 Let f (x) = |x|. Show f’ (0) does not exist.

If ' (0) did exist, then whenever h,, — 0 where h,, are distinct, then lim,,_ mh’;li‘}:lm =
L for some L. However, if h, — 0 with each &, > 0, you get 1 for the limit and if 4, — 0
with each £,, < 0, then you get —1 for the limit. Thus the limit does not exist.

The following diagram shows how continuity at a point and differentiability there are
related.

fis continuous at x

S (x)exists

7.4 Continuous and Nowhere Differentiable

How bad can it get in terms of a continuous function not having a derivative at some points?
It turns out it can be the case the function is nowhere differentiable but everywhere con-
tinuous. An example of such a pathological function different than the one I am about to
present was discovered by Weierstrass in 1872. However, Bolzano was the first to produce
a function in the 1830’s which was continuous and nowhere differentiable although he did
not show this completely.

Lemma 7.4.1 Suppose f'(x) exists and let ¢ be a number. Then letting g (x) = f (cx),

g (x) =cf'(cx).
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Here the derivative refers to either the derivative, the left derivative, or the right derivative.
Also, if f(x) = a+bx, then f'(x) = b where again, f' refers to either the left derivative,
right derivative or derivative. Furthermore, in the case where f(x) = a+bx, f(x+h)—

f(x) =Dbh.
Proof: It is known from the definition that f (x+h) — f (x) — f’ (x) h = o (h) . Therefore,

g(x+h)—g(x) = f(c(x+h)) = f(cx) = f'(cx)ch+o(ch)

and so g(x+h) —g(x) —cf’ (cx)h =0 (ch) = o (h) and so this proves the first part of the
lemma. Now consider the last claim.

fle+h)—f(x)

a+b(x+h)—(a+bx)=bh
bh+0=bh+o(h).

Thus /' (x) =b.
Now consider the following description of a function. The following is the graph of the

function on [0, 1].

The height of the function is 1/2 and the slope of the rising line is 1 while the slope of
the falling line is —1. Now extend this function to the whole real line to make it periodic of
period 1. This means f (x+n) = f(x) for all x € R and n € Z, the integers. In other words
to find the graph of f on [1,2] you simply slide the graph of f on [0, 1] a distance of 1 to get
the same tent shaped thing on [1,2]. Continue this way. The following picture illustrates
what a piece of the graph of this function looks like. Some might call it an infinite sawtooth.

Now define
o r3\k ;
glx) = Z <4) f(4 x).
Letting My = (3/ 4)71‘, an application of the Weierstrass M test shows g is everywhere
continuous. This is because each function in the sum is continuous and the series converges

uniformly on R.
Let §,, = &1 (4™) where we assume m > 2. That of interest will be m — co.

§0rt8n) —g() _ Eio (D) (/ (# (x4 80)) - £ (4%9))
5 5

If you take k > m,

pseram) s () = r(# (b)) s ()

integer

1
= f|#exga | o (4kx> -0
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Therefore,

—o(x o ‘
- B (5) (r(# o) -r(s)

The absolute value of the last term in the sum is

(3) vy )

and we choose the sign of §,, such that both 4" (x+ §,,) and 4™x are in some interval
[k/2,(k+ 1) /2) which is certainly possible because the distance between these two points
is 1/4 and such half open intervals include all of R. Thus, since f has slope 1 on the
interval just mentioned,

’(i)m(f(w (x+8m)) —f(4’"x))‘ - (j>m4’"|8m| =3" {8l

As to the other terms, 0 < f (x) < 1/2 and so
E) Uers) )] E Q) -5 ()

k=0 k=0
let8a) 005 3o (44 (3)) s

Since 8, — 0 as m — oo, g’ (x) does not exist because the difference quotients are not
bounded. B
This proves the following theorem.

Thus

Theorem 7.4.2 There exists a function defined on R which is continuous and boun-
ded but fails to have a derivative at any point.

7.5 Finding the Derivative

Obviously there need to be simple ways of finding the derivative when it exists. There are
rules of derivatives which make finding the derivative very easy. In the following theorem,
the derivative could refer to right or left derivatives as well as regular derivatives.

Theorem 7.5.1 Let a,b be numbers and suppose f' (t) and g'(t) exist. Then the
following formulas are obtained.

(af +bg) (1) =af' (1) +bg' (1). (7.11)

(fe)' (1) =1 (t)g()+ ()& (t). (7.12)

The formula, 7.12 is referred to as the product rule.
If f' (g (1)) exists and g (t) exists, then (f og)' (t) also exists and

(fog) (1) =r"(g(1))g (r).
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This is called the chain rule. In this rule, for the sake of simiplicity, assume the derivatives
are real derivatives, not derivatives from the right or the left. If f (t) =t" where n is any
integer, then

() =n""" (7.13)
Also, whenever [ (1) exists, f'(¢) = limj,_ WWhere this definition can be adjusted
in the case where the derivative is a right or left derivative by letting h > 0 or h < 0 only

and considering a one sided limit. This is equivalent to f'(t) = lim,_y; w with the
limit being one sided in the case of a left or right derivative.

Proof: 7.11 is left for you. Consider 7.12

Folt+h)— fo(t) = ft+h)g(t+h)— F(D)g(t+h)+ £ (1) g(t-+h)— F(1)g(r)
=gt+h)(ft+h)—f@)+f(1)(gt+h)—g(1))

f@) (g (@W)h+o(h))

)+
h+f(t)o(h)
Jh+g(t+h)o(h)

= g(t+h)(f()h+o (h)
= gO)f (Oh+f)g (1)
+(g(t+h)—g@) f (¢
=g)f (t)h+f(t)g (t)h+o(h)

because by Lemma 7.3.6, g is continuous at # and so (g (¢t + /1) — g (¢t)) f' (t) h =0 (h) . While
f(t)o(h) and g (¢ +h)o(h) are both o (k). This proves 7.12.
Next consider the chain rule. By Lemma 7.3.6 again,

foglt+h)—fog(t)=f(g(t+h)—f(e(t))
)+ (8t+h)—g(1) - f(2(t))
=f(g®))(gt+h)—g(t)+o((gt+h)—g(t))
=f'(g®)) (gt +h)—g(t)+o(h)

= f(80) (¢ @)h+o(h))+o(h)
= f(g)g (t)h+o(h).

This proves the chain rule.

Now consider the claim about f(t) = ¢" for n an integer. If n = 0,1 the desired
conclusion follows from Lemma 7.4.1. Suppose the claim is true for n > 1. Then let
fur1(t) ="' = £, (t)t where f,(t) =1". Then by the product rule, induction and the
validity of the assertion forn =1,

fo1 (1) = ()t + fo (t) = tnt"" 1" = "

and so the assertion is proved for all n > 0. Consider now n = —1.
-1 -1 -1 1
rem) !t = = o (—— 4+ 2\
(t+1) t(t+h) 2 Jr(z(erh)Jrﬂ)
-1 n? 1

7h+m Z‘2h+0(h) ( l)t_2h+0(h)
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Therefore, the assertion is true for n = —1. Now consider f () = ¢~" where n is a positive
integer. Then f (1) = (")~ and so by the chain rule,

@) == "u" = -
This proves 7.13.
Finally, if /7 (¢) exists,
f'(&)yh+o(h)=f(t+h)—f(1).

Divide by & and take the limit as 2 — 0, either a regular limit or a limit from one side or
the other in the case of a right or left derivative.

iy (LRI 000y S00=10)

h—0 h h h—0

f'(@)

Note the last part is the usual definition of the derivative given in beginning calculus
courses. There is nothing wrong with doing it this way from the beginning for a function of
only one variable but it is not the right way to think of the derivative and does not generalize
to the case of functions of many variables where the definition given in terms of o (k) does.

Corollary 7.5.2 Let f'(t),g (t) both exist and g (t) # 0, then the quotient rule holds.

(f)’ _S0)e()—f1)g' (1)
8 g(t)?
Proof: This is left to you. Use the chain rule and the product rule.

Higher order derivatives are defined in the usual way. f” = (')’ etc. Also the Leibniz
notation is defined by

dy

2 = J'(x) where y = (3

and the second derivative is denoted as % with various other higher order derivatives
defined in the usual way.

The chain rule has a particularly attractive form in Leibniz’s notation. Suppose y = g (u)
and u = f (x). Thus y = go f (x). Then from the above theorem

(gof)' (1) =g (f () f (x) =8 () f (x)

or in other words, % = %%. Notice how the du cancels. This particular form is a very

useful crutch and is used extensively in applications. Of course the problem is that we
really don’t know what du is. Nevertheless, it is great notation and in fact this can be made
precise, but this book is on classical analysis.

7.6 Local Extreme Points

When you are on top of a hill, you are at a local maximum although there may be other
hills higher than the one on which you are standing. Similarly, when you are at the bottom
of a valley, you are at a local minimum even though there may be other valleys deeper than
the one you are in. The word, “local” is applied to the situation because if you confine
your attention only to points close to your location, you are indeed at either the top or the
bottom.
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Definition 7.6.1 Le 1 : D(f) — R where here D(f) is only assumed to be some
subset of F. Then x € D(f) is a local minimum (maximum) if there exists 8 > 0 such that
whenevery € B(x,8)ND(f), it follows f (y) > (<) f (x) . The plural of minimum is minima
and the plural of maximum is maxima.

Derivatives can be used to locate local maxima and local minima. The following picture
suggests how to do this. This picture is of the graph of a function having a local maximum
and the tangent line to it.

Note how the tangent line is horizontal. If you were not at a local maximum or local
minimum, the function would be falling or climbing and the tangent line would not be
horizontal.

Theorem 7.6.2 Suppose f:U — R where U is an open subset of F and suppose
x € U is a local maximum or minimum. Then f’ (x) = 0.

Proof: Suppose x is a local maximum and let § > 0 is so small that B(x,8) C U. Then
for |h| < &, both x and x + h are contained in B(x,8) C U. Then letting h be real and
positive,

f@h+o(h) = fx+h)—f(x) <0,

Then dividing by # it follows from Theorem 7.1.5 on Page 130,

f(x) = lim (f’(x)+”§lh)> = lim (}ll(f(x—i—h)—f(x))) <0

~0
Next let || < & and & is real and negative. Then
J (Wt o(h) = £ (x4 K) — £ () <0
Then dividing by &,
70 = Jim )+ 4 = Jim (3 (7)) 20

h—0 h—0

Thus f’ (x) = 0. The case where x is a local minimum is handled similarly. Alternatively,
you could apply what was just shown to —f (x). W'

Points at which the derivative of a function equals 0 are sometimes called critical points.
Included in the set of critical points are those points where f’ fails to exist.

7.7 Exercises

1. If f"(x) = 0, is it necessary that x is either a local minimum or local maximum?
Hint: Consider f (x) = x°.

!Actually, the case where the function is defined on an open subset of C and yet has real values is not too
interesting. However, this is information which depends on the theory of functions of a complex variable which
is not considered yet.
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2.

10.

11.

A continuous function f defined on [a,b] is to be maximized. It was shown above
in Theorem 7.6.2 that if the maximum value of f occurs at x € (a,b), and if f is
differentiable there, then f’(x) = 0. However, this theorem does not say anything
about the case where the maximum of f occurs at either a or b. Describe how to find
the point of [a, b] where f achieves its maximum. Does f have a maximum? Explain.

Show that if the maximum value of a function f differentiable on [a,b] occurs at the
right endpoint, then for all & > 0, f’ (b)h > 0. This is an example of a variational
inequality. Describe what happens if the maximum occurs at the left end point and
give a similar variational inequality. What is the situation for minima?

Find the maximum and minimum values and the values of x where these are achieved
for the function f (x) = x+ /25 — x2.

. A piece of wire of length L is to be cut in two pieces. One piece is bent into the shape

of an equilateral triangle and the other piece is bent to form a square. How should
the wire be cut to maximize the sum of the areas of the two shapes? How should the
wire be bent to minimize the sum of the areas of the two shapes? Hint: Be sure to
consider the case where all the wire is devoted to one of the shapes separately. This
is a possible solution even though the derivative is not zero there.

X2

Lets find the point on the graph of y = % which is closest to (0,1). One way to
do it is to observe that a typical point on the graph is of the form (x, %2) and then

2
to minimize the function f (x) = x> + (% - 1) . Taking the derivative of f yields
x+ ix3 and setting this equal to 0 leads to the solution, x = 0. Therefore, the point
closest to (0, 1) is (0,0) . Now lets do it another way. Lets use y = % to write x> = 4y.
Now for (x,y) on the graph, it follows it is of the form (/4y,y) . Therefore, minimize

fO) =4+ @-— 1)2. Take the derivative to obtain 2 + 2y which requires y = —1.
However, on this graph, y is never negative. What on earth is the problem?

Find the dimensions of the largest rectangle that can be inscribed in the ellipse, % +
2

g

o .

A function f is said to be odd if f (—x) = —f (x) and a function is said to be even if
f(—=x) = f(x). Show that if f is even, then f” is odd and if f is odd, then f’ is even.
Sketch the graph of a typical odd function and a typical even function.

Find the point on the curve, y = /25 — 2x which is closest to (0,0).

A street is 200 feet long and there are two lights located at the ends of the street.
One of the lights is % times as bright as the other. Assuming the brightness of light
from one of these street lights is proportional to the brightness of the light and the
reciprocal of the square of the distance from the light, locate the darkest point on the
street.

Find the volume of the smallest right circular cone which can be circumscribed about
a sphere of radius 4 inches.
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12.

13.

14.

15.

CHAPTER 7. THE DERIVATIVE

Show that for r a rational number and y = x, it must be the case that if this function
is differentiable, then y = rx’ 1.

Let f be a continuous function defined on [a,b]. Let € > 0 be given. Show there
exists a polynomial p such that for all x € [a,b],

If(x)—p)<e.

This follows from the Weierstrass approximation theorem, Theorem 6.10.3. Now
here is the interesting part. Show there exists a function g which is also continuous
on [a,b] and for all x € [a,b],

[f(x)—g)<e

but g has no derivative at any point. Thus there are enough nowhere differentiable
functions that any continuous function is uniformly close to one. Explain why every
continuous function is the uniform limit of nowhere differentiable functions. Also
explain why every nowhere differentiable continuous function is the uniform limit of
polynomials. Hint: You should look at the construction of the nowhere differentiable
function which is everywhere continuous and bounded, given above.

Consider the following nested sequence of compact sets, {P,}. Let P, = [0,1], P, =
[0,4] U [3,1], etc. To go from P, to P,y1, delete the open interval which is the
middle third of each closed interval in P,. Let P = N>_, P,. By Problem 16 on Page
74, P # 0. If you have not worked this exercise, now is the time to do it. Show the
total length of intervals removed from [0, 1] is equal to 1. If you feel ambitious also
show there is a one to one onto mapping of [0, 1] to P. The set P is called the Cantor
set. Thus P has the same number of points in it as [0, 1] in the sense that there is
a one to one and onto mapping from one to the other even though the length of the
intervals removed equals 1. Hint: There are various ways of doing this last part but
the most enlightenment is obtained by exploiting the construction of the Cantor set
rather than some silly representation in terms of sums of powers of two and three.
All you need to do is use the theorems in the chapter on set theory related to the
Schroder Bernstein theorem and show there is an onto map from the Cantor set to
[0, 1]. If you do this right it will provide a construction which is very useful to prove
some even more surprising theorems which you may encounter later if you study
compact metric spaces. The Cantor set is just a simple version of what is seen in
some vegetables. Note in the following picture of Romanesco broccoli, the spirals of
points each of which is a spiral of points each of which is a spiral of points...

1 Consider the sequence of functions defined in the following way. Let fi (x) = x on
[0,1]. To get from f, to fy+1, let f,+1 = f, on all intervals where f;, is constant. If
fn is nonconstant on [a,b], let fy11(a) = fu(a), fur1(b) = fu(b), fut1 is piecewise
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linear and equal to 3(f,(a) + f,(b)) on the middle third of [a,b]. Sketch a few of
these and you will see the pattern. The process of modifying a nonconstant section
of the graph of this function is illustrated in the following picture.

vl

Show {f,} converges uniformly on [0, 1]. If f(x) = lim, e f,,(x), show that f(0) =
0, f(1) =1, f is continuous, and f’(x ) =0 for all x ¢ P where P is the Cantor set
of Problem 14. This function is called the Cantor function.It is a very important
example to remember especially for those who like mathematical pathology. Note
it has derivative equal to zero on all those intervals which were removed and whose
total length was equal to 1 and yet it succeeds in climbing from O to 1. Isn’t this
amazing? Hint: This isn’t too hard if you focus on getting a careful estimate on
the difference between two successive functions in the list considering only a typical
small interval in which the change takes place. The above picture should be helpful.

16. Let
lifxe@Q

f<x):{ 0ifx¢Q

Now let g (x) = x*f (x) . Find where g is continuous and differentiable if anywhere.

7.8 Mean Value Theorem

The mean value theorem is possibly the most important theorem about the derivative of a
function of one variable. It pertains only to a real valued function of a real variable. The
best versions of many other theorems depend on this fundamental result. The mean value
theorem is based on the following special case known as Rolle’s theorem?. It is an existence

2Rolle is remembered for Rolle’s theorem and not for anything else he did. Ironically, he did not like calculus.
This may be because, until Bolzano and Cauchy and later Weierstrass, there were aspects of calculus which were
fairly fuzzy. In particular, the notion of differential was not precise and yet it was being used.
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theorem and like the other existence theorems in analysis, it depends on the completeness
axiom.

Theorem 7.8.1 Suppose f: [a,b] — R is continuous, f(a) = f(b),and f: (a

,b) =
R has a derivative at every point of (a,b) . Then there exists x € (a,b) such that f' (x) =

0.

Proof: Suppose first that f(x) = f(a) for all x € [a,b]. Then any x € (a,b) is a point
such that f” (x) = 0. If f is not constant, either there exists y € (a,b) such that f (y) > f(a)
or there exists y € (a,b) such that f(y) < f(b). In the first case, the maximum of f is
achieved at some x € (a,b) and in the second case, the minimum of f is achieved at some
x € (a,b). Either way, Theorem 7.6.2 implies f' (x) =0. H

The next theorem is known as the Cauchy mean value theorem. It is the best version of
this important theorem.

Theorem 7.8.2 Suppose f,g are continuous on [a,b] and differentiable on (a,D).
Then there exists x € (a,b) such that f' (x)(g(b) —g(a)) =& (x) (f(b) — f(a)).

Proof: Let h(x) = f(x)(g(b)—g(a)) —g(x)(f(b) — f(a)).Then letting x = a and
then letting x = b, a short computation shows 4 (a) = h(b). Also, h is continuous on [a, b
and differentiable on (a,b). Therefore Rolle’s theorem applies and there exists x € (a,b)
such that

W (x) =f"(x) (g(P) —g(a)) =& (x) (f (b) = f (a)) = 0. W

Letting g (x) = x, the usual version of the mean value theorem is obtained. Here is the
usual picture which describes the theorem.

Corollary 7.8.3 Let f be a continuous real valued function defined on |a,b)] and differ-
entiable on (a,b). Then there exists x € (a,b) such that f (b) — f (a) = f' (x) (b—a).

Corollary 7.8.4 Suppose f'(x) =0 for all x € (a,b) where a > —oo and b < oo. Then
f(x)=f(y)forallx,y € (a,b). Thus f is a constant.

Proof: If this is not true, there exists x; and x, such that f (x;) # f (x2). Then by the
mean value theorem,
fx)—fle
0 F) =10
X1 — X2
for some z between x; and x,. This contradicts the hypothesis that f (x) = 0 for all x. This
proves the theorem in the case that f has real values. In the general case,

fx+h)—f(x)—0h=0(h).
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Then taking the real part of both sides,
Re f(x+h)—Ref(x) =Reo(h) =o(h)
and so Re f’ (x) = 0 and by the first part, Re f must be a constant. The same reasoning
applies to Im f and this proves the corollary. B
Corollary 7.8.5 Suppose f: C — C and f' (x) = 0 for all x. Then f is a constant.

Proof: Let 7 € R and consider A () = f (x+¢ (y —x)) — f (x) . Then by the chain rule,

W(t)=f(x+t(y—x)(y—x)=0

and so by Corollary 7.8.4, h is a constant. In particular,

h(1)=f () —fx)=h(0)=0
which shows f is constant since x,y are arbitrary. ll

Corollary 7.8.6 Suppose f has real values and f'(x) > 0 for all x € (a,b) where a >
—oo and b < oo. Then f is strictly increasing on (a,b) . That is, if x <y, then f (x) < f (y). If
S (x) >0, then f is increasing in the sense that whenever x <y it follows that f (x) < f ().

Proof: Let x < y. Then by the mean value theorem, there exists z € (x,y) such that

—f(x
0< f/ (Z) — M
y—x
Since y > x, it follows f(y) > f (x) as claimed. Replacing < by < in the above equation
and repeating the argument gives the second claim. H

Corollary 7.8.7 Suppose f' (x) <0 for all x € (a,b) where a > — and b < . Then f
is strictly decreasing on (a,b). That is, if x <y, then f (x) > f(y). If f' (x) <O, then f is
decreasing in the sense that for x <y, it follows that f (x) > f(y)

Proof: Let x < y. Then by the mean value theorem, there exists z € (x,y) such that

y—x
Since y > x, it follows f (y) < f (x) as claimed. The second claim is similar except instead
of a strict inequality in the above formula, you put > . ll

7.9 Exercises

1. Sally drives her Saturn over the 110 mile toll road in exactly 1.3 hours. The speed
limit on this toll road is 70 miles per hour and the fine for speeding is 10 dollars per
mile per hour over the speed limit. How much should Sally pay?

2. Two cars are careening down a freeway in Utah weaving in and out of traffic. Car A
passes car B and then car B passes car A as the driver makes obscene gestures. This
infuriates the driver of car A who passes car B while firing his handgun at the driver
of car B. Show there are at least two times when both cars have the same speed.
Then show there exists at least one time when they have the same acceleration. The
acceleration is the derivative of the velocity.
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. Show the cubic function f (x) = 5x3 4-7x — 18 has only one real zero.

Suppose f (x) = x” + |x| +x — 12. How many solutions are there to the equation,

f(x)=0?

Let f (x) = |x — 7|+ (x— 7)* —2 on the interval [6,8] . Then f (6) =0 = f (8). Does it
follow from Rolle’s theorem that there exists ¢ € (6,8) such that ' (¢) = 0? Explain
your answer.

Suppose f and g are differentiable functions defined on R. Suppose also that it is
known that | f* (x)| > |g’ (x)]| for all x and that | f’ ()| > O for all z. Show that whenever
x #y, it follows |f (x) — f (¥)| > |g (x) — g (y)|. Hint: Use the Cauchy mean value
theorem, Theorem 7.8.2.

Show that, like continuous functions, functions which are derivatives have the in-
termediate value property. This means that if f'(a) < 0 < f’(b) then there exists
x € (a,b) such that f’(x) = 0. Hint: Argue the minimum value of f occurs at an
interior point of [a,b].

Find an example of a function which has a derivative at every point but such that the
derivative is not everywhere continuous.

Consider the function
. 1ifx>0
f(x)_{ ~1ifx<0 -

Is it possible that this function could be the derivative of some function? Why?

Suppose ¢ € I, an open interval and that a function f, defined on / has n+ 1 deriva-
tives. Then for each m < n the following formula holds for x € 1.

()C—C)k m+1

F0 =Y 190 S 4 )

(x—¢)
(m+1)!

(7.14)

where y is some point between x and c. Fix ¢,x in I. Let K be a number, depending
on ¢, x such that

Now the idea is to find K. To do this, let

n (k)
Fl)= 100~ (f(t)+k2 4 <xr>’<+K<xr>"“)
=1 :

Then F (x) = F (c) = 0. Therefore, by Rolle’s theorem there exists y between ¢ and

x such that F’ (y) = 0. Do the differentiation and solve for K. This is the main result
m+1

on Taylor polynomials approximating a function f. The term f("*1) (y) % is

called the Lagrange form of the remainder.
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11. Let f be a real continuous function defined on the interval [0,1]. Also suppose
f(0)=0and f(1) =1 and f’ (¢) exists forall r € (0,1) . Show there exists n distinct
points {s;}?_, of the interval such that

n

f (s))=n.

1

1

Hint: Consider the mean value theorem applied to successive pairs in the following

f (;) —FO)+f @ —f (;) F)—f (i)

12. Now suppose f : [0,1] — R is continuous and differentiable on (0,1) and f (0) =0
while f (1) = 1. Show there are distinct points {s;};_; C (0, 1) such that

Hint: Let 0 =1y <t < --- <t, = 1 and pick x; € f~! (t;) such that these x; are
increasing and x,, = 1,xp = 0. Explain why you can do this. Then argue

tit —ti = f (xie1) = f (i) = f (s3) (i1 — %)

and so
Xigr—X% 1

tivn—ti  f'(si)
Now choose the ¢; to be equally spaced.

13. Show that (x+ 1)*/? —x3/2 > 2 for all x > 2. Explain why for n a natural number
larger than or equal to 1, there exists a natural number m such that (n + 1)3 >m? > nd.
Hint: Verify directly for n = 1 and use the above inequality to take care of the case
where n > 2. This shows that between the cubes of any two natural numbers there is
the square of a natural number.

7.10 Derivatives of Inverse Functions

It happens that if f is a differentiable one to one function defined on an interval, [a,b], and
f’ (x) exists and is non zero then the inverse function f~! has a derivative at the point f (x).
Recall that f~! is defined according to the formula

£ =x.
Let f : [a,b] — R be a continuous function. Recall from Theorem 7.5.1
roy e e SO =@ () = f(b)
flay= tim === f(B) = lim ===

Recall the notation x — a+ means that only x > a are considered in the definition of
limit, the notation x — b— defined similarly. Thus, this definition includes the derivative of
f at the endpoints of the interval and to save notation,

) =t L)

X—X] X—X

where it is understood that x is always in [a, D] .
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Theorem 7.10.1 e 7: [a,b] — R be continuous and one to one. Suppose [’ (x1)
exists for some x| € |a,b] and f'(x1) # 0. Then (f’l)/ (f (x1)) exists and is given by the

formula, (f_l),(f(xl)) = f’(lxl)'

Proof: As above, Lemma 6.4.3, f is either strictly increasing or strictly decreasing on
[a,b] and f~! is continuous. Always y will be in the interval f ([a,b]) if x| is at an end
point. Then, from assumption that f” (x;) exists,

y—f)l=f(F ) —f)| = ) (F o) —x) +o(f () —x1)]

by continuity, if [y — f (x;)| is small enough, then | f~! (y) — x1 | is small enough that

o(r )| < LEN 1) ).

Hence, if |y — f (x1)
lp—al = |lpl —lqll,

is sufficiently small, then from the triangle inequality of the form

e f Gl = [l o) -] = L8 ) g

_ ‘f (2X1)|‘f71()7)_x1|

It follows that for |y — f (x;)| small enough,

oD )| _ el 10) =)
y—f(x1) 1 y) —x

2
Lf7 Gen)

Then, using continuity of the inverse function again, it follows that if [y — f (x] )] is possibly
still smaller, then f~! (y) —x; is sufficiently small that the right side of the above inequality
is no larger than €. Since € is arbitrary, it follows

o(f 1) —x1) =00 —f(x1))

Now from differentiability of f at xy,

y=f@) = FO) =) =) () =x) o (7 () —x)
= ) (o) —x)+oly—f(x))
= fE) (o) =) toly—f(x)
Therefore,
SO = @) = o (= F (1) ol — F (1))
1 (x1)
From the definition of the derivative, this shows that (f~) (f (x1)) = #xl) [ |

The following obvious corollary comes from the above by not bothering with end
points. In this case, we can also consider the case where f is defined on an open set in
F and has values in I where F is either R or C. The new feature is that it might not make
sense to consider one sided derivatives if F = C.
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Corollary 7.10.2 Let U be an open set in F and let f: U — F be one to one and
continuous such that f' (x1) # 0 for x| € U. Then, assuming f (U) is an open set and f~'
is also continuous at f (x1),” it follows that (f’l)/ (f(x1)) = m

Proof: The proof is exactly the same as the one given above except you don’t consider
the case of an endpoint and |-| refers to the absolute value in either C or R.

Incidentally, the above argument works with virtually no change for n dimensional
situations.

This is one of those theorems which is very easy to remember if you neglect the difficult
questions and simply focus on formal manipulations. Consider the following.

) =x.

Now use the chain rule on both sides to write

() FEDF =1,
and then divide both sides by f’ (x) to obtain

/ 1

@)= 5

) 70
Of course this gives the conclusion of the above theorem rather effortlessly and it is formal
manipulations like this which aid in remembering formulas such as the one given in the
theorem.

Example 7.10.3 Let f (x) = 1+x*-+x> +7. Show that f has an inverse and find (f )/ (8).

I am not able to find a formula for the inverse function. This is typical in useful ap-
plications so you need to get used to this idea. The methods of algebra are insufficient to
solve hard problems in analysis. You need something more. The question is to determine
whether f has an inverse. To do this,

F(x)=2x+3%+7>0

By Corollary 7.8.6 on Page 147, this function is strictly increasing on R and so it has an
inverse function although I have no idea how to find an explicit formula for this inverse
function. However, I can see that f (0) = 8 and so by the formula for the derivative of an
inverse function,

7.11 Derivatives and Limits of Sequences

When you have a function which is a limit of a sequence of functions, when can you say
the derivative of the limit function is the limit of the derivatives of the functions in the
sequence? The following theorem seems to be one of the best results available. It is based
on the mean value theorem. Thus it is understood that the functions are real valued and
defined on an interval of R. First of all, recall Definition 6.9.6 on Page 117 listed here for
convenience.

3In fact, this last assumption on the continuity of the inverse function is redundant but this is not a topic for
this book. In case that U is an open interval this was proved earlier, but it also is true even if U is an open subset
of Cor R” for p > 1.



152 CHAPTER 7. THE DERIVATIVE

Definition 7.11.1 L. {fu} be a sequence of functions defined on D. Then {f,} is
said to converge uniformly to f if it converges pointwise to f and for every € > 0 there
exists N such that for alln > N, | f (x) — f, (x)| < € for all x € D.

To save on notation, denote by ||k|| = sup{|k(&)|: & € D}. Then
(&2 < [Vl {121} (7.15)
because for each & € D, k() +1(&)| < k|| + ||/||]and taking sup yields 7.15. From the
definition of uniform convergence, you see that f,, converges uniformly to f is the same as

saying lim, || fu — f|| = 0. Now here is the theorem. Note how the mean value theorem
is one of the principal parts of the argument.

Theorem 7.11.2 Let (a,b) be an open interval and let f; : (a,b) — R be differen-
tiable and suppose there exists xo € (a,b) such that

{fi (x0)} converges,

{ f,ﬁ} converges uniformly to g

Then there exists a function f defined on (a,b) such that
Jx — f uniformly,
and f' = g.
Proof: By the mean value theorem,
(fic (6) = fon () = (fic (x0) = fin (x0)) = (i (trom) = fo (tran) ) (x —%0)
and so, if k,m is large enough,
e (0) = fn G < e (50) = fon o)+ L= fll < 5

provided m, k are large enough. Therefore, || fy — fi|| < € if k,m are large enough showing
that { f;} converges uniformly to a continuous function f by Theorem 6.9.7. That is

Ik —=fl =0

I want to show that f” exists and equals g.
Let ¢ € (a,b) and define

gn(x,c) =

Thus x — g, (x,¢) is continuous.
Claim : For each ¢, x — g, (x,¢) converges uniformly to a continuous function /., on
(a,b) and h, (c) = g(c).
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Proof: Let x # c. Then by the mean value theorem applied to the function x — f;, (x) —

Jm (%),

|gn (x,€) — gm (xac)|

Jn (x)_fm (x)_ (fu(c) = f(c))

11 (8) = 1 (©)] < |12 (8) =& ()| + g (&) — £ (§)]
15 =&l + £ =&

By the assumption that {f; } converges uniformly to g, it follows each of the last two terms
converges to 0 as n, m — oo. If x = ¢, then

18n (c;¢) = gm (c;0)| = |f () = S ()] < || =8| + 1/ 5

Thus x — g, (x,¢) is uniformly Cauchy and must converge uniformly to a continuous func-
tion i, by Theorem 6.9.7 and Corollary 6.9.10. Also % (c) = g (c) by the assumption that
f{ converges uniformly to g. This proves the claim.

Now to complete the proof of the theorem, for ¢ given and x # ¢,

f@)—f(e) — lim (%)~ fa(€) = lim g, (x,c) = h¢ (x).

x—c n—eo x—c n—eo

IN

Since A, is continuous,

flc)= lim 2 =/(9) _ limh (x) = he(c) =g(c). A

x—c xX—c x—c

7.12 Exercises

1. It was shown earlier that the n’* root of a positive number exists whenever n is a
positive integer. Let y = x!/". Prove y/ (x) = Lx(1/m-1,

2. Now for positive x and p, g positive integers, y = xP/4 is defined by y = ¢/x”. Find
and prove a formula for dy/dx.

3. For1>x>0,and p > 1, show that (1 —x)” > 1 — px. Hint: This can be done using
the mean value theorem. Define f (x) = (1 —x)” — 1 + px and show that f(0) =0
while /7 (x) > 0 forall x € (0,1).

4. Using the result of Problem 3 establish Raabe’s Test, an interesting variation on the
ratio test. This test says the following. Suppose there exists a constant, C and a
number p such that

Aj+-1

1
P — ° (ctk-p)
ag

=T k+rC Ctk

for all k large enough. Then if p > 1, it follows that };” , a; converges absolutely.

Hint: Let by = k— 1+ C and note that for all k large enough, b; > 1. Now conclude

that there exists an integer, ko such that by, > 1 and for all k > ko the given inequality

above holds. Use Problem 3 to conclude that

i o P (1_1)": (bk)”
ay k+C — k+C bi+1
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showing |ax|bY is decreasing for k > ko. Thus |a;| < M/bY =M/ (k—1+C)” . Now
use comparison theorems and the p series to obtain the conclusion of the theorem.

. The graph of a function y = f (x) is said to be concave up or more simply “convex” if

whenever (x1,y1) and (x2,y,) are two points such that y; > f (x;), it follows that for
each point, (x,y) on the straight line segment joining (x1,y;) and (x2,y2),y > f (x).
Show that if f is twice differentiable on an open interval, (a,b) and f” (x) > 0, then
the graph of f is convex.

Show that if the graph of a function f defined on an interval (a,b) is convex, then if
S exists on (a,b), it must be the case that f” is a non decreasing function. Note you
do not know the second derivative exists.

Convex functions defined in Problem 5 have a very interesting property. Suppose
{a;}}_, are all nonnegative, sum to 1, and suppose ¢ is a convex function defined on

R. Then
¢ <Z akxk> <Y @ ().
k=1 k=1

Verify this interesting inequality.

If ¢ is a convex function defined on R, show that ¢ must be continuous at every
point.

Prove the second derivative test. If f’ (x) =0 at x € (a,b), an interval on which f is
defined and both f”, f” exist and are continuous on this interval, then if f” (x) > 0, it
follows f has a local minimum at x and if f” (x) < 0, then f has a local maximum at
x. Show that if f” (x) = 0 no conclusion about the nature of the critical point can be
drawn. It might be a local minimum, local maximum or neither.

Recall the Bernstein polynomials which were used to prove the Weierstrass approxi-
mation theorem. For f a continuous function on [0, 1],

po=% (1) (5) ¢

It was shown these converge uniformly to f on [0, 1]. Now suppose f” exists and is
continuous on [0, 1]. Show p), converges uniformly to /" on [0, 1]. Hint: Differentiate
the above formula and massage to finally get

n—1 n— k1Y k
pi,(x): Z < L 1) (W) xk(]—x)"flfk.

Then form the (n — 1) Bernstein polynomial for f’ and show the two are uniformly
close. You will need to estimate an expression of the form

F(4) - L0

which will be easy to do because of the mean value theorem and uniform continuity
of f.
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In contrast to Problem 10, consider the sequence of functions

{0} = {lernxz}:l .

Show it converges uniformly to f (x) = 0. However, f;, (0) converges to 1, not f* (0).
Hint: To show the first part, find the value of x which maximizes the function
’ l+fzx2
sufficient to verify uniform convergence.

. You know how to do this. Then plug it in and you will have an estimate

This next sequence of problems will give an independent treatment of the Riemann
integral of piecewise continuous functions without the use of Riemann sums, being
based instead on the mean value theorem and the Weierstrass theorem. For p (x)
a polynomial on [a,b], let P’ (x) = p(x). Define fabp(x) dx = P(b) — P(a). Show,
using the mean value theorem that this definition is well defined for polynomials
and satisfies [” (ap+ Bq)dx = o [7 pdx+ B [? gdx. Also show [” pdx + [ pdx =
Ja pdx.

For f continuous on [a,b], using the Weierstrass theorem, let ||p, — f|| — 0 where
pn is a polynomial and ||g|| = max{|g(x)|: x € [a,b]}. Then define fabf(x)dx =
lim, e ff pn (x)dx. Show this is well defined. Hint: If ||p,||,||pn|| — O, then show
|lpn — Pm|| is small whenever n,m are large. Use the mean value theorem to verify

that ’ / f (pn — ﬁm)dx’ is small. Thus { / ab pn} is a Cauchy sequence and if another

{Pn} is chosen, { jf ﬁn} is a Cauchy sequence which converges to the same thing.

For f continuous, show that if F (x) = [ fdt, Then F’'(x) = f(x) so any con-
tinuous function has an antiderivative, and for any a # b, |, f fdx = G(b) —G(a)
whenever G’ = f on the open interval determined by a,b and G continuous on the
closed interval determined by a,b. Also verify that [” (otf + Bg)dx = o [* fdx +
B L gdx, [ fdx+ [ fdx= [¢ fdx, and [?1dx=b—a, and [’ fdx = f(z) (b—a)
for some z € (a,b). Also explain the change of variables formula from calculus,

1P f(g(x)) g (x)dx = F (g (b)) — F (g (a)) and integration by parts.

If f(x+) =limy_,,4 f () and f (x—) = lim,_,,_ f (y) both exist for all x € [a,b] and
if f is continuous on [a;_1, 0] where a = ag < o < --- < o, = b, then define

[[ras=Y [ pas= ¥ Gul () - Gl lowr )
a k=1 k=1

=1 k-1
where G}, = f on (a1, &tx) with Gy continuous on [, @] . Show this coincides
with the above definition on each sub interval and is a well defined way to define the

integral of a function which is piecewise continuous, meaning: continuous on each
sub interval and possessing right and left limits at every point.

Generalize differentiability to the case where f has values in F”. Simply replace ||
with [|-|| in the definition. Thus o (u) means limj,_,o % = 0. Verify that if f(¢) =
(fi(t), -+, fp(r)) fort € [a,b], then f is differentiable (right or left differentiable at
the end points) if and only if this is true for each of the component functions and that
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()= (f{ @), f,(t)). Also show that it makes absolutely no difference whether
we use the Euclidean norm || or the maximum norm ||-|| in defining o (u).



Chapter 8

Power Series

8.1 Functions Defined in Terms of Series

It is time to consider functions other than polynomials. In particular it is time to give a
mathematically acceptable definition of functions like ¢*,sin (x) and cos (x). It has been
assumed these functions are known from beginning calculus but this is a pretence. Most
students who take calculus come through it without a complete understanding of the circu-
lar functions. This is because of the reliance on plane geometry in defining them. Fortu-
nately, these functions can be completely understood in terms of power series rather than
wretched plane geometry. The exponential function can also be defined in a simple manner
using power series. It is tacitly assumed in this presentation that x € T, either R or C.

Definition 8.1.1 L. {ar}r_o be a sequence of numbers. The expression,
- k
Zak(x—a) 8.1)
k=0

is called a Taylor series centered at a. This is also called a power series centered at a. It is
understood that x and a € F, that is, either C or R.

In the above definition, x is a variable. Thus you can put in various values of x and ask
whether the resulting series of numbers converges. Defining D to be the set of all values of
x such that the resulting series does converge, define a new function f defined on D having
valuesinFas f (x) = Y5 gar (x— a)* . This might be a totally new function, one which has
no name. Nevertheless, much can be said about such functions. The following lemma is
fundamental in considering the form of D which always turns out to be of the form B (a,r)
along with possibly some points z such that |z —a| = r. First here is a simple lemma which
will be useful.

Lemma 8.1.2 lim,_..n'/"=1.
Proof: It is clear n'/” > 1. Let n'/" = 1 +¢, where 0 < e,. Then raising both sides to

the n'" power for n > 1 and using the binomial theorem,

n=(1 en":n neﬁfl ne,+(n(n—1)/2)e> > (n(n—1)/2)e>
(e = 3 (})eb = 1met (ra=1) 2165 > (n(n=1) 2

Thus 0 < eﬁ < n(n’il) = ﬁ From this the desired result follows because |n1/" — 1| =¢, <
1
[ |

n—1"

Theorem 8.1.3 L. Y oar(x— a)¥ be a Taylor series. Then there exists r < oo such
that the Taylor series converges absolutely if |x —a| < r. Furthermore, if |x —a| > r, the
Taylor series diverges. If A < r then the Taylor series converges uniformly on the closed
disk |x —a| < A.

1/k
Proof: Note limsup,_,., ‘ak (x—a)k‘ = limsup;_,., |a|"/¥|x — a| Then by the root
test, the series
converges absolutely if |x —a|limsup,_,., |ax| k<1

diverges spectacularly if |x —a|limsup, .. |a|"/* > 1.

157
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Thus define

1/limsup_,,, lag |/ if oo > limsupy_,,, la|V* >0
,

oo if limsupy_,., V¥ =0
0 if limsup, .. |a|"/* = oo

Next let A be as described. Then if [x —a| < A, then

A
1/k|xfa| < Alim sup |ak|1/k§ —<a<l
r

. K| VE
lim sup |ay (x —a) ’ = lim sup |ay|
k—yoo k—so0

k—>oo

It follows that for all k large enough and such x,

a (x— a)k‘ < k. Then by the Weierstrass
M test, convergence is uniform.

Note that the radius of convergence r is given by limsup,_,.. |ax|"/*r =1

Definition 8.1.4 The number in the above theorem is called the radius of conver-
gence and the set on which convergence takes place is called the disc of convergence.

Now the theorem was proved using the root test but often you use the ratio test to find
the radius of convergence. This kind of thing is typical in math and one must adjust to this
fact. The proof of a theorem does not always yield a way to find the thing the theorem
speaks about. The above is an existence theorem. There exists a disk of convergence from
the above theorem. You find it in specific cases any way that is most convenient.

Example 8.1.5 Find the disc of convergence of the Taylor series Y.;_| -

1
‘x‘n /n |

Use Corollary 5.4.10. lim,_ye [ =- =lim; e

|
n n

T
lim, . /7 = 1 and so if |x| < 1 the series converges. The points satisfying |z| = 1 require
special attention. When x = 1 the series diverges because it reduces to ), % Atx=—1

= |x| because, as shown earlier,

the series converges because it reduces to ) -, % and the alternating series test applies
and gives convergence. What of the other numbers z satisfying |z| = 1? It turns out this
series will converge at all these numbers by the Dirichlet test.

Example 8.1.6 Find the radius of convergence of ¥, Z—r;x”.

Apply the ratio test. Taking the ratio of the absolute values of the (n+ 1) and the n'"
terms
(D)) g
(n+1)n! |x|

nll
n!

1 n
=n+1)"x|n" = |x| (1+) — |x|e
n

[

Therefore the series converges absolutely if |x| e < 1 and diverges if |x| ¢ > 1. Consequently,
r = 1/e. This problem assumes that you remember from calculus the last limit. If not, this
will be discussed later.
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8.2 Operations on Power Series

It is desirable to be able to differentiate and multiply power series. Recall

h—0 h

Here h,x, f all can have values in C. The definition is the same. The following theorem
says you can differentiate power series in the most natural way on the disk of convergence,
just as you would differentiate a polynomial. This theorem may seem obvious, but it is a
serious mistake to think this. You usually cannot differentiate an infinite series whose terms
are functions even if the functions are themselves polynomials. The following is special
and pertains to power series. It is another example of the interchange of two limits, in this
case, the limit involved in taking the derivative and the limit of the sequence of finite sums.

When you formally differentiate a series term by term, the result is called the derived
series.

Theorem 8.2.1 L. Y oan (x —a)" be a Taylor series having radius of convergence

R > 0and let _
f=Y ay(x—a) (8.2)
n=0
for|x—al <R. Then
fx)= i apn(x—a)" ' = i ann (x—a)"! (8.3)
n=0 n=1

and this new differentiated power series, the derived series, has radius of convergence
equal to R. Also, f (x) given by the Taylor series is infinitely differentiable on the interior
of its disk of convergence.

Proof: First consider the claim that the derived series has radius of convergence equal
to R. Let R be the radius of convergence of the derived series. Then from Proposition
4.10.13 and Lemma 8.1.2,

1 1
— =lim sup |a,|""n"/" =1lim sup |a,|"/" = =,
R n—yoo n—yoo R

and so R = R. If limsup,_,__ |a,|'/" = 0, then limsup,, ,.__ |a,|'/"n'/" and in this case, the
series and derived series both have radius of convergence equal to .

Now let r < R, the radius of convergence of both series, and suppose |x —a| < r. Let &
be small enough that if || < &, then

x+h—a|l <|x—a|+ |k <r

also. Thus, limsup;_,.. |ak|'/’<r <1.

Then for |h| < 8, consider the difference quotient.

f+h)—fx) 1§
T—Eg‘bak«x—kh—a)k—(x—a)k)
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Using the binomial theorem,

Tt =@ L9 (en-af - (o)

h h&
1 & e ¥ k
= %,;a" Z{)( i >(x a7 —(x—a)
—1 j=
) k—1 k
= Zak< ; )(x ay =Y )
k=1 j=0
Then
f(x+h]?l_f(x) —;akk(x—a)k 1
o (N k (k—1)— k-1
= kZ:lak . 0( i )(x—a)’h T —k(x—a)
- o
. Y[k (k—1) k—1
= Y a 0( i >(x—a)/h J—k(x—a)
= \j=
o0 k—2 k )
= Zak< ( . )(x—a)’h“”’)’
=  \j=o \J
Therefore,

fth) —f(0) ¥ -
T—kg’lakk(x—a)k "<

o0 k=2 /0 , ,
il (X (5 ) b= a2
k=2

Now it is clearthatk(k—l)( k;Z > > < l; ) and so

=0
3 v k-2 i -2
< WY ladk- DY (457 ) pealia
=2 =0
= |1 Y lax [k (k= 1) (e —al + 1)) <[] Y [ax k (k= 1) (8.4)
k=2 k=2

By assumption and what was just observed about lim;_,c KLk,

1/k
lim sup (\ak|k(k—1)rk72) <1

k—roo

and so the series on the right in 8.4 converges. Therefore, assuming |A| is small enough,

‘f(x—i—h})l—f(x) —lﬁakk(x—a)kl < C|h|
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which shows that

0 — oo
lim flth) = f(x) Z"akk(x—a)k*1 =0
h—0 h =
Obviously, you can differentiate a power series infinitely often on the interior of the disk of
convergence by simply repeating this theorem. H

As an immediate corollary, it is possible to characterize the coefficients of a Taylor
series.

Corollary 8.2.2 Let Y= a, (x—a)" be a Taylor series with radius of convergence r >

0 and let "
fx) =Y an(x—a)" for |[x—al <r (8.5)
n=0
Then .
o =119 (8.6)
n!

Also a Taylor series is infinitely differentiable on the interior of its disk of convergence.

Proof: From 8.5, f (a) = ap = f¥) () /0!. From Theorem 8.2.1,

Now let x = a and obtain that f’(a) = a; = f’(a)/1!. Next use Theorem 8.2.1 again to
take the second derivative and obtain

f"(x) =2ar+ iann (n—1)(x—a)" 2

let x = a in this equation and obtain a; = f” (a) /2 = f” (a) /2!. Continuing this way proves
the corollary. B
This also shows the coefficients of a Taylor series are unique. If

iak(x—a)k = ibk(x—a)k
k=0 k=0

for all x in some open set containing a, then a; = by, for all k.

It is possible to begin the study of complex analysis by defining the analytic functions
to be those which are correctly given by a power series and this is sometimes done. For
now, this will be the meaning of the word “analytic”. The above theorem and corollary are
the fundamental ideas in doing this.

Example 8.2.3 Find the sum Y5 k27%.

It may not be obvious what this sum equals but with the above theorem it is easy to
find. From the formula for the sum of a geometric series, % =Y othif |t| < 1. Dif-

ferentiate both sides to obtain (1—17)"% =¥, kr*~! whenever |¢| < 1. Let 7 = 1/2. Then

4= m = Y7 k2~%1 and so if you multiply both sides by 271, 2 = ¥ k2%,
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The above theorem shows that a power series is infinitely differentiable. Does it go
the other way? That is, if the function has infinitely many continuous derivatives, is it
correctly represented as a power series? The answer is no. See Problem 6 on Page 178
for an example. In fact, this is an important example and distinction. The modern theory
of partial differential equations is built on just such functions which have many derivatives
but no correct power series.

8.3 The Special Functions of Elementary Calculus

With this material on power series, it becomes possible to give an understandable treatment
of the exponential function exp and the circular functions, sin and cos. A definition could
be given directly for x € C but in this section, it is assumed x € R.

8.3.1 Sines and Cosines

To begin with here is a definition of sin, cos, and exp.

Definition 8.3.1 Define for all x € R

o0 ‘ x2k+ 1 0o x2k ok

sin(x) = )" (—1) Vcos(x)zZ(—l)" !,exp(x)zzx—.

= (2k+1) = (2k) = k!

Observation 8.3.2 The above series converge for all x € F. This is most easily seen
using the ratio test. Consider the series for sin (x) first. By the ratio test the series converges

whenever

|x|2k+3

im 2 _ iy ! |)c|2
e P T e 2k 3) (2k+ 1)
(2k+1)!

is less than 1. However, this limit equals O for any x and so the series converges for all
x. The verification of convergence for the other two series is left for you to do and is no
harder. In what follows, I will emphasize x real. To do it for arbitrary x € C is really a
topic for complex analysis but you use the same series to define these functions.

Now that sin (x) and cos (x) have been defined, the properties of these functions must
be considered. First, here is a fundamental lemma.

Lemma 8.3.3 Suppose y is an R valued differentiable function and it solves the initial
value problem,y” +y =0, y(0) =0,y (0) =0. Then y (x) = 0.

Proof: Multiply the equation by y" and use the chain rule to write

d (1, ,2 1, _
i (3007457) =0

Then by Corollary 7.8.5 % $% )2 + % y? equals a constant. From the initial conditions, y (0) =
y' (0) = 0, the constant can only be 0. B

Theorem 8.3.4 sin’ (x) = cos (x) and cos’ (x) = —sin (x) . Also cos (0) = 1, sin (0) =
0 and
cos? (x) 4 sin® (x) = 1 (8.7)
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for all x. Also sin(—x) = —sin (x) while cos(—x) = cos(x) and the usual trig. identities
hold,

sin(x+y) = sin(x)cos(y)+sin(y)cos(x) (8.8)
cos(x+y) = cos(x)cos(y)—sin(x)sin(y) (8.9)

Proof: That sin’ (x) = cos (x) and cos’ (x) = — sin (x) follows right away from differen-
tiating the power series term by term using Theorem 8.2.1. It follows from the series that
cos(0) =1 and sin (0) = 0 and sin (—x) = —sin(x) while cos (—x) = cos(x) because the
series for sin (x) only involves odd powers of x while the series for cos (x) only involves
even powers.

For x € R, let f (x) = cos? (x) +sin? (x), it follows from what was just discussed that
£(0) = 1. Also from the chain rule, f’ (x) = 2cos (x) (—sin(x)) + 2sin (x) cos (x) = 0 and
so by Corollary 7.8.5, f (x) is constant for all x € R. But f (0) = I so the constant can only
be 1. Thus

cos? (x) +sin® (x) = 1 (8.10)

as claimed.

It only remains to verify the identities. Consider 8.8 first. Fixing y and considering both
sides as a function of x, it follows from the above that both sides of the identity satisfy the
initial value problem

¥ +y=0,y(0)=sin(y),y (0) = cos (y)

Therefore, the difference satisfies the initial value problem of Lemma 8.3.3. Therefore, by
this lemma, the difference equals 0. The next identity is handled similarly. B

Note that 8.10 shows that the ordered pair (cosx, sinx) lies on the unit circle with center
at (0,0).

Proposition 8.3.5 The following important limits hold for a,b # 0.

lim sin (ax) _ 97 1 —cos(x) _o.
x—0  bx b’ x—0 X
Proof: From the definition of sin (x) given above, Sinb(;fx) =
oo k 2k+1 o k 2k+1 o k 2k
Yio(=1) <(§7<)+1)! B ax+ Y2, (=1) ((az);i‘rl)! B a+Yi (=1) (gﬁ)l)!
bx B bx B b

oo k (ax)* o oo k 2
Now |Yr, (—1) % <Y lax* =¥, (\ax|2) = (%) whenever |ax| < 1.
2k .
Thus lim,_0 Y5, (—1)* é‘;ﬁ 7y = 0 and so lim, S'"b(;x) = ¢.The other limit can be han-
dled similarly. l

It is possible to verify the functions are periodic.

Lemma 8.3.6 There exists a positive number a, such that cos (a) = 0.

Proof: To prove this, note that cos (0) = 1 and so if it is false, it must be the case that
cos (x) > 0 for all positive x since otherwise, it would follow from the intermediate value
theorem there would exist a point, x where cosx = 0. Assume cos (x) > 0 for all x. Then



164 CHAPTER 8. POWER SERIES

by Corollary 7.8.6 it would follow that ¢ — sin7 is a strictly increasing function on (0, o).
Also note that sin (0) = 0 and so sin(x) > 0 for all x > 0. This is because, by the mean
value theorem there exists ¢ € (0,x) such that

sin (x) = sin (x) — sin (0) = (cos (7)) (x —0) > 0.

By 8.7, |f(x)| <1 for f = cos and sin. Let 0 < x < y. Then from the mean value
theorem, —cos(y) — (—cos(x)) = sin(¢) (y —x) for some ¢ € (x,y). Since t — sin(z) is
increasing, it follows

—cos (y) — (—cos(x)) =sin(r) (y —x) > sin(x) (y —x)..

This contradicts the inequality |cos (y)| < 1 for all y because the right side is unbounded as
y—co. l

Theorem 8.3.7 Both cos and sin are periodic.

Proof: Define a number 7 such that 7 = inf{x:x >0 and cos(x) = 0}. Then 7 >0
because cos (0) = 1 and cos is continuous. On [0, %] cos is positive and so it follows sin is
increasing on this interval. Therefore, from 8.7, sin (%) = 1. Now from Theorem 8.3.4,

cos (7) = cos (g—f—g) = —sin® (g) =—1,sin(n) =0

Using Theorem 8.3.4 again,
cos (21) = cos? () = 1 = cos (0),
and so sin (27r) = 0. From Theorem 8.3.4,
cos (x+2m) = cos (x) cos (27) — sin (x) sin (27) = cos (x)
Thus cos is periodic of period 27. By Theorem 8.3.4,
sin (x +27) = sin(x) cos (27) 4 cos (x) sin (27) = sin (x)

Using 8.7, it follows sin is also periodic of period 27. B
Note that 27 is the smallest period for these functions. This can be seen by observing

that the above theorem and proof imply that cos is positive on (0, 2), (2£,27) and negative

on (%, 37”) and that similar observations on sin are valid. Also, by considering where these
functions are equal to O, 1, and -1 along with where they are positive and negative, it
follows that whenever a® + b*> = 1, there exists a unique ¢ € [0,27) such that cos (¢) = a
and sin (t) = b. For example, if a and b are both positive, then since cos is continuous and
strictly decreases from 1 to 0 on [0, 5], it follows there exists a unique ¢ € (0,7/2) such
that cos (t) = a. Since b > 0 and sin is positive on (0, /2), it follows sin (¢) = b. No other
value of ¢ in [0,27) will work since only on (0,7/2) are both cos and sin positive. If a > 0
and b < 0 similar reasoning will show there exists a unique ¢ € [0,27) with cos (t) = a and
sin (¢) = b and in this case, t € (37/2,2x) . Other cases are similar and are left to the reader.
Thus, every point on the unit circle is of the form (cost,sint) for a unique ¢ € [0,27).

This shows the unit circle is a smooth curve, however this notion will not be considered
here.
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Corollary 8.3.8 Forall x € R sin (x+27) = sin (x), cos (x+ 27) = cos (x)

Proof: Let y(x) = sin(x+ 27) — sin(x) . Then from the above, y' (0) =y (0) = 0. It is
also clear from the above that y” +y = 0. Therefore, from Lemma 8.3.3 y = 0. Differenti-
ating the identity just obtained yields the second identity. H

Are these the same as the circular functions you studied very sloppily in calculus and
trigonometry? They are.

If sin (x) defined above and sin (x) studied in a beginning calculus class both satisfy the
initial value problem y” +y =0, y(0) = 0,)’ (0) = 1 then they must be the same. However,
if you remember anything from calculus you will realize sin (x) used there does satisfy the
above initial value problem. If you don’t remember anything from calculus, then it does
not matter about harmonizing the functions. Just use the definition given above in terms of
a power series. Similar considerations apply to cos.

Of course all the other trig. functions are defined as earlier. Thus

sinx CcoSx
tanx = ,Cotx = — ,SECX = ——,CSCX = —.
Cosx sinx COSXx sinx

Using the techniques of differentiation, you can find the derivatives of all these.

8.3.2 The Exponential Function

Now it is time to consider the exponential function exp (x) defined above. To do this, it is
convenient to have the following uniqueness theorem.

Lemma 8.3.9 Suppose
Y =y=0,y(0)=0
Theny = 0. Also for all x € R, exp(—x)(exp(x)) =1

Proof: The function exp has been defined above in terms of a power series. From this
power series and Theorem 8.2.1 it follows that exp solves the above initial value problem.
Thus exp’ = exp. Multiply both sides of the differential equation by exp (—x). Then using
the chain rule and product rule,

£ (exp (-~ () =0

and so exp(—x)y(x) = C, a constant. The constant can only be 0 because of the initial
condition. Therefore,

exp(—x)y(x) =0 (%)
for all x.

Now I claim exp (—x) and exp (x) are never equal to 0. This is because by the chain
rule, abusing notation slightly,

(exp (—x)exp (x))" = —exp (—x) exp (x) +exp (—x)exp (x) = 0

and so exp (—x)exp (x) = C a constant. However, this constant can only be 1 because this
is what it is when x = 0, a fact which follows right away from the definition in terms of
power series. Thus from *,y(x) =0. W
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Theorem 8.3.10 77 function exp satisfies the following properties.
1. exp(x) > 0forall x € R, lim,_,exp (x) = o0, lim,_,_wexp (x) = 0.
2. exp is the unique solution to the initial value problem
Y —y=0,y0)=1 (8.11)
3. Forallx,yeF
exp (x +y) = exp (x) exp () (8.12)
4. exp is one to one mapping R onto (0,00).

Proof: To begin with consider 8.12. Fixing y it follows from the chain rule and the
definition using power series that

x —exp(x+y) —exp(x)exp(y)

satisfies the initial value problem of Lemma 8.3.9 and so it is 0. This shows 8.12.

8.11 has already been noted. It comes directly from the definition and was proved in
Lemma 8.3.9. The claim that exp (x) > 0 was also established in the proof of this lemma.

Now from the power series, it is obvious that exp (x) > 0 if x > 0 and by Lemma 8.3.9,

-1 _ . . ... . 2 Xk ..
exp(x)” = exp(—x), so it follows exp (—x) is also positive. Since exp (x) > Yji_o 7y, it is
clear limy_,.. exp (x) = oo and it follows from this that lim,_,_.exp (x) = 0.

It only remains to verify 4. Let y € (0,o0). From the earlier properties, there exist x;
such that exp(x;) <y and x, such that exp(xz) > y. Then by the intermediate value
theorem, there exists x € (x1,x2) such that exp (x) = y. Thus exp maps onto (0,e0). It only
remains to verify exp is one to one. Suppose then that x; < x,. By the mean value theorem,
there exists x € (x1,x2) such that

exp (x) (xa —x1) = exp’ (x) (x2 —x1) = exp (x2) —exp (x1) -

Since exp (x) > 0, it follows exp (x2) # exp (x;). W

8.4 Inandlog,
In this section, the inverse function of x — exp (x) is considered.

Definition 8.4.1 1n is the inverse function of exp. It follows from the definition of
inverse functions that In : (0,00) — R, In (exp (x)) = x, and exp (In(x)) = x. The number e
is that number such that In (e) = 1.

By Corollary 7.10.2, it follows In is differentiable. This makes possible the following
simple theorem.

Theorem 8.4.2 7he following basic properties are available for In.

, 1
In’ (x) = 5 (8.13)
Also for all x,y > 0,
In(xy) =1In(x) +1n(y), (8.14)
In(1) =0,In(x™) = mIn(x) (8.15)

for all m an integer.
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Proof: Since exp (In(x)) = x and In’ exists, it follows

xIn'(x) = exp(In(x))In’(x) = exp’ (In(x))In’ (x)
= exp(In(x))In’ (x) =xIn" (x) = 1

and this proves 8.13. Next consider 8.14.

xy = exp (In(xy)),, exp (In (x) +1In(y)) = exp (In (x)) exp (In(y)) = xy.

Since exp was shown to be 1-1, it follows In(xy) = In(x) 4+ In(y). Next exp (0) = 1 and
exp(In(1)) =1soIn(1) = 0 again because exp is 1-1. Let f (x) =In(x™) —mIn(x). Then
f(1) =In(1) —mlIn(1) = 0. Also, by the chain rule, f’(x) = &mx" ! —ml =0 and so
S (x) equals a constant. The constant can only be 0 because f (1) = 0. This proves the last
formula of 8.15 and completes the proof of the theorem. W

The last formula tells how to define x* for any x > 0 and o € R. T want to stress that
this is something new. Students are often deceived into thinking they know what x* means
for o a real number because they have a meaning for o an integer and with a little stretch
for o a rational number. Such deception should never be tolerated in mathematics.

Definition 8.4.3 Define x® for x > 0 and o € R by In(x*) = aIn(x). In other
words, x* =exp (aln(x)).

From Theorem 8.4.2 this new definition does not contradict the usual definition in the
case where ( is an integer.
From this definition, the following properties are obtained.

Proposition 8.4.4 Forx > 0 let f (x) = x* where a € R. Then f' (x) = ox®*~!.
Also x%B = x%xB and (xo‘)l3 = x*B,

Proof: First consider the claim about the sum of the exponents.

xB = exp((a+p)In(x)) = exp(ctln(x)+ B1n (x))
= exp(aln(x))exp(BIn(x)) = x%P.

In ((x“)ﬁ) —BIn(x*) = afIn(x), In (x“ﬁ) — aBln(x).
The claim about the derivative follows from the chain rule. f (x) = exp (o¢In(x)) and so

=x%=qa (xil)xa =ax*'. |

f'(@) = exp(@ln(x) %

=|R

Definition 8.4.5 Define log, for any b > 0,b # 1 by log,, (x) = IIEE?

P

Proposition 8.4.6 The following hold for log,, (x) .
1. b = x log, (b*) = x.

2. log,, (xy) = logy (x) +log;, (v)
3. log, (x*) = atlogy, (x)
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Proof: 5'°%() = exp (In(b)log, (x)) = exp (ln (b) ln<x>> =exp(In(x)) = x and also

In(b)
log, (b*) = 1][:1((}’;) = X]Ln((bb)) = x. This proves 1.

Now consider 2.

_In(xy) In(x) In(y) _
logb(xy) - ]l’l(b) - ]Il(b) +1n(b) *logb(x)+10gb (y)
Finally, log, (+*) = 5! = oy = atlog, (x) . M

8.5 The Complex Exponential

What does ¢* mean? Here i> = —1. Recall the complex numbers are of the form a +ib and
are identified as points in the plane. For f (x) = ¢, you would want

1) =f(x)=—f(x)

so f” (x) + f (x) = 0. Also, you would want f(0) = e’ =1, ' (0) = ie” = i. One solution
to these conditions is f (x) = cos(x) +isin(x). Is it the only solution? Suppose g(x) is
another solution. Consider u (x) = f (x) — g (x) . Then it follows

U (x)+u(x)=0,u(0)=0=1u(0).

Thus both Reu and Imu solve the differential equation and 0 initial condition. By Lemma
8.3.3 both Reu and Imu are equal to 0. Thus the above is the only solution. Recall by
De’Moivre’s theorem

(cosx+isinx)" = cos (nx) + isin (nx)
for any integer n and so (eix)n = e,
If you have a complex number x + iy, you can write it as

(i)

Ve Ay

and then note that ( \/X;Jriyz7 \/}Tﬁ> is a point on the unit circle. Thus there is 6 such that
this ordered pair is (cos 6,sin0) and so if you let r = \/x2 + 2, the distance to the origin,
the complex number can be written in the form r(cos @ +isin 6). From the above, this is
of the form re®. This is called the polar form of a complex number. You should verify that
with this convention, re'® ?eié = rfe! (6+)
cosine and sine of the sum of two angles.
In particular, this shows how to parametrize a circle in C centered at O which has radius
r. Itis just y(¢) = re'” where ¢ € [0,27]. By this is meant that as t moves from 0 to 27, the
point y(¢) is on the circle of radius » and moves in the counter clockwise direction over the

circle.

. This reduces to using the trig identities for the

8.6 The Binomial Theorem

The following is a very important example known as the binomial series. It was discovered
by Newton.
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Example 8.6.1 Find a Taylor series for the function (1+x)* centered at 0 valid for |x| < 1.

Use Theorem 8.2.1 to do this. First note that if y (x) = (1+x)%, then y is a solution of
the following initial value problem.

, o
———y=0,y(0)=1. 8.16
A S y(0) (8.16)
Next it is necessary to observe there is only one solution to this initial value problem. To
see this, multiply both sides of the differential equation in 8.16 by (1 +x)~%. When this is
done, one obtains

d

—o N —a . a -
o (14+x)"%y) =(1+x) <y - My) =0. (8.17)

Therefore, from 8.17, there must exist a constant, C, such that (1 +x)7°‘ y = C. However,
¥(0) =1 and so it must be that C = 1. Therefore, there is exactly one solution to the initial
value problem in 8.16 and it is y (x) = (1 +x)%.

The strategy for finding the Taylor series of this function consists of finding a series
which solves the initial value problem above. Let y (x) = Y a,x" be a solution to 8.16.
Of course it is not known at this time whether such a series exists. However, the process of
finding it will demonstrate its existence. From Theorem 8.2.1 and the initial value problem,

(14+x) X2 gamx™ ' =Y ota,x" = 0 and so
Z a4 Z ap,(n—o)x"=0
n=1 n=0

Changing the variable of summation in the first sum,

Z apr1 (n+D)x"+ Z ap(n—o)x"=0
n=0 n=0

and from Corollary 8.2.2 and the initial condition for 8.16 this requires

ay (o0 —n)

=1. 8.18
n+1 , 4o ( )

ap+1 =

Therefore, from 8.18 and letting n = 0, a; = «, then using 8.18 again along with this

a(a—1) (a72)
information, a; = . Using the same process, a3 = ( z 3> = “<°‘_g)!<‘x—2)

now you can spot the pattern. In general,

—1
05(062 ) .By

n of these factors

_a(a—1)---(x—n+1)
" n! '

Therefore, the candidate for the Taylor series is

y(x) = i
n=0

Furthermore, the above discussion shows this series solves the initial value problem on its
interval of convergence. It only remains to show the radius of convergence of this series

o(e—1)---(x—n+1)

x".
n!
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equals 1. It will then follow that this series equals (1+x)* because of uniqueness of the
initial value problem. To find the radius of convergence, use the ratio test. Thus the ratio
of the absolute values of (n+ 1)* term to the absolute value of the ' term is

o(a—1)--(a—n+1)(a—n) |x|n+1
(n+1)n! _ |x| |O£ n\ |x|
a(a_l)...'(oz—n+l) ’ |x|n n-+1
n

showing that the radius of convergence is 1 since the series converges if |x| < 1 and diverges

if [x] > 1.
The expression, %W

ing theorem has been established.

is often denoted as (f:) . With this notation, the follow-

Theorem 8.6.2 Let a be a real number and let |x| < 1. Then (1 +x)% = Yoo ()"

There is a very interesting issue related to the above theorem which illustrates the lim-
itation of power series. The function f (x) = (1+x)* makes sense for all x > —1 but one
is only able to describe it with a power series on the interval (—1,1). Think about this.
The above technique is a standard one for obtaining solutions of differential equations and
this example illustrates a deficiency in the method. An even more troubling example is
ﬁ which makes sense and is differentiable for all x € R but its power series diverges for
|x| > 1. This is because the function fails to be differentiable at x = i in the complex plane
and so, if it had a valid power series, this could not happen thanks to the above theorems.
However, we may only care about real values of x and if so, this reliance on power series is
pretty useless.

To completely understand power series, it is necessary to take a course in complex
analysis because this is where they make sense. It turns out that the right way to con-
sider Taylor series is through the use of geometric series and something called the Cauchy
integral formula of complex analysis. An introduction is given later.

8.7 Exercises

1. In each of the following, assume the relation defines y as a function of x for values
of x and y of interest and find ' (x).

(@) xy*+sin(y) = x> +1 (2) y3sin(x)+y*x% =2y +1In|y|
(b) y*+xcos (y?) =x* (h) y*sin(y)x+logy (xy) =y> + 11
(c) ycos(x) = tan(y)cos (x*) +2 (i) sin (¥ +)%) + sec(xy) = € +

y2X+2
() sin (tan (xyz)) +y* =16
(k) cos (sec(tan(y)))
() /x2+y*sin(y) =3x +1n(5+sin(xy)) = x>y +3

@ (¥ +y2)6 =xy+3

24y
() Y5> +eos(y) =7

2. In each of the following, assume the relation defines y as a function of x for values
of x and y of interest. Use the chain rule to show y satisfies the given differential
equation.
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10.

11.

12.

13.

14.

(a) x*y+siny =7, (x*+cosy)y +2xy =0.
(b) x2y* +sin (y?) =5, 2xy> + (3x%y* +2 (cos (y?)) y) ¥ = 0.
(©) y?sin(y) +xy =6, (2y(sin(y)) +y* (cos (y)) +x) Y +y=0.

Show that if D(g) CU C D(f), and if f and g are both one to one, then f o g is also
one to one.

The number e is that number such that Ine = 1. Prove e* = exp (x) .

Find a formula for d—) for y = b*. Prove your formula.

Let y = x* for x € (0,0). Find ' (x).

The logarithm test states the following. Suppose a; 7% 0 for large k and that p =
1

limy e 1n<]k|> exists. If p > 1, then Y7, ax converges absolutely. If p < 1, then

the series, } ;| a; does not converge absolutely. Prove this theorem.

. Suppose f(x+y) = f(x)+ f(y) and f is continuous at 0. Find all solutions to this

functional equation which are continuous at x = 0. Now find all solutions which
are bounded near 0. Next if you want an even more interesting version of this,
find all solutions whose graphs are not dense in the plane. (A set S is dense in
the plane if for every (a,b) € R x R and r > 0, there exists (x,y) € S such that

\/ (x—a)?*+ (y—b)? < r. This is called the Cauchy equation.

Suppose f(x+y) = f(x)f(y) and f is continuous and not identically zero. Find
all solutions to this functional equation. Hint: First show the functional equation
requires f > 0.

Suppose f (xy) = f (x) + f (y) for x,y > 0. Suppose also f is continuous. Find all
solutions to this functional equation.

Using the Cauchy condensation test, determine the convergence of } ;> , ﬁ Now

determine the convergence of } >, m
n

Find the values of p for which the following series converges and the values of p for
which it diverges.} > 4 W

For p a positive number, determine the convergence of ) , 1;‘,,” for various values

of p.

Determine whether the following series converge absolutely, conditionally, or not at
all and give reasons for your answers.

@ Y= (~1)" 1n(l/:5) () ¥, (—1)"tan (n%)
o In(i5)

() Lo (1) kmnl ) ¥, ( (—1)"cos (,%2)

© Yimi (=1)" (1?81)"

(@) Xy (~1)"sin (1) (@ Xy (—1)"sin ()
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15. De Moivre’s theorem says [r(cost +isinf)]" = r* (cosnt + isinnt) for n a positive
integer. Prove this formula by induction. Does this formula continue to hold for all
integers n, even negative integers? Explain.

16. Using De Moivre’s theorem, show that if z € C then z has n distinct n'" roots. Hint:
Letting z = x+ iy, z = |7 (ﬁz‘ + z%) and argue (liz\’ %Z‘) is a point on the unit circle.
Hence z = |z| (cos (0) +isin(8)). Then w = |w| (cos (&) +isin (c)) is an n'" root if
and only if (Jw|(cos(@)+isin(a)))" = z. Show this happens exactly when |w| =
Izl and o0 = &4 for k= 0,1, ,n.

17. Using De Moivre’s theorem from Problem 15, derive a formula for sin (5x) and one
for cos (5x).

18. Suppose Y gan (x—c)" is a power series with radius of convergence r. Show the
series converge uniformly on any interval [a,b] where [a,b] C (c —r,c+7).

19. Find the disc of convergence of the series . Z—Z for various values of p. Hint: Use
Dirichlet’s test.

20. Show ¢* =Y i—]: for all x € R where e is the number such that Ine = 1. Thus e =
Yo % Show e is irrational. Hint: If e = p/q for p,q positive integers, then argue

q! (§ — ZZ:O %) is an integer. However, you can also show ¢! ():,"::0 % — ZZ:O %) <

21. Leta > 1. Show that for all x > 0, you have the inequality ax > In (1 +x4).

8.8 L’Hopital’s Rule

There is an interesting rule which is often useful for evaluating difficult limits. It is called
L'Hopital’s ! rule. The best versions of this rule are based on the Cauchy Mean value
theorem, Theorem 7.8.2 on Page 146.

Theorem 8.8.1 Le: [a,D] C [—oo,00] and suppose f,g are functions which satisfy,

lim f(x) = lirglig(x) =0, (8.19)

x—b—

and f" and g’ exist on (a,b) with g' (x) # 0 on (a,b). Suppose also that

)
xliﬂ?, 70 =L (8.20)
Then ( )
fx)
)Hr;l, () =L (8.21)

I'L’Hopital published the first calculus book in 1696. This rule, named after him, appeared in this book. The
rule was actually due to Bernoulli who had been L'Hopital’s teacher. L’Hopital did not claim the rule as his own
but Bernoulli accused him of plagarism. Nevertheless, this rule has become known as L’Hopital’s rule ever since.
The version of the rule presented here is superior to what was discovered by Bernoulli and depends on the Cauchy
mean value theorem which was found over 100 years after the time of L’Hopital.
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Proof: By the definition of limit and 8.20 there exists ¢ < b such that if # > ¢, then

"t €
O
g (1)

5
Now pick x,y such that ¢ < x <y < b. By the Cauchy mean value theorem, there exists
t € (x,y) such that

gOfE)—f) =71 )(gx) ).

Since g’ (s) # 0 for all s € (a,b) it follows from the mean value theorem g (x) — g (y) # 0.
Therefore,

and so, since 1 > c,

f@—ﬂﬂ_’ €
’aw—aw f<z
Now letting y — b—,

s

Since € > 0 is arbitrary, this shows 8.21.
The following corollary is proved in the same way.

Corollary 8.8.2 Let [a,b] C [—oo,] and suppose f,g are functions which satisfy,

lim f(x) = lim g(x) =0, (8.22)

x—a+ x—a+

and f' and g’ exist on (a,b) with g’ (x) # 0 on (a,b). Suppose also that

fx)
x1—>Iz?+ 7 () =L (8.23)
Then )
. X)
Xl_l}l(‘g_ <) =L (8.24)

Here is a simple example which illustrates the use of this rule.

Sx+sin3x
tan7x

Example 8.8.3 Find lim,_,

The conditions of L’Hopital’s rule are satisfied because the numerator and denomina-
tor both converge to 0 and the derivative of the denominator is nonzero for x close to 0.
Therefore, if the limit of the quotient of the derivatives exists, it will equal the limit of the
original function. Thus,

Sx+sin3x . 5+3cos3x 8
im-— —_— = —.
+50 tanTx | xs0 Tsec? (7x) 7

Sometimes you have to use L’Hopital’s rule more than once.

smx X

Example 8.8.4 Find lim,_,o ¥
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Note that lim, o (sinx —x) = 0 and lim,_,0x> = 0. Also, the derivative of the de-
nominator is nonzero for x close to 0. Therefore, if lim,_.o % exists and equals L,
it will follow from L"Hopital’s rule that the original limit exists and equals L. However,
lim,_,¢ (cosx — 1) 0 and lim,_,¢3x%2 =0 so L’Hopital’s rule can be applied again to con-

sider lim,_,o = S”“‘ From L’Hopital’s rule, if this limit exists and equals L, it will follow
smx X

cosx 1

that lim,_.o = L. But from Proposition 8.3.5,

lim,_s0 gﬁ‘x = —. Therefore, by L’Hdpital’s rule, hmx_m sine—x _ %1.

= L and consequently lim,_,¢

Wal‘ning 8.8.5 Be sure to check the assumptions of L’Hépital’s rule before
using it.

Example 8.8.6 Find lim,_,o4 <5< 2"

The numerator becomes close to 1 and the denominator gets close to 0. Therefore, the
assumptions of L’Hopital’s rule do not hold and so it does not apply. In fact there is no limit
unless you define the limit to equal +co. Now lets try to use the conclusion of L’Hdpital’s
rule even though the conditions for using this rule are not verified. Take the derivative
of the numerator and the denominator which yields M , an expression whose limit as
x — 0+ equals 0. This is a good illustration of the above Warning.

Some people get the unfortunate idea that one can find limits by doing experiments with
a calculator. If the limit is taken as x gets close to 0, these people think one can find the limit
by evaluating the function at values of x which are closer and closer to 0. Theoretically,
this should work although you have no way of knowing how small you need to take x to
get a good estimate of the limit. In practice, the procedure may fail miserably.

xlO
Example 8.8.7 Find lim, o 1“‘ 1]

= 1 where L’Hopital’s rule has been
[+

Ity ()
y 1
used. This is an amusing example. You should plug .001 in to the function o and see
what your calculator or computer gives you. If it is like mine, it will give O and w111 keep on
returning the answer of O for smaller numbers than .001. This illustrates the folly of trying
to compute limits through calculator or computer experiments. Indeed, you could say that
a calculator is as useful for understanding limits as a bicycle is for swimming. Those who

pretend otherwise are either guilty of ignorance or dishonesty.
There is another form of L’Hopital’s rule in which lim,_,_ f (x) = oo and
lim,_,;,_ g (x) = *oo.

This limit equals limy_,o = limy_,o

Theorem 8.8.8 L. [a,b] C [—oo,00| and suppose f,g are functions which satisfy,
lim f(x) = 4o and hm g (x) = oo, (8.25)

x—b— —b—
and ' and g’ exist on (a,b) with g’ (x) # 0 on (a,b). Suppose also
e

vl g (x) (8.26)
Then
im 70 _p. (8.27)

x—b— g (x)
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Proof: By the definition of limit and 8.26 there exists ¢ < b such that if # > ¢, then

"t €
o_
g (1)

X
Now pick x,y such that ¢ < x <y < b. By the Cauchy mean value theorem, there exists
t € (x,y) such that

g (fx)—f)=r()(gx)-g()).
Since g’ (s) # 0 on (a,b), it follows from mean value theorem g (x) — g (y) # 0. Therefore,

and so, since 1 > c,

-0 ’ €
’g(X)—g(y) fez
Now this implies
(x)
@(f(y)‘l) e
0 (551)

where for all y large enough, both % — 1 and &% — 1 are not equal to zero. Continuing to
rewrite the above inequality yields

f(y)fL(%*l) € (56 -1) .
€0 ()| T 2| ()

Therefore, for y large enough,

o) (-1)|, e[ G5-1)
‘g(y)—L‘g L—L(zé_l) +5 (;é{;_l) <

due to the assumption 8.25 which implies

- (76 -1) i

% —L’ < € and this is what is meant by 8.27. H

As before, there is no essential difference between the proof in the case where x — b—
and the proof when x — a+-. This observation is stated as the next corollary.

Therefore, whenever y is large enough,

Corollary 8.8.9 Let [a,b] C [—oo,] and suppose f,g are functions which satisfy,

lim f(x) = +ooand lim g(x) = oo, (8.28)

x—a+ x—a+
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and f' and g’ exist on (a,b) with g’ (x) # 0 on (a,b). Suppose also that
r

xiTJr 7 () (8.29)
Then )
. X)
Xl_l}r[g_ <) =L (8.30)

Theorems 8.8.1 8.8.8 and Corollaries 8.8.2 and 8.8.9 will be referred to as L’Hopital’s
rule from now on. Theorem 8.8.1 and Corollary 8.8.2 involve the notion of indeterminate
forms of the form %. Please do not think any meaning is being assigned to the nonsense
expression %. It is just a symbol to help remember the sort of thing described by Theorem
8.8.1 and Corollary 8.8.2. Theorem 8.8.8 and Corollary 8.8.9 deal with indeterminate forms
which are of the form £2. Again, this is just a symbol which is helpful in remembering the
sort of thing being considered. There are other indeterminate forms which can be reduced
to these forms just discussed. Don’t ever try to assign meaning to such symbols.

Example 8.8.10 Find lim, .. (1+3)".

It is good to first see why this is called an indeterminate form. One might think that as
y — oo, it follows x/y — 0 and so 1 + ;—C — 1. Now 1 raised to anything is 1 and so it would
seem this limit should equal 1. On the other hand, if x > 0, 1+ % > 1 and a number raised
to higher and higher powers should approach co. It really isn’t clear what this limit should
be. Itis an indeterminate form which can be described as 1. By definition,

(15) =ewfn(4))

Now using L'Hdpital’s rule,

in(1+2) L (L
it (1+3) = i = g ()
y—ree y y=eo  1fy Yoo (—1/y?)

lim —>
y=e 14 (x/y)

Therefore, limy_, yIn (1 + 5) = x. Since exp is continuous, it follows

y

. x\' X .
lim(14+-) =limexp(yln{1+- =e.
y—roo y y—roo y

8.8.1 Interest Compounded Continuously

Suppose you put money in the bank and it accrues interest at the rate of r per payment
period. These terms need a little explanation. If the payment period is one month, and
you started with $100 then the amount at the end of one month would equal 100 (1+r) =
100 4 100r. In this the second term is the interest and the first is called the principal. Now
you have 100 (1 +r) in the bank. This becomes the new principal. How much will you
have at the end of the second month? By analogy to what was just done it would equal

100 (14 7) +100 (1 4 r) r =100 (14 7).
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In general, the amount you would have at the end of n months is 100 (1+7)".

When a bank says they offer 6% compounded monthly, this means r, the rate per pay-
ment period equals .06/12. Consider the problem of a rate of r per year and compounding
the interest n times a year and letting n increase without bound. This is what is meant by
compounding continuously. The interest rate per payment period is then r/n and the num-
ber of payment periods after time ¢ years is approximately #n. From the above, the amount
in the account after ¢ years is

o\ nt
P (1 n 7) (8.31)
n
Recall from Example 8.8.10 that limy . (1 + i—‘)y = ¢*. The expression in 8.31 can be
written as
r\nit
P[(1+3)]
n

and so, taking the limit as n — oo, you get Pe” = A. This shows how to compound interest
continuously.

Example 8.8.11 Suppose you have $100 and you put it in a savings account which pays
6% compounded continuously. How much will you have at the end of 4 years?

From the above discussion, this would be 100e(%0* = 127.12. Thus, in 4 years, you
would gain interest of about $27.

8.9 Exercises

1. Find the limits.

(a) lim,_,o 73)6;1?;;3)6 (K) Tlimy_ye (1 _|_5x)%
(b) Tim, 7 (tanx)*/? (1) Tim,_jo —2t3sina
arctan(4x—4)
(© lims 1 e (m) lim, ., L)
(d) thHO arctar/lgfox . .
geer-1_ | (n) limy_04 sin¥ x

@) limeo+ St (0) limy_,g (csc5x — cot5x)

: 3x+sin4.
(f) lim,_,o 250

sinx —1

3smr—1
(p) th—>0+ 2sinx _|

I
(&) llmxayr/2 xn(sjrn/);) . -
(h) lim,_o costh 1 (@) limy_0+ (4x)
(i) lim M (1) lim, e 20
=073 (1.01)
Bsinl
() limy—o qlzgx (s) lim,_ g (cos4x)(1/x2)

2. Find the following limits.

(a) limy_,04 qmv(i‘“\/g; ) (©) limyen (V7 —1).

25x

b) i e ’
© @ e (53
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: 3xp2) 1/x _ VxS 4+ 75
(e) limy—_se ( 5x79) n k) hm)Hw< _YFT0E )
) lim, e (cos %) . .
2,0\ T
. " ) tim, e (3527
(g) lim,_ye (cos %) ) el
xInx
(h) lim, 3 £=21. (m) iMoo (;;zzjfl) =
. . 2
(i) limy_se.cos (n“‘”nm’). . 1n(z2x2+7\/;)
(n) limyo4 —gp—m—
G) lim Va? +7x2 Y-
T VA —11x (0) limy04 T

3. Find the following limits.

(a) limy_yop (14 3x) (h) lim,o (1 —cot(x))
(b) lim,yo *25=* =0 (i) Tim, o 20301
(©) limyy S0 () timyese (42 (46 +7) " - 2)
(d) lim,_,q mn(smx)xw (k) lim, .o cos(x)fctz)s(élx)
(e) lim tan(sin2x)—sin(tan2x) tan(x )
T (1) Tim, o e
. sin(x2) —sin?(x)
(f) lim,_ 7( )x4 (m) limy_e [(x9 _|_5x6) 1/3 _x3:|
— /x2 -
(@) Tim, 0 =) (n) Tim, o 5

4. Suppose you want to have $2000 saved at the end of 5 years. How much money
should you place into an account which pays 7% per year compounded continuously?

5. Using a good calculator, find ¢ — (1 + %)360. Explain why this gives a measure
of the difference between compounding continuously and compounding daily.

6. Consider the following function 2

e forx£0
f(x)_{ 0 forx =0

Show that £*) (0) = 0 for all k so the power series of this function is of the form
Yo Ox* but the function is not identically equal to 0 on any interval containing 0.
Thus this function has all derivatives at 0 and at every other point, yet fails to be
correctly represented by its power series. This is an example of a smooth function
which is not analytic. It is smooth because all derivatives exist and are continuous.

2Surprisingly, this function is very important to those who use modern techniques to study differential equa-
tions. One needs to consider test functions which have the property they have infinitely many derivatives but
vanish outside of some interval. The theory of complex variables can be used to show there are no examples of
such functions if they have a valid power series expansion. It even becomes a little questionable whether such
strange functions even exist at all. Nevertheless, they do, there are enough of them, and it is this very example
which is used to show this.
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It fails to be analytic because it is not correctly given by its power series in any open
set.

7. Euler seems to have done the following to find ¢™. He knew the power series for e
and so substituted ix for x and this gave

1 ix+ (227) /20 (ix)? /30 4+
= 1+ix—x2/21—ix* /3! +--.

then he grouped the terms and got

1— x2 )C4 x3 )CS
2 +4'+ s+ §+5’+

and then recognized this as cosx + isinx. What is wrong with this kind of thing?
Why is it that in this case there is absolutely no problem and this is a legitimate
explanation of Euler’s formula.

8. Find limy_ 4 Hint: It might be good to not use L’Hospital’s rule.

X
x-+sin(3x) *

8.10 Multiplication of Power Series
Next consider the problem of multiplying two power series.

Theorem 8.10.1 Let Y= a, (x—a)", ¥ by (x—a)" be two power series which
have radius of convergence ry and ry, both positive. Then

(Za,,x a )(Zb r—a ):ﬁ)(’;akbnk) (x—a)’

whenever |x —a| < r =min (ry,r;).

Proof: By Theorem 8.1.3 both series converge absolutely if |x —a| < r. Therefore, by

Theorem 5.5.6
(Zanx a )(Zb x—a >:

i Zak X — a b,_ k(x—a)"fk = i)(libakbnk> (x—a)". 1

n=0k=

The significance of this theorem in terms of applications is that it states you can multiply
power series just as you would multiply polynomials and everything will be all right on the
common interval of convergence. This is called the Cauchy product.

This theorem can be used to find Taylor series which would perhaps be hard to find
without it. Here is an example.

Example 8.10.2 Find the Taylor series for " sinx centered at x = 0.
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All that is required is to multiply

Pad

2 )C3 3 5

From the above theorem the result should be

11
x+x2+(—3'+ )3+-~~

1
:x—|—x2—|—§x3+---

You can continue this way and get the following to a few more terms.

1 1 I 1
2 73_75_76_77
A Y 90" Tea0t T

I don’t see a pattern in these coefficients but I can go on generating them as long as I want.
(In practice this tends to not be very long.) I also know the resulting power series will
converge for all x because both the series for ¢* and the one for sinx converge for all x.

Example 8.10.3 Find the Taylor series for tanx centered at x = 0.

Lets suppose it has a Taylor series ag +ajx +axx> +--- . Then

COosx

2y 3 5
(@+ax+a+-) [1- 4+ 4 = (k- + T+
2 4! 31 5! ’
Using the above, agp = 0,a1x = x so
_1 5
ar=1,{0 — | +ax | x =0
2
soa; =0.
ary 3_ —1 3
(“3 - ?)x KT
SO az — % = é SO a3 = z. Clearly one can continue in this manner. Thus the first several

terms of the power series for tan are
1 3
tanx—x_‘_gx +...

You can go on calculating these terms and find the next two yielding

t P NI N
anx = — —
AEAT Y T 315x

This is a very significant technique because, as you see, there does not appear to be a very
simple pattern for the coefficients of the power series for tanx. Of course there are some



8.11.

EXERCISES 181

issues here about whether tanx even has a power series, but if it does, the above must be
it. In fact, tan(x) will have a power series valid on some interval centered at 0 and this
becomes completely obvious when one uses methods from complex analysis but it isn’t too
obvious at this point. If you are interested in this issue, read the last section of the chapter.
Note also that what has been accomplished is to divide the power series for sinx by the
power series for cosx just like they were polynomials.

8.11 Exercises

1.

10.

11.

12.

Find the radius of convergence of the following.

@ Yo (3)" 2. Find Y7 k2%,
o : 1 n
(b) Xy sin () 3% 3. Find X7, k237%.
(©) Lp ok!xk
n . S ﬂ
@ Yo, ((;’,l,));xn 4. Find Y7 | =.
() Yoo 2y 5. Find Y=, 3*
n=0 (Zn)! : k=1 "% -

Show there exists a function f which is continuous on [0, 1] but nowhere differen-
tiable and an infinite series of the form Y | px (x) where each py is a polynomial
which converges uniformly to f (x) on [0,1]. Thus it makes absolutely no sense to
write something like f' (x) = Y3, p} (x). Hint: Use the Weierstrass approximation
theorem.

Find the power series centered at 0 for the function 1/ (1+x?) and give the radius
of convergence. Where does the function make sense? Where does the power series
equal the function?

_ sin(y®)

. Find a power series for the function f (x) = i for x > 0. Where does f (x) make

sense? Where does the power series you found converge?

Use the power series technique which was applied in Example 8.6.1 to consider the
initial value problem y' = y,y(0) = 1. This yields another way to obtain the power
series for e*.

Use the power series technique on the initial value problem y' +y =0, y(0) = 1.
What is the solution to this initial value problem?

Use the power series technique to find solutions in terms of power series to the initial
value problem
Y'+ay=0,y(0)=0,y(0) =1

Tell where your solution gives a valid description of a solution for the initial value
problem. Hint: This is a little different but you proceed the same way as in Example
8.6.1. The main difference is you have to do two differentiations of the power series
instead of one.

Find several terms of a power series solution to the nonlinear initial value problem

Y +asin(y) =0, y(0) = 1,y'(0) = 0.
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13.

14.

15.

16.

17.

18.

19.

CHAPTER 8. POWER SERIES

This is the equation which governs the vibration of a pendulum. Explain why there
exists a power series which gives the solution to the above initial value problem.
Multiply the equation by y’ and identify what you have obtained as the derivative of
an interesting quantity which must be constant.

Suppose the function e* is defined in terms of a power series, e* = Y1, ),‘(—]: Use
Theorem 5.5.6 on Page 98 to show directly the usual law of exponents,

& =e'e.
Be sure to check all the hypotheses.

Let f,, (x) = (% +x?) 2 Show that for all X,

el = S ()] < —=-

Thus these approximate functions converge uniformly to the function f(x) = |x|.
Now show f;, (0) = 0 for all n and so f}, (0) — 0. However, the function f (x) = |x]
has no derivative at x = 0. Thus even though f, (x) — f (x) for all x, you cannot say

that 17 (0) — f'(0).
Let the functions, f;, (x) be given in Problem 14 and consider
g1 (¥) = fi(x), g (x) = fu(x) = fu—1 (x) ifn > 1.

Show that for all x,

ngk

8k (x) = x|

k=0

and that g (0) = 0 for all k. Therefore, you can’t differentiate the series term by term

and get the right answer>.

Use the theorem about the binomial series to give a proof of the binomial theorem
(a+b)" = i <n> a"kpk
i=0 \K
whenever 7 is a positive integer.

Find the power series for sin (x?) by plugging in x* where ever there is an x in the
power series for sinx. How do you know this is the power series for sin (xz) ?

Find the first several terms of the power series for sin? (x) by multiplying the power

series for sin (x) . Next use the trig. identity, sin” (x) = 1_%5(2") and the power series

for cos (2x) to find the power series.

Find the power series for f (x) = —-
—x

3How bad can this get? It can be much worse than this. In fact, there are functions which are continuous
everywhere and differentiable nowhere. We typically don’t have names for them but they are there just the same.
Every such function can be written as an infinite sum of polynomials which of course have derivatives at every
point. Thus it is nonsense to differentiate an infinite sum term by term without a theorem of some sort.
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20. Let a,b be two positive numbers and let p > 1. Choose g such that

1 1
—+-=1.
P q
Now verify the important inequality
P
ab < @ + —.
P q

Hint: You might try considering f (a) = % + % — ab for fixed b > 0 and examine
its graph using the derivative.

21. Using Problem 20, show that if & > 0, p > 1, it follows that for all x > 0

-1 « r
(px+x1_”> >a.
p P

22. Using Problem 21, define for p > 1 and a > 0 the following sequence

o
Xpp1 = xn—i——x,], P x; > 0.
p
Show lim,, . x;, = x where x = a!/P. In fact show that after x1 the sequence decreases
1/p
too’ /7.

23. Consider the sequence { (1 + ﬁ)" }::1 where x is a positive number. Using the bino-

mial theorem show this sequence is increasing. Next show the sequence converges.

24. Consider the sequence {(1 + ﬁ)“l} | where x is a positive number. Show this

sequence decreases when x > 2. Hint: You might consider showing (1 + y)<x/ VHl g
increasing in y provided x > 2. To do this, you might use the following observation
repeatedly. If f(0) =0 and f’ (y) > 0, then f (y) > 0. There may also be other ways

to do this.
25. Let 255 =Y, o %z". The b, are called the Bernoulli numbers. Show that
bo by by bn_1 _ lifn=1
0!n! * 1 (n—1)! * 2l(n—-2)! e (n—D1! | O0idn>1

Hint: You might use the Cauchy product after multiplying both sides by e* — 1.

8.12 The Fundamental Theorem of Algebra

The fundamental theorem of algebra states that every non constant polynomial having co-
efficients in C has a zero in C. If C is replaced by R, this is not true because of the example,
x?> +1 = 0. This theorem is a very remarkable result and notwithstanding its title, all the
best proofs of it depend on either analysis or topology. It was proved by Gauss in 1797.
The proof given here follows Rudin [24]. See also Hardy [ 4] for a similar proof, more dis-
cussion and references. You can also see the interesting article on Wikipedia. You google
fundamental theorem of algebra and go to this site. There are many ways to prove it. This
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article claims the first completely correct proof was done by Argand in 1806. The shortest
proof is found in the theory of complex analysis and is a simple application of Liouville’s
theorem or the formula for counting zeros.

Recall De Moivre’s theorem, Problem 15 on Page 172 from trigonometry which is listed
here for convenience.

Theorem 8.12.1 Let > 0be given. Then if n is a positive integer,
[r(cost +isint)]" = ¥" (cosnt +isinnt).

Recall that this theorem is the basis for proving the following corollary from trigonom-
etry, also listed here for convenience, see Problem 16 on Page 172.

Corollary 8.12.2 Let z be a non zero complex number and let k be a positive integer:
Then there are always exactly k k™ roots of z in C.

Lemma 8.12.3 Leta; € C fork=1,--- ,nand let p(z) = ¥}_, axz*. Then p is contin-
uous.

Proof:
la" —aw"| <la||z—w| |2 +2" 2wt w" .

Then for |z— w| < 1, the triangle inequality implies |w| < 1+|z| and so if |z—w| < 1,
jaz" —aw”| < lal [z —w|n(1+[z])" .

If € > 0 is given, let

€
5 <min (1,0t )
faln (1+2])

It follows from the above inequality that for [z —w| < 8, |az" —aw"| < €. The function of
the lemma is just the sum of functions of this sort and so it follows that it is also continuous.
In particular, if z;y — z, then p (z¢) — p(z). B

Here are some observations about compactness. Recall Theorem 4.8.14 which says that
closed and bounded sets in C are sequentially compact. A version of this is the following
theorem called the Weierstrass Bolzano theorem.

Theorem 8.12.4 L. {zx} be a sequence of complex numbers such that |z| is a
bounded sequence of real numbers. Then there exists a subsequence {an} and a complex
number z such that limy_,.. z,, = z. Sets of the form K = {z € C : |z| < r} are sequentially
compact.

Proof: The existence of z follows from the observation that
{zx} € {z € Csuch that |z| < r}
for some r > 0. This disk just described is sequentially compact by Theorem 4.8.14. B

Theorem 8.12.5 rer p(z) be a polynomial of degree n > 1 having complex coeffi-
cients. Then there exists 7o such that p (zo) = 0, a zero of the polynomial.
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Proof: Suppose the nonconstant polynomial
p(2) =ao+aiz+---+ayd",a, #0,
has no zero in C. By the triangle inequality,

p(2)] > lan||z]" — a0+ arz+---+ a1

> Janl 2" = (Jaol +[ar] |zl + -+ +lan-1]]2" ")

Now the term |a,| |z|" dominates all the other terms which have |z| raised to a lower power
and so lim;|_,., [p (z)| = . Now let

0<A=inf{|p(z)]:z€C}

Then since lim_,., |p (z)| = o, it follows that there exists r > 0 such that if |z > r, then
|p(2)| > 1+ A. It follows that

A=inf{|p)|:|z| <r}

Since K = {z: |z] <r} is sequentially compact, it follows that, letting {z} C K with
|p (zk)| < A +1/k, there is a subsequence still denoted as {z; } such that limy_,e 2 = 20 € K.
Then |p(z0)| = A and so A > 0. Thus,

o o 0
P (20)| rzgl;(llp(Z)l ggg\p(Z)b

Then let g (z) = % This is also a polynomial which has no zeros and the minimum

of |¢(z)] is 1 and occurs at z = 0. Since ¢ (0) = 1, it follows g (z) = 1 +az* +r(z) where
r(z) consists of higher order terms. Here g, is the first coefficient of ¢ (z) which is nonzero.
Choose a sequence, z, — 0, such that a;z& < 0. For example, let —azz8 = (1/n). Then for
r(z) = amz?™ + ami12" + .+ a2 for m > k,

@) = [ladr@| 1= 1+ ()
1 1 n l/k 1 (j_k)/k

< 1—=—4- ; - 1

< 1t Ll <n> <

for all n large enough because the sum is smaller than 1 for n large enough. This contradicts
lg(z)[ = 1.1

8.13 Some Other Theorems

First recall Theorem 5.5.6 on Page 98. For convenience, the version of this theorem which
is of interest here is listed below.

Theorem 8.13.1 Suppose Y." a; and Y7 bj both converge absolutely. Then

(5e) (£0) £

where ¢, =Y _arbp—i. Furthermore, ¥, c, converges absolutely.
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Proof: It only remains to verify the last series converges absolutely. Letting p,; equal
1if k <nand 0 if kK > n. Then by Theorem 5.5.3 on Page 97

Y leal = Zakbn K < ZZ\akan k|—ZZI7nk|ak||bn |
n=0 0 [k=0

n=0k=0 n=0k=
(=<}

Z Pk la|[bn—r| = Z Z lax| |bu—i| = Z |ax] Z |bp| < oo. W
k=0n=k k=0 n=0

\\Mx HMS

The above theorem is about multiplying two series. What if you wanted to consider
(Y2 yan)” where p is a positive integer maybe larger than 2? Is there a similar theorem to
the above?

Definition 8.13.2 Define ¥, +...1k,=m @, Gk, - -~ ak, as follows. Consider all or-

dered lists of nonnegative integers ky,- - - ,k, which have the property that ):f:] ki = m. For
each such list of integers, form the product, ax, ay, - - - ax, and then add all these products.

Note that Y7 _aran—i = Y k| +ky=n Ok, Ok, - Therefore, from the above theorem, if } a;
converges absolutely, it follows (Y7, a;))’ = Yoo (Xk, +4,=n Gk, Ak, ) - It turns out a similar
theorem holds for replacing 2 with p.

Theorem 8.13.3 Suppose Y >_qa, converges absolutely. Then if p is a positive in-

teger;
oo p oo
(zan) .
m=0

n=0
where ¢y = ):k1+---+kp:m ap, - g, -

Proof: First note this is obviously true if p = 1 and is also true if p = 2 from the above
theorem. Now suppose this is true for p and consider (Y5 an)” i By the induction
hypothesis and the above theorem on the Cauchy product,

(E) - (&) (80)- (B (22)

_ ¥ (ick,,ank> VY Y aeanans

n=0k=0kj+--+kp=k

= Z Z g, ay ]

n=0ky++kp1=n

This theorem implies the following corollary for power series.

Corollary 8.13.4 Let
Y an(x—a)"
n=0
be a power series having radius of convergence, r > 0. Then if |x —a| <,

(zw ) = % bl

where by, = Zk1+~~+k,,=n ay, -+ ag,-
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Proof: Since |x—al| < r, the series, Y a, (x—a)", converges absolutely. Therefore,
the above theorem applies and

o p oo
(Z{)an (x—a)") = Y ( Y a, (x—a) ay, (x—a)kp>

n=0 \kj++kp=n

= i ( Z akl"'akp> (x—a)". 1

n=0 \kj+-—+kp=n

With this theorem it is possible to consider the question raised in Example 8.10.3 on
Page 180 about the existence of the power series for tanx. This question is clearly included
. . oo ny—1 .
in the more general question of when (¥,_ya, (x—a)") " has a power series.

Lemma 8.13.5 Let f(x) = ¥ yan (x—a)", a power series having radius of conver-
gence r > 0. Suppose also that f (a) = 1. Then there exists r| > 0 and {b,} such that for
all |x—al < ry,
1 (==}
m = Zobn (x—a)n.
P

Proof: By continuity, there exists | > 0 such that if |x —a| < ry, then
Y lan|lx—al" <1.
n=1

Now pick such an x. Then

1 1 1
F0) I+ an(x—a)  1+Ygcn(x—a)’

where ¢, = a, if n > 0 and ¢y = 0. Then

oo

Y an(x—a)"

n=1

<Y lay|lx—a" <1 (8.32)
n=1

and so from the formula for the sum of a geometric series,

1

o p;o (rl;)cn (xa)"> .

By Corollary 8.13.4, this equals

Y Y bup(x—a) (8.33)
p=0n=0
where b,, = Zk|+...+kp:n(—1)”ckl “+-cy,. Thus ]b,,p| < Ykytothp=n ’C/q ‘ ~~-]ckp‘ = By

and so by Theorem 8.13.3,

o oo o oo

wo [ o p
Y X |bup|lx—al"< Y Y Biplx—al"= Y, <Z|cnx—a|"> < oo
0 p n=0

p=0n=0 p=0n= —0
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by 8.32 and the formula for the sum of a geometric series. Since the series of 8.33 converges
absolutely, Theorem 5.5.3 on Page 97 implies the series in 8.33 equals

i ( y b,,p> (x—a)"
n=0 \ p=0

and so, letting Y byp = by, this proves the lemma. B
With this lemma, the following theorem is easy to obtain.

Theorem 8.13.6 L. F(x) =X gan(x—a)", a power series having radius of con-
vergence r > 0. Suppose also that f (a) # 0. Then there exists ri > 0 and {b,} such that
forall |x—a| <ry,

1 - n
70 :ngbbn(x—a) .

Proof: Let g (x) = f (x) /f (a) so that g (x) satisfies the conditions of the above lemma.
Then by that lemma, there exists ; > 0 and a sequence, {b, } such that

F@)
Flo ~ &m0

for all |x —a| < ry. Then ﬁ =Y obn(x—a)" where b, =b,/f (a). R

There is a very interesting question related to r; in this theorem. Consider f (x) =
1 +x2. In this case r = oo but the power series for 1/f (x) converges only if |x| < 1. What
happens is this, 1/ (x) will have a power series that will converge for |x —a| < r; where r
is the distance between a and the nearest singularity or zero of f (x) in the complex plane.
In the case of f (x) = 1+x this function has a zero at x = +i. This is just another instance
of why the natural setting for the study of power series is the complex plane. To read more
on power series, you should see the book by Apostol [3] or any text on complex variable.
An introduction is given later in this book.



Chapter 9

Integration

The integral originated in attempts to find areas of various shapes and the ideas involved
in finding integrals are much older than the ideas related to finding derivatives. In fact,
Archimedes' was finding areas of various curved shapes about 250 B.C. using the main
ideas of the integral. Newton and Leibniz first observed the relation between the integral
and the derivative. However, their observations were incomplete because they did not have
a precise definition for the integral. This came much later in the early 1800’s and the first
such definition sufficient to include continuous functions was due to Cauchy around 1820
who gave the first complete proof of the fundamental theorem of Calculus. Not much later,
Dirichlet proved convergence of Fourier series to the mid-point of the jump of a piecewise
continuous function under suitable conditions. However, a general theory for the integral
which would include piecewise continuous functions did not come about till around 1854
with the work of Riemann and completed by Darboux. Lebesgue solved the hard questions
about this integral in the early 1900’s.

Of course people used the fundamental theorem of calculus, which was based on finding
antiderivatives, to compute integrals all through the eighteenth century, but the fundamental
question whether there exists an antiderivative for continuous functions was not considered
till the time of Cauchy. However, using the later nineteenth century ideas of the Weierstrass
approximation theorem as developed by Bernstein, we can consider this question. It will
be entirely adequate to deal with all functions typically encountered in elementary calculus
and is very short. After this, are sections devoted to the more general Riemann Stieltjes
integrals due to Stieltjes which date from the late nineteenth century, used in number theory,
probability, and functional analysis. In this more general theory, one uses an integrator
function to include in the notion of an integral things like sums and a mixture of sums and
integrals.

9.1 The Integral of 1700’s

Recall the following definition from beginning calculus.

Definition 9.1.1 [ f (x)dx denotes the set of functions F which have the property
that F' (x) = f (x). These are called antiderivatives. When f is continuous on [a,b], it is
also required that F is continuous on |a,b] in addition to having F' (x) = f (x) on (a,b).

From the chapter on the derivative, [} _, ax* = Yico ak% + C where C is an arbi-
trary constant. Thus it is easy to find an antiderivative for any polynomial.

The next lemma shows that also every continuous function defined on a closed interval
[a,D] has an antiderivative.

Lemma 9.1.2 Let f be a continuous, real valued function defined on [a,b). Then there
exists F such that F' (x) = f (x) for all x € (a,b) . At the end points, F' (x) will refer to a
one sided derivative.

! Archimedes 287-212 B.C. found areas of curved regions by stuffing them with simple shapes which he knew
the area of and taking a limit. He also made fundamental contributions to physics. The story is told about how he
determined that a gold smith had cheated the king by giving him a crown which was not solid gold as had been
claimed. He did this by finding the amount of water displaced by the crown and comparing with the amount of
water it should have displaced if it had been solid gold.

189
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Proof: Assume that a < b in what follows. If not, simply switch a and b in the argument.
Let {p,} be a sequence of polynomials for which ||p, — f|| — 0 and let P, (x) = p, (x) for
all x € (a,b). By the mean value theorem,

|Po (x) = B (@) = (B (x) = P (a))| =

By (x) = B (x) = (Pu (@) — P (a))]
[(Pn (t) = pm (1)) (x—@)| < |[pn — pml||b—al
(lpn = fI1+11f = pmll) |6 —al

The right side converges to 0 as n,m — o and so by completeness, there exists

IN

F () = lim (B (x) ~ Py (a)

this for any choice of x. It remains to verify that F' (x) = f (x). Say x € [a,b) and let i > 0.
Then by the mean value theorem,

Py(x+h)—Py(x) (B (x+h)—P,(a)) — (P (x) — P, (a))

h = h =DPn (thn) (%)

for some #;, € (x,x+h). By compactness, there is a subsequence, still denoted as #;,, for
which limy,_,e t, =t € [x,x+ h]. Now

|Pn (thn) — f (tn)] \Pn (tnn) = f (tnn) |+ f () — £ (20
[P0 = I+ 1f tnn) = £ (t0)]

and so, letting n — oo, this shows, from continuity of f that |p, (t,) — f (t,)| — 0. Taking
a limit in *,

IAIA

F(x+h)—F(x)
h
Now by continuity of f, we can take a limit of this as & — 0 and obtain F’ (x) = f (x),
where F’ (x) is a right derivative at x = a. For x € (a,b], the situation is exactly the same
for when £ is restrained to be negative.

=f(th), th € [x,x+ 4]

F(x+h)—F(x) _ F(x—(=h)—F(x) _ F(x)—F(x—k)

h n —h k

where k = —h and so for F’ (x) the left derivative, it exists at each point of (a,b] and equals
f (x) by exactly similar arguments to the above. Thus at every point of (a,b) both the right
and left derivatives exist for F and both are equal to f so F is differentiable on (a,b). Also,
the appropriate one sided derivatives for F' exist at x € {a,b} and are likewise f (x). B

Definition 9.1.3 For the rest of this section, [a,b] will denote the closed interval
having end points a and b but a could be larger than b or smaller than b. It is written this
way to indicate that there is a direction of motion from a to b which will be reflected by the
definition of the integral given below. It is an “oriented interval”. Then for f continuous
on [a,b],

/abf(x)deF(b)—F(a)

where F is an antiderivative for f on [a,D).
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Proposition 9.1.4 The integral is well defined for f continuous on [a,b).
Proof: Suppose F,G are both antiderivatives. Then letting
H(x)=F(x)—G(x),H (x)=0

it follows by the mean value theorem, H (b) — H (a) =0(b—a) =0so F (b) —G(b) =
F (a) — G (a) which implies F (b) — F (a) = G(b) — G (a). K

Proposition 9.1.5 The above integral is well defined for f continuous on |a,b] and
satisfies the following properties.

1. f:fdx = f(®)(b—a) for some X between a and b,% ¢ {a,b}. Thus )fabfdx) <
17116 —al.

2. If f is continuous on an interval which contains all necessary intervals,

/acfdx—kfcbfdx:/abfdx, 50 /abfdx—k/bafdx:/bbfdx:o

3. IfF(x) = [ fdt, Then F' (x) = f (x). Also,

[ @r+psac=a [ rwaves [ pewax

a a

Ifa<b,and f(x) >0, then [? fdx > 0. Also

2 ] <211
4. [Pldx=b—-a.

Proof: The integral is well defined by Proposition 9.1.4 and Lemma 9.1.2. Consider 1.
Let F' (x) = f (x),F as in Lemma 9.1.2 so

[ rwax=Fw)-F@ =@ 0-a

for some % in the open interval determined by a,b. This is by the mean value theorem.
b
12 fax| < £l 1bal.

Now consider 2. Let F/ = f on a closed interval which contains all necessary intervals.
Then from the definition,

Hence

c b b
/afdx+/c fdx:F(c)—F(a)+F(b)—F(c):F(b)—F(a)E/af(x)dx

Next consider 3. For F (x) = [ f (x)dx, the definition says that F (x) = G (x) — G (a)
where G is an antiderivative of f. Since F (x) = G (x) —G(a), f = G’ = F'. It follows that
F’(x) = f(x) with an appropriate one sided derivative at the ends of the interval. Now let
F'=f,G' = g. Then af +Bg = (aF + BG)" and so

[ (@r )+ Bear = (@F+BG) ()~ (aF +5G) @)

= aF(b)+BG(b)—(aF (a)+BG(a))
= a(F(b)-F(a)+p(G(b)-G(a))

@ [ r@aetp [ e



192 CHAPTER 9. INTEGRATION

If £ > 0,a < b, then the mean value theorem implies that for F’ = f, and some

b
te@ﬁ%FGﬁ—F@):Llmu:fﬁﬂb—wzo.

Thus

v

b b
[un=nar = o [ (s1+ndx=0 0

/ab|f\dx > /abfdxand/ab\ﬂdxzf/abfdx

fab fdx’ < fab | f|dx. This, along with part 2 implies the other claim that

‘f:fdx‘ < ‘fab|f|dx‘ even if a > b.

The last claim is obvious because an antiderivative of 1 is F (x) = x. H

Note also that the usual change of variables theorem from elementary calculus is avail-
able because, by the chain rule, if F' = f, then f(g(x)) g’ (x) = L£F (g (x)) so that, from
the above proposition,

so this proves

g(b) b
FO)~F@)=[ “r0a= [ r0)e
Jgla a
We usually let y = g (x) and dy = g’ (x) dx and then change the limits as indicated above,
or equivalently we massage the expression to look like the above. Integration by parts also
follows from differentiation rules.

Also notice that, by considering real and imaginary parts, you can define the integral of
a complex valued continuous function

'/a.bf(t)dtE./‘;bRef(t)dt—i—i/bImf(t)d;

a

and that the change of variables formula just described would hold. Just apply the above
to the real and imaginary parts. Similarly, you could consider continuous functions with
values in R? by considering the component functions.

Definition 9.1.6 4 Sunction f : |a,b] — R is piecewise continuous if there is an
ordered list of intermediate points z; having an order consistent with

[aub}a (Zi_Zi—l)(b_a)>0
a=20,21, " ,2n = b, called a partition of |a,b], and functions f; continuous on [z;_1,zi|
such that f = f; on (zi—1,z;). For f piecewise continuous, define
b n Zi
/fmmz fi(s)ds
a i=17%i-1

Observation 9.1.7 Note that this defines the integral when the function has finitely
many discontinuities and that changing the value of the function at finitely many points
does not affect the integral.
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Of course this gives what appears to be a new definition because if f is continuous on
[a,b], then it is piecewise continuous for any such partition. However, it gives the same
answer because, from this new definition,

LVVMn=iuwm—F@4»=Fw»4ww

Does this give the main properties of the integral? In particular, is the integral still linear?
Suppose f, g are piecewise continuous. Then let {z;}}_, include all the partition points of
both of these functions. Then, since it was just shown that no harm is done by including
more partition points, f: of (t)+Bg(t)dr =

Z/leaf, $)+ Bgi (s ds— /ﬁ ds+Zﬁ/ ai(s

Zj— Zj—

:O‘Z ds+BZ gl s)ds=a /f dt—l—ﬁ/g
Zji—1

Also, the claim that [” fdr = [ fdt+ K "7 fdt is obtained exactly as before by considering

all partition points on each integral preserving the order of the limits in the small intervals

determined by the partition points. That is, if a > ¢, you would have z;_; > z; in computing

¢ fa.

Definition 9.1.8 Let 1 be an interval.  Then Zi(t)islifteland 0ift ¢ 1
Then a step function will be of the form Y}_, cx 2y, (t) where I, = [ax_1,ai] is an inter-
val and {I; };_, are non-overlapping intervals whose union is an interval [a,b] so b—a =
Y (ax —ax—1). Then, as explained above,

b n n ay n
/ ch%k(t)dtizck/ 1dt:2ck(akfak_1).
a k= =1 - k=1

The main assertion of the above Proposition 9.1.5 is that for any f continuous, there
exists a unique solution to the initial value problem F’ (t) = f (¢) , along with F (a) = 0 and
itis F (t) = [} f(x)dx. As an example of something which satisfies this initial value prob-
lem consider A (x) the area under the graph of a curve y = f(x) as shown in the following

picture between a and x.
-

—A(x+h) —A(x)

a x x+h
Thus A (x+h) —A (x) € [f (x)h, f (x+h)h] and so

Alx+h)—A(x)

D=2 € 1£ () ().

Then taking a limit as 4 — 0, one obtains A’ (x) = f (x),A (a) = 0 and so one would have
A (x) = [} f (t)dt. Other situations for the graph of y = f (x) are similar. This suggests that
we should define the area under the graph of the curve between @ and x > a as this integral.

Is this as general as a complete treatment of Riemann integration? No it is not. In
particular, it does not include the well known example where f (x) = sin ( ) for x € (0,1]
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and f (0) = 0. However, it is sufficiently general to include all cases which are typically of
interest starting with Dirichlet and his consideration of convergence of Fourier series. It is
also enough to build a theory of ordinary differential equations and do all standard examples
of beginning calculus. However, this integral, as well as the more general Riemann integral
discussed below are woefully inadequate when it comes to a need to handle limits. You
need the Lebesgue integral or something more sophisticated to obtain this. Such integrals
are considered later.

9.2 The Riemann Stieltjes Integral

In this section are the principal theorems about Stieltjes integrals, including the classical
Riemann integral, as a special case. A good source for more of these things is the book
by Apostol, [2] and Hobson [18]. The difference here is that instead of dx you use dg
where g is a function, usually of bounded variation. This is more general than the previous
section. You simply take g (x) = x in what follows and obtain it. I wanted to give a review
of familiar material first before launching in to Stieltjes integrals.

In all which follows I will always tacitly assume that f is a bounded function defined
on some finite interval.

9.3 Fundamental Definitions and Properties

First we need to define what is meant by finite total variation.
Definition 9.3.1 Let g be a function defined on [a,b]. For
Py = {x0,- X0}

a partition of [a, x| ,define V (P[a,x}78) by

-

g (xi) — g (xi-1)]-

i=1

Define the total variation of g on [a,x] by

Vian (8) = sup {v (P[a,x],g) : Py is a partition of la,x]}.

Then g is said to be of bounded variation on [a,b] if Vi, (8) is finite. Also, for P =
{x0,x1,++ , X, } where x;, > x3_1, |P|| = max {|x —xx_1| :k=1,2,--- ,n}.

Then with this definition, one has an important proposition which pertains to the case
of principal interest here in which the functions are all real valued. The above definition
of finite total variation works for functions which have values in some normed linear space
however.

Proposition 9.3.2 Every real valued function g of bounded variation can be written
as the difference of two increasing function, one of which is the function x — Vi, y (g)-
Furthermore, the functions of bounded variation are exactly those functions which are the
difference of two increasing functions.
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Proof: Let g be of bounded variation. It is obvious from the definition that x — V/, y (8)

is an increasing function. Also g (x) = Vi, (&) — (Via.g (¢) —&(x)) The first part of the
proposition is proved if I can show x — V|, ; (g) — g (x) is increasing. Let x <. Is it true
that Vi,  (g) — g (x) < Vja, (¢) —&(v)? This is true if and only if

8(y) —8(x) < Vijuy (8) = Viuy (8) ©.1)

To show this is so, first note that V (P, j,¢) <V (Q.4,g) whenever the partition Q[ 4 2
P4 5 You demonstrate this by adding in one point at a time and using the triangle inequal-
ity. Now let P, and P, ,j be partitions of [a,y] and [a, x] respectively such that

14 (P[a,x]ag) +e> V[a,x] (8), V(Pyvg) +e> V[a,y] (g)

Without loss of generality P, contains x because from what was just shown you could add
in the point x and the approximation of V (P, g) to V|, (¢) would only be better. Then
from the definition,

V[a.,y] (g) - V[a,x] (g) >V (Py’g) - (V (P[a,x]vg) + 8)

>g(y)—g(x)—e=g()—gx)—¢
and since € is arbitrary, this establishes 9.1. This proves the first part of the proposition.
Now suppose g (x) = g1 (x) — g2 (x) where each g; is an increasing function. Why is g
of bounded variation? Letting x < y
g =g = [81(y)—g2(y) — (g1 (x) —82(x))
< (810 —g1(x)+(82(y) —82(x))

Therefore, if P = {xg,---,x,} is any partition of [a,b]

-

Il
-

_Zn%|g(xi) —g(xio1)] < (81 (xi) — g1 (xi-1)) + (g2 (xi) — g2 (xi-1))

= (s1(b)—g1(a) +(82(b) —g2(a))

and this shows V|, ;) (g) < (g1 (b) — g1 (a)) + (g2 (b) — g2 (a)) so g is of bounded variation.
]
The following is the definition of the Riemann Stieltjes integral.

Definition 9.3.3 A bounded function f defined on [a, D) is said to be Riemann Stielt-
Jjes integrable if there exists a number I with the property that for every € > 0, there exists
6 > 0 such that if

P={xp,x1," s Xn},a=x0<--<x,=b

is any partition having ||P|| < 8, and z; € [xi_1,xi],

n

I- Zf(zi) (g(xi) —g(xi-1))| <e.

i=1

The number |, ah f(x) dg(x)is defined as I. I will denote this Riemann Stieltjes sum approx-
imating I as Yp f (z;) (g (x;) — g (xi—1)). When f is Riemann Stieltjes integrable on [a,b]
with respect to g as just described, this is denoted as f € R([a,b],g) or simply as R|a,b] if
the definition is clear for g.
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A special case is the following definition.

Definition 9.3.4 The Riemann integral is a special case of the above in which the
integrator function g (x) = x. We write |, f f(x)dg(x) in the form | ab [ (x)dx to signify the
Riemann integral.

There is only one possible number / satisfying the above definition.

Lemma 9.3.5 The integral |, ab f(x) dg(x) is well defined in the sense that if there is such
a number I, then there is only one.

Proof: Suppose you have two of them I,1 and that P,P are corresponding partitions
such that ||P||, || P|| are both small enough that

1—;f(zi)(g(xi) —g(xi-1))| <

g, f—Zf(f,») (8(xi) —g(xi-1))| <€
P

whenever z; or Z; are in [x;_1,x;]. Let Q = PU P and choose z; and 2; to be the left endpoint
of the sub intervals defined by the partition Q. Then ||Q|| < min (||P||,||?||) and so |1 -S| <
e,|l— S| < & where

S= %f(xifl) (8 (xi) — g (xi-1))-

Then |/ — 1| <|I— S|+ |S—I| < 2e. Since € is arbitrary, / = /. W
Next is a fairly obvious theorem which says essentially that things which hold for sums
typically hold for integrals also, provided the integrals exist.

Theorem 9.3.6 Assuming all integrals make sense, the following relation exists for
f,g functions and a,b scalars.

/ab (af+bf)dg:a/abfdg+b/abfdg.

Assuming all integrals make sense and g is increasing, it follows that

/ablfng‘/abfdg‘-

Also, if a < ¢ < b and all integrals make sense for I = [a,c],[a,b],[c,b], then

Lbfdngacfdg+/cbfdg

Proof: Consider the first claim. Since all is assumed to make sense, (It is shown soon
that continuity of the f functions and bounded variation of the g is sufficient.) there exists
0 > 0 such that if ||P|| < 8, then

)

b
/a (af +bF) dg — Sp (af +bf)

b
aSp(f)—a / fdg‘

b
’bsp(f) —b/ fdg‘ <e
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where Sp (h) denotes a suitable Riemann sum with respect to such a partition. Choose the
same point in [x;_1,x;] for each function in the list. Then from the above, 3¢ >

R R b b b R
‘bsp(f)+asp(f>—sp(af+bf)—(a/a sag+b [ jdg— | (af+bf)dg>‘

However, bSp (f) +aSp (f) — Sp (af +bf) = 0 from properties of sums. Therefore,

a/abfdg—l—b/abfdg—/ab (af+bf)dg’ <3e

and since € is arbitrary, this shows that the expression inside |-| equals 0.
If g is increasing, then the Riemann sums are all nonnegative if f > 0. Thus

b b
| Ur1=nds. [ (5145 dg=0

Lb|f|dg2max (/abfdg7—/abfdg>7 Lb|f|dg2 /abfdg’

For the last claim, let § > 0 be such that when ||P|| < &, all integrals are approximated
within € be a Riemann sum based on P. Without loss of generality, letting P; be such a
partition for / each of the intervals needed, we can assume P, ;| contains ¢ since adding it
in will not increase ||P||. Also we can let each of the other two P; be the restriction of P,
to [a,c] or [c,b]. Then

and so

<E, <&

b
/a fdg - SP[a.b]

b
/; fdg - SP[c,b]

[ ras=su, (f)‘ <e,

we can also pick the same intermediate point in each of these sums. Then S, Pas) = Sp[u_c] +

8P, and so, from the triangle inequality, ‘ff fdg— (fac fdg+ be fdg) ’ < 3¢ and since €
is arbitrary, the desired relation follows. l

When does the integral make sense? The main result is the next theorem. We have in
mind the case where f and g have real values but there is no change in the argument if
they have complex values or even more general situations such as where g has values in a
complete normed linear space and f has scalar values or when f has values in a normed
linear space and g has scalar values or even more general situations. You simply change
the meaning of the symbols used in the following argument. This is why I am being vague
about where f and g have their values.

Theorem 9.3.7 Let f be continuous on |a,b] and let g be of finite total varia-
tion on |a,b]. Then f is Riemann Stieltjes integrable in the sense of Definition 9.3.3,

f€R(la,b],g).

Proof: Since f is continuous and [a, b] is sequentially compact, it follows from Theo-
rem 6.7.2 that f is uniformly continuous. Thus if € > 0 is given, there exists § > 0 such
that if |x — y| < &, then

€
If(x) _f(y)| < Z(V[a,b] (g)_|_1) .
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Let P = {xo, - ,X,} be a partition such that ||P|| < 8. Now if you add in a point z on the
interior of I; and consider the new partition,

X< <X <T<Xj< <Xy
denoting it by P/,
j—l

S(P.f)— ) (g (xi) — g (xi-1))

z=1
+£(t) (8(xj) —g (xj-1)) — £ () (g(2) — g (xj-1))
P @) @)+ Y (P~ F () () — g (1))

i=j+1

The term, £ (t;) (g (xj) — g (xj—1)) can be written as

F) () —g(xj-1)) = £ 1) (g (x)) —g(2)) + £ (1) (¢ (z) — & (xj-1))
and so, the middle terms can be written as
£ )(g(x,) g())+1 (1) (g (x, 1))
(t;) ( g(xj 1)) f</+1) (xj) —g(2)

= (f) = f(t71)) (8(x)) =8 (@) + (f (1)) = £ (1)) (8 (2) — 8 (xj-1))
The absolute value of this is dominated by

€

< o 1) (86 8@+ ls s -0)

This is because the various pairs of values at which f is evaluated are closer than §. Simi-
larly,

< Z ’f tl ||g -xl g(xi71)|

f(tl/))(g( l) -xl 1

Zm\g(xi)*g(xiqﬂ

and
n

€
< L @ e el

n

Y (F() =1 (1)) (8 () — g (xi1))

i=j+1

Thus renumbering the points to include z,

n+1

|S(P.f)— ) g (xi) —g(xi-1)| < &/2.

£
‘ - Z1 2(‘/[41,1)] (g)+1

Similar reasoning would apply if you added in two new points in the partition or more gen-
erally, any finite number of new points. You would just have to consider more exceptional
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terms. Therefore, if ||P|| < § and Q is any partition, then from what was just shown, you
can pick the points on the intervals any way you like and

IS(P.f)=S(PUQ,f)] <e&/2.
Therefore, if ||P||,]|Q|| < 8,

IS(BS)=S(@ N < [S(PS)=S(PUQ,N)+IS(PUQ,[)=S(Q, )
< g/2+e/2=¢

Now consider a sequence €, — 0. Then from what was just shown, there exist 6, > 0
such that for ||P||,||Q]] < 8n, |S(P,f) —S(0Q, f)| < €,. Let K, be defined by

Ky =U{S(P.f): [[PI| < &n}-

In other words, take the closure of the set of numbers consisting of all Riemann sums,
S(P, f) such that ||P|| < 8,. It follows from the definition, K, 2 K, for all n and each
K, is closed with diam(K,) = €, — 0. Then by Theorem 4.10.15 there exists a unique
I € N;_,K,. (In more general situations, you would use completeness and a corresponding
theorem which says the intersection of nested closed sets having diameters converging
to O contains a unique point. I mention this because this all holds just as well in case
the continuous function has values in an infinite dimensional space in which closed and
bounded sets are maybe not compact. We are not concerned with this case in this book.)
Letting € > 0, there exists n such that €, < €. Then if ||P|| < &, it follows |S (P, f) —I| <
€, < €. Thus f is Riemann Stieltjes integrable in the sense of Definition 9.3.3 and / =
J? fdg. ™

Are there easy to apply theorems which will let you conclude that something is or
is not Riemann Stieltjes integrable? This involves the relation between integrability and
upper and lower sums. It is specific to the case where f and g have real values and does not
generalize readily like the above theorem does.

Definition 9.3.8 Le: f be real valued, bounded on [a,b), and
P= {)C(),"' 7xm}

be a partition with g an increasing integrator function. Then the upper and lower sums are
defined respectively as

m m
U(f,P)=) Mi(g(t) —g(ti-1)), L(f.P) =Y mi(g (i) —g(ti-1))
i=1 i=1
where
M; =sup{f (x):x € [xi—1,x]}, mi =inf{f (x) : x € [xi—1,x]}
Now here is an interesting lemma about partitions.

Lemma 9.3.9 Suppose f is a bounded function defined on [a,b] and |f (x)| < M for all
X € [a,b] and let g be increasing. Let Q be a partition having n points, {)cg7 e ,xﬁ} and let
P be any other partition. Then

U (f,P) —L(f,P)| <2Mn||P|| +U (f,0) —L(f, Q)]
where ||Py|| is defined by max {g (x;) — g (xi—1) : P = {x0,** ,.Xm} } .
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Proof: Let P = {xo, - ,x» } . Let I denote the set
I={i:[xi—1,x;] contains some point of O}
and I = {0,--- ,m}\ I. Then

U(f,P)—L(f,P)=Y (Mi—m;)(g(xi) —g(xi-1))+ Y, (Mi—m;) (g (x;) — g (xi-1))

iel il

In the second sum above, for each i € I, [xi—1,x;] must be contained in [x,tfl,x;g] for
some k because there are no points of Q in [x;_y,x;]. Therefore, the sum of the terms for
which [x;_1,x;] is contained in [x,t_l ,xﬂ is no larger than the term in the sum which equals
U(f,Q)—L(f,Q). (Note how it is important that g be increasing.) Therefore, the second
sum is no larger than U (f,Q) — L(f,Q) and

U(f,P)=L(f,P) <Y (Mi—m;) (g (xi) — g (xi-1)) + U (f.0) = L(f,Q) 92)

icl

Now consider the first sum. Since | f (x)| <M, (M; —m;) (g (x;) — g (xi—1)) < 2M || P,|| and
s0, since each of these intervals [x;_1,x;] for i € I contains at least one point of Q, there can
be no more than n of these. Hence the first sum is dominated by 2Mn HP{g H .

The following theorem applies to the case where f, g are real valued and g is continuous.
This includes the case of greatest interest which is g (x) = x in which one is considering the
Riemann integral. Historically, it shows that Riemann integrability is equivalent to Darboux
integrability. The latter consists of definining the integral in terms of upper and lower sums,
the integral being the unique number between all upper sums and all lower sums. Darboux
showed that his integral was equivalent to the Riemann integral which has been described
above by using the special case g (x) = x which is a special case of the following theorem.
Thus the following theorem is essentially due to Darboux.

Theorem 9.3.10 L. g be an increasing continuous function and let f be real val-
ued and | f (x)| <M for all x. Then f € R([a,b],g) if and only if for each € > 0, there exists
a partition Q such that

Proof: < Let € > 0 be given and let Q be a partition such that U (f,Q) — L(f,Q) <
€/3. Say Q = {xo, -+ ,x5}. Now there exists & such that if each x; i < 8, then
g (xi) — 8 (xi—1)| < &i7.- Thus || P, || in the above lemma is no larger than - . Therefore,
from Lemma 9.3.9 above, if ||P|| < &, then

U (f,P)—L(f,P)| <2Mn||P,||+|U (f,Q)—L(f, >\< + <e.

It follows, since € is arbitrary that there exists &,, — 0 such that the diameter of S, defined
by

Sm = {Zf ) ( =g (1)) [|P]| < 6m}

converges to 0. Thus there is a unique / in the intersection of these S,, and by definition,
this is the integral.
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= Suppose f € R([a,b],g). Then given € > 0, there is § > 0 and 7 such that if ||P|| < &

Zf(tk) (g(xk)*g(xk_l)) I < g

P

Pick such a partition P =a = xg < --- < x, = b. Here 1 € [x;_1,x] is arbitrary. Pick
I, Sk € [xk,] ,xk] such that
€ €
> Mka f Sk) —
62 () —g(@+ D ) S e —g@+ Dn

Then letting r (&)

ft)+

< my

=____&
— 6(g(B)—gla)+n

n

U(f,P)=L(f,P) < ) (f (1) +r(e) = (f(sk) =7 (€))) (g (xx) — & (k1))

i=1

Y () (g (a) —g (1)) —1

< iZF(S) (8 () —g (1)) +
i=1 P

€ € €
<ztz;t+tz=¢Nl

LS () (8 () = (1)) =1) < 3+ 5+ 3

P

Example 9.3.11 Let g(x) = x be increasing and continuous and let f be decreasing. Then
for P=a=xg < --- <Xx, =b a partition of equally spaced points,

S (o) ok —xx-1)

b—a

™=

UGFP)~L(fP) = Y Flor) (s —xin) —

(f (@)= £ (D))
Thus for n large enough, U (f,P) — L(f,P) < €. It follows fab fdx exists. A similar argu-
ment shows that if f is increasing, then the integral exists.

From this important result, one can obtain fairly easily the fact that various functions
of Riemann integrable functions are Riemann integrable.

Definition 9.3.12 et k: D x D — R satisfy
|k(a,b) —k(a,b)

<K(la—al+|b—b|).
Such a function is called Lipschitz and K is called the Lipschitz constant.

Theorem 9.3.13 Let f.h € R([a,b ‘or g an increasing function and suppose

/s 0], 8) for g g fi pp
f([a,b]),g([a,b]) are both contained in D. Let k : D x D — R be Lipschitz with constant
K. Then k(f,h) € R(|a,b],g).

Proof: By assumption and Theorem 9.3.13, along with the observation that if P C Q,
then U (f,P) > U (f,0Q) and L(f,P) < L(f,Q), there exists a partition P such that

U(f,P)*L(f,P) <§g, U(hvp)il‘(hvp) <é&.
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Now let
ME = sup{k(f(x),h(x) x € 1]},
mt = inf{k(f(x),h(x)):x€ [xi1,x]}
=sup{h(x):x € 1,x]},m! =inf{h(x):x € x;i_1,x]},
a similar convention holding for Mif , mlf . Here P = {x,x1,-- , X, }. Then

()~ L) = X (M) G5 ) —8151)

Z:, ((Mf"" )+ (Mih—mf‘)) (g(xi)—g(xi1)) <K (e+e)

Since € is arbitrary, this shows k(f,g) € R([a,)],g) . In case this went by too fast, see the
following explanation. H
In case there is a question about the assertion that

(k=) < i (] =)+ (vt =)

Pick xp, X € [xi—1,x;] such that k (f (xm) ,h (xp)) > ME— &, k(f (xm) ,h (X)) < m* + €.
Then
(Mk—m ) <k(f( ) h(xM))_k(f(xnl)?h(xnl))+2£

< K1 (xur) = f (o) 4+ Cen) —h (o)) + 26 < K (M) =] ) + (0] =) ) + 26

and since € is arbitrary, this shows the assertion.

This theorem could be generalized by letting k be continuous, but if you want to do
everything right, the context of Riemann integration is not the right place to look anyway.
Much more satisfactory results are available in the theory of Lebesgue integration. I am
trying to keep things simple without excluding the most important examples.

Here is an example of the kind of thing considered obtained from the above theorem.

Example 9.3.14 Let f,h be Riemann Stieltjes integrable, real valued functions with respect
to g an increasing integrator function. Then so is max (f,h) ,min (f,h),af +bh for a,b real
numbers, fh, and likely many other combinations of these functions.

The only claims not obvious are the one about f/ and max (f, /), min (f, k). However,
g, h are bounded by assumption. Therefore, A, f have all values in some interval [—R,R].
Let k (a,b) = ab for (a,b) € [-R,R] X [-R,R)].

|k(a,b) —k(a,b)| <

ib—ab| < R|a—d|+R|b—b|
As to max (f,h), it equals M# which clearly satisfies the necessary condition.

Note that this theorem includes the most important example in which g(t) = ¢, the
Riemann integral.

The following corollary gives many examples of functions which are integrable. This
corollary includes the case of Riemann integrability of a piecewise continuous function.
This was first shown by Riemann. However, it is important that either f or g is continuous
at the exceptional points for f.
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Corollary 9.3.15 Let g be an increasing function defined on [a,b] and let | f| be bound-
ed by M and f is continuous on [a,b] except for {c1,--- ,c,}. At these points either f or g
is continuous. Then |, f fdg exists.

Proof: By Theorem 9.3.7, I just need to show that there is a partition P such that
U(f,P)—L(f,P)<e. Let HPH <8,P=a=yy<---<y,=bwhere §is so small that
if some ¢; € [yx—1,y], then for My, my having the meaning described above as sup and inf
of f on the k™" interval,

(= m) (8 (5) = 8 i) < 5= 04
This is possible because either f or g is continuous at ¢;. Note there are at most r of these
intervals. The validity of the above inequality only depends on ||I~’H so to eliminate possible
cases, assume that none of the y; equal any of the finitely many points in the list except
possibly y, and yy if there is a discontinuity at an end point. Then there are m < r+ 1 closed
intervals {I i }m which remain, other than these special ones which contain an exceptional
point and on each of these intervals, f is continuous. Hence denoting as U (f,P;) an upper
sum corresponding to a partition P; of I and L (f,P;) defined similarly, we can choose P;
on [ such that U (f,P) —L(f,P;) < G +1) Lettlng P be a partition of [a,b] consisting of
the y; along with the points of each P}, it follows that

U)LY < X (U R) ~ L)+ (M) (g 00) 8 051)

£ m+7<2—<sl
5(r+1) 5 5

Proposition 9.3.16 Suppose f € R([a,b],g) where g is an increasing function. If f = f
except at finitely many points {z1,- - ,z, } at which g is continuous, then f € R ([a,b],g) and

[ fdg = [ fdg.

Proof: By assumption, there exists P such that U (f,P) —L(f,P) < §. Then by adding
in more points to P by including points on either side of the exceptional points and using the
continuity of g at these exceptional points, we can pick these extra points close enough to
the exceptional points such that if 2 consists of the new partition with the new points added
U(f,P)—U(f.P)|<£and|L(f,P)—L(f,P)|<E. Therefore, U (f,P)—L(f,P) <

%‘C‘ showing that f is also in R ([a,b],g) . Also, the two integrals are between all upper and

lower sums. Thus these integrals are equal because if [ fdg > [ fdg,

’/fdg—/fdg‘ <U(f.P)-L(f.P)<U(f.P) —L(f,P)+§ <

Since € is arbitrary, this shows the two are equal. It works the same if [ fdg > [ fdg.

In case g (x) = x so you are considering the Riemann integral, this theorem is more gen-
eral than the one which says that piecewise continuous functions are Riemann integrable.
It is more general because you could have a function which is continuous except at finitely
many points but maybe the limit of the function from one side or another does not even
exist. A piecewise continuous function is defined next.
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Definition 9.3.17 4 bounded function f : [a,b] — R is called piecewise continuous
if there are points z; such that a = z0 < 71 < --- < z, = b and continuous functions g; :
[zi—1,2i] = R such that fort € (zi-1,z;),8: (t) = f(¢).

I think that the case of piecewise continuous functions is certainly the case of most
interest, however. What happens is that the right and left limits of f exist at each of the
exceptional points. Thus we can speak of

lim = i and lim = —
Jim £ = (@), and Jim () = £ (@-)
where the first limit is taken from the right and the second limit from the left. On [z;_1,z],
the function g; equals f except at the endpoints it is the right or left limit of f.

The situation for piecewise continuous functions is stated as the following corollary. I
will give a proof because this is, in my opinion, the most important case and it won’t hurt
to have a new and maybe more elementary proof. In this corollary, the integrator function
isg(t)=t.

Corollary 9.3.18 Let f: [a,b] — R be piecewise continuous. Then f is Riemann inte-
grable. Also

b no ez
/ fdr=Y [ gadt 9.5)

i=17%i-1

Where g; = f on (zi_1,z;) with g; continuous on [z;_1,z].

Proof: Let P, be a partition for [z;_1,z;]. Since there are only finitely many of these
intervals, there exists & > 0 such that if ||| < , then for each i,

2
Yo [ gt
P Z

i—1

<€

Let My be an upper bound for |f| on [a,b], M, an upper bound for all |g;|. Now let ||P|| <
8 < & where P is a partition of [a,b], these points denoted as x;. Let P be those points of
P which are in (z;_1,7;] and let P; consist of B; along with z; 1 and z;. Thus ||P;|| < §. Then
for y; € [x,-,l ,xi] ,

g{/a gidt*;f

Zi—1

< ; /;ilgidt* Y FO) (xj—x-1)

i~ x_]'EIS,'

Now for x; € B f (vj) = gi (yj) except maybe at end points where these differ by no more
than 2 (My +M,) = 2M. Thus the above is no more than
n "Zi
Y / gidt — ¥ 8i(v;) (xj—xj-1)
i=1|/%-1 xX;EP;

< ne+4Mnd < € (n+4Mn)

+Y 4(Mp+M,) 6

i=1

IN

Since € is arbitrary, this shows that f is indeed Riemann integrable and equals 9.5. B

Recall that every bounded variation real function is the difference of two increasing
functions. This is Proposition 9.3.2. Then one can easily generalize the above Corollary
9.3.15 to the case where g is only real and of bounded variation.



9.4. INTEGRATION BY PARTS 205

Corollary 9.3.19 Let g be the difference of two increasing functions g = g1 — g2 defined
on [a,b] and let f be bounded by M and is continuous on [a,b] except at finitely many points
{c1, -+ ,cr}. At these points either f or both g1, g, are continuous. Then fab fdg exists.

Proof: The details are left to the reader. However, you simply apply the above Corollary
9.3.15 to f fdgy and f fdg> and then note that from the definition, fl fdg = [ fdg, —

I3 fdg, ™
The above has given many examples of functions which are integrable. Now here is
one which is not integrable with respect to any continuous bounded variation function.

Example 9.3.20 Here is an example of a function which is not integrable. Let

Fr) = { 1 t:fx l:S mtiona.l 9.6)

0 if x is not rational

and let g be an increasing continuous function, g (b) > g(a). Then in reference to |a,b),
U(f,g)=g(b)—g(a)andL(f,g)=0s0 fab fdg does not exist. This follows from Theorem
9.3.10.

There is a fundamental relationship between f € R([a,b],g) and g € R([a,b],f). It
turns out that if you have one, then you have the other also and in addition to this, there is
a fundamental integration by parts formula. This is a very remarkable formula.

9.4 Integration by Parts

Theorem 9.4.1 Let f,g be two functions defined on [a,b]. Suppose f € R([a,b],g).
Then g € R ([a,b], f) and the following integration by parts formula holds.

b b
/afdg+/a gdf = fg(b)— f2(a).

Proof: By definition there exists § > 0 such that if ||P|| < & then whenever z; €
[xi—l 7xi] 3

<€

n b
Y. £ () (g ) =g (i) = | fdg
i=1 a

Pick such a partition. Notice fg (b) — fg(a) =Y fg (xi) — fg (xi—1) .Therefore, subtract-
ing ¥, g(#) (f (xi) — f (xi—1)) from both sides where #; € [x;_1,xi],

M:

fe(b)—fgla) =} &) (f (xi) = f (xi-1))

i=1

= ¥ 0 et =L 6 0) () =)

-

-

S (i) (8 (i) — g (8) + f (xi1) (8 () — 8 (xi-1))

14
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But this is just a Riemann Stieltjes sum for || : fdg corresponding to the partition which
consists of all the x; along with all the #; and if P’ is this partition, ||P'|| < & because it has
at least as many points in it as P. Therefore,

Riemann sum for ja” fdg

o)~ fga) ~ Y @) (£ o)~ () | — [ pag| <

i=1

Riemann sum for f: gdf

and this has shown that from the definition, g € R([a,b], f) and

b b
/a gdf = f5(b)—fg(a) = | sdg.m

It is an easy theorem to remember. Think something sloppy like this: d (fg) = fdg+
gd f and so

F2(b)— fg(a) = / "d(fg) = / ' fag+ / e ©.7)

and all you need is for at least one of these integrals on the right to make sense. Then the
other automatically does and the formula follows.

Corollary 94.2 | f fdg exists if f is continuous and g of bounded variation or if g is
continuous and f of bounded variation.

Proof: This follows from the above integration by parts result and Theorem 9.3.7. B

The following proposition shows jab f(t)dg(t) = jab f(t)g' (¢r)dt under suitable as-
sumptions. Actually, this will be true even if g has values in some vector space. To begin
with is an argument which could be used to show this. This argument is technical and for
the topics of interest in this book, the proposition is sufficient. Therefore, you might want
to go directly to the proposition. The reason that it is more complicated is that the mean
value theorem is not available unless the function is real valued.

Suppose now that g is differentiable on [a,b] and has a continuous derivative x — g’ (x).
Consider the following function where (x,y) € [a,b] X [a,b]

|2()—g(x)—¢ () y—x)| .
k(x,y)E{ i

Oifx=y

Then k is continuous in the sense that if x, — x,y, — , it follows that k (x,,,y,) — k (x,y).
Thus it is uniformly continuous by Theorem 6.7.2. Thus if |P|| < J, for P a partition of
[a, 5],

D=

n
lg() —gim)] < Y [& ()| i — x|+ ) el —xi ]
i=1

1 i= i

€ la,b]}) (b—a)

A
—
o
+
B
o
-
-
oQ
—
-
=
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Now note that whenever Q is a partition, the estimate for total variation obtained from
V(Qp,g) <V ((QUP),,g). Therefore, in finding the total variation of g one can assume
that all partitions have norm no more than 8. Then since € is arbitrary, this shows that

Viay) (8) < [b—a|max {|g/ (x)| : x € [a,]}

Then by Theorem 9.4.1, both fab fdg and jah fg'dt exist. Then one can use a similar argu-
ment to what is about to be presented in the next proposition to conclude that these two
integrals are equal. The only difference is that in the general case, you would need to avoid
the mean value theorem and instead use a left sum to approximate the difference in g and a
similar argument to what was just presented to show that g is of finite total variation. The
reason for noting this argument is to allow the possibility that g has vector values, possibly
in an infinite dimensional space. However, for this book, we are mainly concerned with g
having real values. For this case, there is a much easier argument based on the mean value
theorem.

In the assumptions for the following Proposition, it is easier to simply assume that g’ (x)
exists and g’ is continuous on [a,b] where g’ (a), g’ (b) are defined as appropriate one sided
derivatives, but in the interest of generality, it is only assumed in the following that g’ (¢)
exists on (a,b) and is continuous on [a,b]. However, giving the condition on [a, b] is likely
easier to remember and will suffice in all typical situations.

Proposition 9.4.3 Let g be real valued, continuous on [a,b], and have a derivative
which is continuous and bounded on (a,b). Then g has finite total variation and for f
continuous,

b b
| rwaso = [ o8 0,

the integral on the right existing because t — f(t) g’ (t) is continuous on (a,b), bounded,
and y(t) =t is continuous at the endpoints, Corollary 9.3.15.

Proof: First consider the claim that g has finite total variation. Leta =xg <x; < -+ <
X, = b. By the mean value theorem,

-

g (t:) — g (ti1)| = i ¢ (si)| (ti —ti-1) <max {|¢' (x)| :x € [a,b]} (b—a).

i=1

Thus Vi, ) (g) < oo.

Now, by Theorem 9.4.1, fabf(t)g' (¢)dt, fff(t) dg (t) both exist. Therefore, there ex-
ists a 8 such that if ||P|| < 8, then letting P be {xo," -+ ,xn},

a

3 () (s(x) s s)= [ F0az(0)] < e
Y ) () (i —xin) — [ F(0)g )i < e
=1

for any choice of u; € [x;_1,x;]. But in the first expression, the mean value theorem implies
g(xi)—g(xi—1) =g (vi) (xi — x;—1) for some v; € (x;_1,x;). Let u; = v; in the top inequality
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to obtain

<€

Y S i)g () i —xio0) = [ £ (0)de (@)

Then let u; = v; in the bottom inequality as well to obtain

[ r0az0)- [ g G| <| [ g0~ Y rog o) i)

=1
42f@0§@0@ﬁ1)

-

£ (i) (g (xi) g(xil))|

n

b
Y F00) (g ) — g i) — [ £ (1)dg 1)
i=1 a
Since € is arbitrary, this shows fahf(t)dg (1) = fahf(t)g’ (t)de.
What does the integration by parts formula 9.7 say in case g’ exists and is continuous
and f” exists and is continuous? By Proposition 9.4.3 above, both | ab fdgand [ f gdf exist.

Now the integration by parts formula says fg(b) — fg(a) = jf fdg+ fab gdf and from
what was just shown in Proposition 9.4.3, this reduces to

re )~ fs@) = [ 50 war+ (g0 war 09

which is the usual integration by parts formula from calculus.

+ <e+0+e=2¢

Proposition 9.4.4 Let f, g both be continuous on [a,b] with continuous bounded deriv-
atives on (a,b) . Then the usual calculus integration by parts formula 9.8 is valid.

9.5 The Fundamental Theorem of Calculus

Note how as a special case, you get the usual fundamental theorem of calculus by letting
f(¢) = 1. Indeed, from Theorem 9.4.1

obviously 0
b b b
[1gwar= [T1ag+ [ ear =18() - 15(@ = (6) (@)
a a a
This proves:
Theorem 9.5.1 ir¢' is continuous on [a,b], then g (b) — g (a) = f "(t)dt
A version of this presented more directly is the following.

Theorem 9.5.2 suppose fff(t) dt exists and F' (t) = f (¢) for each t € (a,b) for
some F continuous on [a,b]. Then fff(t) dt =F (b)—F (a).
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Proof: There exists 6 > 0 such that if ||P|| < &, then for P = xq, - , X,

< g, forany # € [xp_1,x] .

[ r@ar= Y s t—u)

k=1

Use the mean value theorem to pick #; € (xx_1,xx) such that f () (xy —xx—1) = F (xx) —
F (xk_l). Then

|/bf(f)df if(tk)(xk*Xk—O
a k=1

Since € > 0 is arbitrary, this proves the theorem. ll

Note that this did not explicitly require f to be continuous, just Riemann integrable.
In case f is continuous or piecewise continuous, this shows the integral discussed here is
the same as the integral of Definition 9.1.3 because, as shown in Proposition 9.1.5 both

can be computed by using an antiderivative. If [ is the earlier 1700’s integral and if f is
piecewise continuous with exceptional points between a and b, &g, 01, ...,Q,, and f = f;
on (o;_1,a;), then

—

(213

[ras=Y [ gax=3 [* pas= [ ax
a i=17 Gi-1 a

i=17®i-1
Definition 9.5.3 When everything makes sense, fff(t) dg(t)=— [y f(t)dg (1)
This also shows the well known change of variables formula.

Theorem 9.5.4 suppose F’ (y) = f(y) for y between ¢ (a) and ¢ (b) and f, ¢’ are
continuous. Then

[ poyav= [ rio ¢ war
¢(a) a

Proof: This is true because both sides reduce to F (¢ (b)) —F (¢ (a)). R

The other form of the fundamental theorem of calculus is also obtained. Note that in
case of the Riemann integral if f > 0, and a < b, then | ab f(t)dt > 0. Therefore, assuming
f is continuous,

b b
| 1rol=r@a=o. [F1rol+raar=o

and so [2|£ ()]t > 2 f(e)dr, [21F(0)]de > — [2 (1) dr which implies [?|f(r)|dr >
fabf(t) dt‘. This also follows from Theorem 9.3.6.

Theorem 9.5.5 Let f be continuous on [a,b] and suppose Vi, ;) (g) < o. Then f €
R([a,x],g) forall x € [a,b]. If g (t) =1, then for F (x) = [ f (t)dt, it follows that F' (t) =
f(t) fort € (a,b).
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Proof: The first part is obvious because V|,  (§) < V|45 (§) < andso f € R([a,x],g)
by Theorem 9.3.7. It remains to verify the last part. Let ¢ € (a,b) and let |h| be small
enough that everything of interest is in [a, b]. First suppose & > 0. Then

’F(t—l—h)—F(t) 1 rtth 1 [tt+h
h

_f(t)‘:’h.l n

1 t+h 1 t+h
<o ©-solas<g [ eds—e

provided that € is small enough due to continuity of f at #. A similar inequality is ob-
tained if & < 0 except in the argument, you will have t + /& < t so you have to switch
the order of integration in going to the second line and replace 1/h with 1/(—h). Thus

limy o “CEHEO = £ (). m
An examination of the proof along with Corollary 9.3.15 yields the following corollary.

Corollary 9.5.6 Let f be continuous on |a,b] except for finitely many points. Then
F (x) = [ fdx exists for all x € [a,b]. F' (x) = f(x) for x any point in (a,b) at which f is
continuous.

9.6 Uniform Convergence and the Integral

It turns out that uniform convergence is very agreeable in terms of the integral. The follow-
ing is the main result.

Theorem 9.6.1 L. g be of bounded variation and let f, be continuous and converg-
ing uniformly to f on [a,b). Then f is also integrable and fab fdg =1im, .. fab fudg.

Proof: The uniform convergence implies f is also continuous. See Theorem 6.9.7.
Therefore, fab fdg exists. Now let n be given large enough that

1f = full = max |f(x) = fu (x)| <&
x€la,b]

Next pick & > 0 small enough that if ||P|| < &, then

/@@—iﬂ@@mrgmlw < e
@ k=1

b n
/fndg—mek)(g(xk)—g(xkm‘ < e
Ja k=1

for any choice #; € [x;_1,x;]. Pick such a P and the same #; for both sums. Then

/abfdg—‘/ffndg’ <

/bfdg— Zn: I () (g (xk) _g(xkl))‘
a k=1

+

(f () — fu (1)) (8 (xk) — g (xk—1)) | +

-

[ = Y ) (w0 g(xk_1>>|
a k=1

<€+ 28|g(xk)_g(xk—l)|+8 <2e+Vj(g)€
=1

Since ¢ is arbitrary, this shows that lim,,_,c

12 rdg = [} fudg| 0.
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9.7 A Simple Procedure for Finding Integrals

Suppose f is a continuous function and F is an increasing integrator function. How do you
find [? f (x)dF? Is there some sort of easy way to do it which will handle lots of simple
cases? It turns out there is a way. It is based on Lemma 9.4.3. First of all

F(x+) = lim F(y), F (x—) = lim F(y)

y—rx+ y—x—

For an increasing function F, the jump of the function at x equals F (x+) — F (x—).

Procedure 9.7.1 Suppose f is continuous on [a,b] and F is an increasing function
defined on [a,b] such that there are finitely many intervals determined by the partition
a=xp < xy <--+ <X, =bwhich have the property that on [x;,x;11], the following function
is differentiable and has a continuous derivative.

F(x) on (xi,x141)
Gi(x)=( F(xi+) whenx=x;
F (xi+1—) when x = x4

Also assume F (a) = F (a+),F (b) = F (b—). Then

n—1 X1 n—1
[ rwar =% [" 16 T o) () - 5)

j=07%j
Here is why this procedure works. Let 8 be very small and consider the partition

a = xp<x1—0<x1<x1+0<xn—-0<xn<xn+d6<
X1 — 0 < X1 <Xp1+O0<x,—0<x,=0b

where § is also small enough that whenever |x —y| < 8, it follows | f (x) — f (y)| < €. Then
from the properties of the integral presented above,

b n—1

X]*S x275
/ de+/ FdF + -+ FAF + Y (f (i) — &) (F (xi+ 8) — F (x; — 8))
a x1+6 s i=1

Xp—1+

b

b x1—0 X —0
< /deg/ de+/ FdF + -+ fdF
a a X1+5 Xll*l+6

n—1

+ ) (f(x)+€) (F (xi+8) = F (x;— 5))
i=1
By Lemma 9.4.3 this implies

X1—5 x2—5 b
/ fG6dx+/ fG'ldx+~~+/ fG,_,dx
a x1+6 Xp—1+0

n—1

VY () e (F (5+8) ~F(—8)) < [ ar <

i=1
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b

X1—5 x2—6
/ FGhdx+ / FGidx+ -+ FG._dx
a x1+0 14

Xp—1+
n—1

+Y (f(x)+&)(F(xi+8)—F(x;—9))

i=1

Now let 6 — 0 to obtain the desired integral is between
n—1 Xt , n—1
)y ()G (x)dx+ Y (f (x:) +€) (F (xi+) = F (xi—))
j=0%j i=1

and
n—1 Xt , n—1
Y [ 06 W dr+ X (F )~ ) (F (t) — F (5i-))
j=07%j i=1

Since € is arbitrary, this shows the procedure is valid. This yields the following right away.

Lemma 9.7.2 Let F be increasing. Then 2,1 € R(|a,b],F) and the following formula
is valid. [? 2j,pdF =F (b+)—F (a—).

9.8 Stirling’s Formula

In this section is an elementary approach to Stirlings formula. This formula is an asymptotic
approximation for n!. It is quite old, dating to about 1730. The approach followed here is
like the one in the Calculus book of Courant found in the references. Later I will give a
different one found in [24]. See also [9].

To begin with is a simple lemma which really depends on the shape of the graph of
t — Int.

Lemma 9.8.1 For n a positive integer,

1 n+1 1
E(ln(n+1)+ln(n)) g/ In(t)dt <In (n+2) 9.9)
n
Proof: Consider the following picture.
In(n+1)
X
In(n)
1 t
n n+ % n+1

There are two trapezoids, the area of the larger one is larger than fn"“ In(¢) dt and the
area of the smaller being smaller than this integral. The equation of the line which forms

the top of the large trapezoid is

veinfneg) =y (v (n43))
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Thus the area of the large trapezoid is obtained by averaging the two vertical sides and
multiplying by the length of the base which is 1. This is easily found to be In (n+ %). Then
the area of the smaller trapezoid is obtained also as the average of the two vertical sides
times the length of the base which is J (In(n+ 1) +1n(n)). B

Now observe the following:

exp (Zl % (In (k) +1n (k+ 1))) = "f[l(k(k+ 1))"/2

k=1 k=1
=122 3% (=1 =(n—1)\Wa=nn"1/?
Letting 7, = ¥\~ 3 (In(k)+1In(k+1)),exp(T,) = nin~'/2. Then

/lnln(t)dt—Tn
n—1 1 n—ll
In{k+ =) — —(In(k)+In(k+1
< Tin(krg) L3000+

k=1

AN
N —
=~ 3
™I
N
=]
=

|
5
N
»

|
N —
~~_
~_
|
N —
x
LT
/N
=
—~
»
+
=

|
5
N
»
_l’_

|
N~
'

= /nnHln(t)dt— (;(ln(n)—f—ln(n—kl))) >0

Thus {{'In(¢)dt — T, } increases to some o < 82, Doing the integral,
(nlnn—n)—-T, > a

and so taking the exponential,

nl’l

e'nln=1/2

— ¥

This has proved the following lemma.

Lemma 9.8.2 lim, ... % = ¢ for some positive number c.
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In many applications, the above is enough. However, the constant can be found. There
are various ways to show that this constant ¢ equals v/27. The version given here also
includes a formula which is interesting for its own sake.

Using integration by parts, it follows that whenever 7 is a positive integer larger than 1,

/2 _ /2
/ sin” (x)dx = n-| / sin" 2 (x) dx
0

0 n

Lemma 9.8.3 Form > 1,

/On/zsinzm(x)dx — 2m—-1)2m-3)---1=n

2m(2m—2)---2 2’
(2m)(2m—2)---2
2m+1)2m—1)---3°

/2
/ sin?" ! (x)dx =
0

Proof: Consider the first formula in the case where m = 1. From beginning calculus,

fon/ % sin? (x)dx =% = 1 Z 5o the formula holds in this case. Suppose it holds for m. Then
from the above reduction identity and induction,

w/2 2m+1 /2
c2m+-2 d _ s .2m d
/0 sin (x)dx e 1)/0 sin™™ (x) dx

2m+l 2m—1)--1
2(m+1)2m(2m—2)---2

T
ok

The second claim is proved similarly. ll
Then using the reduction identity and the above,

2m—+1 S fOﬂ/ ?sin2" (x)dx 07:/ % sin?™ (x)dx
2m T w2l g de [P sin? ™t (x) d
T 2m—1)*2m—3)*---1
==(2m+1) >1
2 22m (m!)2

It follows from the squeezing theorem that

, 1 22 (m1)?
lim 5 5
m=e2m+1(2m—1)*(2m—3)"---1

i
2

This exceedingly interesting formula is Wallis’ formula.
Now multiply both the top and the bottom of the expression on the left by
(2m)* (2(m—1))*---2?
which is 227 (m!)? . This is another version of the Wallis formula.

2m 2m Y N2
LA, 24m 25 ()= (m!)
2"kl ((2m))?

It follows that

(9.10)
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Now with this result, it is possible to find ¢ in Stirling’s formula. Recall
mm+(l/2)efmc

In particular, replacing m with 2m,

lim (2m)! = lim (Qm)2m+(‘/2) e e =1
m—eo (Zm)szr( /2) e 2me  m—eo (277’[)'

Therefore, from 9.10,

2
- 22m (mm+(l/2)e—mc>

m+(1/2) —m. 2 2
T . ) 22m (m!)
— = lim = lim
2 m—yeo ((z,n)2m+(l/2)62mc) V2m (21’)1)' m—yoo \/7 (( )2’""" 1/2) 72mc)

2m!

22m 2m+ 1 1 m2m+ 1

c
=c lim V2m 2212 (2 (172 C,%Lm2m2m+1 =3

so ¢ = v/2m. This proves Stirling’s formula.

Theorem 9.8.4 1im,, ... 2 =2z

9.9 Fubini’s Theorem an Introduction

Fubini’s theorem has become the name of a theorem which involves interchanging the order
of integration in iterated integrals. You may have seen it mentioned in a beginning calculus
course. It is actually an incredibly deep result, much more so than what will be indicated
here. Here I will only consider enough to allow what will be done in this book. It turns out
that iterated integrals are what occur naturally in many situations, and each integral in an
iterated integral is a one dimensional notion, so it is natural to consider the interchange of
iterated integrals in a book on single variable calculus. All of this depends on the theorems
about continuous functions defined on a subset of [F”. In the case considered here, p = 2.
The following theorem is just like an earlier one for functions of one variable.

Theorem 9.9.1 L. f be increasing and let g be continuous on [a,b]. Then there
exists ¢ € [a,b] such that fabgdf =g(c)(f(b)—f(c)).

Proof: If f is constant, there is nothing to prove so assume f(b) > f(a). Let M =
max {g(x) : x € [a,b]} ,m = min{g(x) : x € [a,b]}. Then in a Riemann sum for fabgdf, if
g is replaced by M, the resulting Riemann sum will increase and if it is replaced with m,
the resulting sum will decrease. Therefore,

m(f(b)—f(a)):/abmdfs/abgdfg/abMdf:wf(b)—f(a))

and so m < f b gdf < M. Therefore, by the intermediate value theorem, there is

f(b)
c € la,b] suchthat f gdf=g(c).
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Lemma 9.9.2 Let f: [a,b] x [c,d] — R be continuous at every point so it is uniformly
continuous. Let o, be increasing on |a,b],[c,d] respectively. Then

d b
xo [ Fanapw). vy [ eda
JC Ja
are both continuous functions.

Proof: Consider the first. The other is exactly similar.

[ G -rEmasw

[ rwnap o)~ [ renapo)| -

< [1rten - reyaBo

But by uniform continuity, if |x — £| is small enough, then | f (x,y) — f (£,y)| < € and so the
integral in the above is no larger than € (B (d) — B (c)). Since € is arbitrary, this shows the
claim. &

Note that, since these are continuous functions, it follows from Theorem 9.3.7 that it
makes perfect sense to write the iterated integrals

//fxydﬁ' ) (x //fxyda )dB ()

Of course the burning question is whether these two numbers are equal. This is the next
theorem.

Theorem 9.9.3 Let f: [a,b] x [c,d] — R be continuous and let B, & be increasing
Sfunctions on [c,d],|a, D] respectively. Then

//fxydﬁ' o (x //fxyda )dB ()

// fx,y)dB(y)da(x ;/XH/L Fx,y)dB (y)da(x)

Proof:

_i/ Z/ Fe,y)dB (y IZnZZ/x fxydﬁ() o (x)

Xi—1 Jj= i—1YYj—1
By the mean value theorem for integrals, Theorem 9.9.1, this is

n m X

Y X [ (BB (1)) f ) da

[ [/ renraaas )= 3 5 (80~ 0s-) (@) -l s ()
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and now because of uniform continuity, it follows that if the partition points are close

enough,
€

(B(d)—B(c))(a(b) —a(a))

and so '_fcd fff(x,y) do(x)dB(y)— fab fcdf(x,y) dB (y)da(x)| < €. Since € is arbitrary,

this shows the two iterated integrals are equal. l

The following is concerning a very important formula. First recall the arctan function.
Restricting tan to ( % 2) this function i 1s one to one and has an inverse function called
arctan. Thus arctan (y) = x where x € ( 35 2) and tanx = y. Then, using the theory of the
derivative of inverse functions, it folllows that arctan is differentiable and arctan’ (y)y' (x) =

1 and so arctan’ (y) = w2 = T 1 + ——. Also, arctan (0) = 0 obviously because

tan (0) = 0. Therefore, arctan (y) = [j 5 +1u2 du.
Incidentally, this nice formula can be used to obtain all the trig functions. Note that
arctan (1) = /4 because, from the above development, tan (7/4) = 1.

|F(5515) = f (sjs1)] <

Theorem 9.9.4 7he foliowing holds. lim, .. [ e dr = YZ.

Proof: Using the theorems about the integral obtained earlier, in particular the funda-
mental theorem of calculus,

d X 2 X o1
— (/ elzdt) = 2 </ e’zdt> e = 2x (/ exzuzdu> e
dx \Jo 0 0
1
= 2x/ efxz(uzﬂ)du
0

Then, integrating both sides and interchanging the order of integration with Fubini’s theo-

rem, Theorem 9.9.3,
/ 2\// —2(i+1) dudv—/ / e “+1)dvdu

X 2 2
(/ e’ dt>
0
1 _ v(u+1) 1 1 —Xx (u +1)
[ e [ (-
0 u?+1 o \u?+1 u?+1

X 1 1 —x2 (u2+l)
/ e dt = / ¢ du
0 o \u*+1 u?+1
Now the integrand on the right converges uniformly to 2 +1 as x — oo and so we can pass

o o 2, VT
to a limit as x — oo and obtain lim,_,. [; e 2t = \/fo u2+1 u=%.1

9.10 Geometric Length of a Curve in R”

I think that the right way to consider length is in terms of one dimensional Hausdorff
measure. However, this is not a topic for this book. In this section, I am using the Euclidean
norm because this is the one which corresponds to the usual notion of distance.

Hence
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Definition 9.10.1 A ser of points v* C RP is an oriented piecewise smooth curve
if there is an oriented interval [a,b] and v* = y([a,b]), and there are intermediate points
between a and b,z1,z22, ..., 2y such that (b — a) (zx — zxk—1) > 0 and the following hold:

1. yis one to one on [a,b) and v is one to one on (a,b]

2. Y= on (zx—1,2k) with Y, continuous on [zx—_1,zx], where ¥ (zx),Y (zx—1) is an
appropriate one sided derivative.

3. Y, #0on (zk—1,2)-

Here 7' is defined in the usual way, y(t +h) =y (t)+ v (t)h+o(h). See Problem 16 on
Page 155. Then letting P be an ordered partition of [a,b] ,P = {a =to,11,...,t, = b} where
(b—a) (ty —tr—1) > 0, and letting L(P) denote the sum Y3_ |y (tx) — Y (te—1)|, the length
of v* denoted as L is defined as

sup{L(P) : P is an ordered partition of [a,b]}.

Note that this gives an intrinsic definition of length depending only on ¥* and not on
the particular parametrization because it picks a particular order along the curve y* and
expresses the length as the sup of the lengths of all polygonal approximations of this curve.

Proposition 9.10.2 With the above definition of length, L = fab lY (1)|dr.

Proof: Whenever considering P, one of these ordered partitions, there is no loss of
generality in assuming that the intermediate points zy,2,...,2, are in P because L (P) only
gets larger when points are added in to P. I will tacitly assume this in all that follows. Let

[z @] X [zr—1, 2]

(V) =¥(s) =V (s)(t=s)
f(w)z{ S

Then f is uniformly continuous due to continuity of ¥ and compactness. Therefore there
exists 8 > 0 such that if |r —s| < &y, then |(y (1) — ¥ (s)) — 7 (s) (t — )| < = |t —s|. Now
let |P|| < & = min{,k=1,2,...,n} and always P includes the z;. Then by the triangle
inequality, for such P,

&
|V (k=) | 1tk — tr—1 | — 5 g [k~ el S v (0) =7 ()]

€
< |}/(fk—1)||tk—tk—1|+m|fk—lk—1| 9.11)

Thus, for ||P|| < &, L(|Y|,P) — & < L(P). Recall also the upper sums get smaller when
points are added and lower sums get larger. Therefore, there exists P with ||P|| < 6 and
U(]Y|,P)—L(|Y|,P) < €. In particular, from the above inequality, L (P) <Y p|Y|+€ <
fab |Y|dx+2esoL< | f |Y|dx+ 2€. Thus, there exists possibly another P, with the above
holding and also L — &€ < L(P) < L. Then, from 9.11,

b
7P)—£§L(P)§L§/ Y| dx+2e
a

/ab|"/|dx—2£§L(h/
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and so L — [ |Y|dx € [-2¢,2¢]. Since ¢ is arbitrary, it follows that L = [ || dx. B

There are exactly two directions of motion over y*. In tracing out y*, one can either let
t go from a to b or from b to a and these are the only possibilities if ¥ is to be one to one.
Indeed, if ¥ maps the interval to ¥* and is continuous and one to one, then i/*l o7y is either
strictly increasing or strictly decreasing by Lemma 6.4.3. Increasing means same direction
and decreasing, the opposite direction.

9.11 Exercises

1.

10.

In the chapter, upper and lower sums were considered. Suppose g is an increasing
function and you are considering upper and lower sums for approximating | f fdg.
Show that when you add in a point to the partition, the upper sum which results is no
larger but the lower sum is no smaller.

Let f (x) = 1+x? forx € [-1,3] and let P = {—1,—%,0,4,1,2} . Find U (f,P) and
L(f,P) for F (x) = x and for F (x) = x°.

. LetP={1,1},1},13,2} and F (x) = x. Find upper and lower sums for the function

fx) = % using this partition. What does this tell you about In (2)?

If f € R([a,b],F) with F (x) = x and f is changed at finitely many points, show the
new function is also in R ([a,b],F). Is this still true for the general case where F is
only assumed to be an increasing function? Explain.

In the case where F (x) = x, define a “left sum” as Y}, f (xx—1) (xx —xx—1) and a
“right sum”, Y7, f (xx) (xx —xx—1) . Also suppose that all partitions have the prop-
erty that x; —x;_1 equals a constant, (b—a)/n so the points in the partition are
equally spaced, and define the integral to be the number these right and left sums get
close to as n gets larger and larger. Show that for f given in 9.6, [i f (1) dt = x if
x is rational and [ f (¢) dr = 0 if x is irrational. It turns out that the correct answer
should always equal zero for that function, regardless of whether x is rational. This
illustrates why this method of defining the integral in terms of left and right sums is
total nonsense. Show that even though this is the case, it makes no difference if f is
continuous.

The function F (x) = |x] gives the greatest integer less than or equal to x. Thus
F(1/2) =0,F(5.67) =5,F(5) =5, etc. If F(x) = |x] as just described, find
foloxdF. More generally, find [} f (x)dF where f is a continuous function.

Suppose f is a bounded function on [0, 1] and for each & > 0, . ! f (x)dx exists. Can
you conclude jol S (x)dx exists?

A differentiable function f defined on (0, o) satisfies f (xy) = f (x) + f (y), f/ (1) =
1. Find f and sketch its graph.

Does there exist a function which has two continuous derivatives but the third deriva-
tive fails to exist at any point? If so, give an example. If not, explain why.

Suppose f is a continuous function on [a,b] and | f f2dF = 0 where F is a strictly
increasing integrator function. Show that then f (x) = 0 for all x. If F is not strictly
increasing, is the result still true?
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Suppose f is a continuous function and f:f(x) xX'"dx=0forn=0,1,2,3---. Show
using Problem 10 that f (x) = 0 for all x. Hint: You might use the Weierstrass ap-
proximation theorem.

Here is a function:

) xEsin( L) ifx#0
f(x)_{ 01fx<0>

Show this function has a derivative at every point of R. Does it make any sense to

write [y f' (x)dx= f(1)— £(0) = £(1)? Explain.

Let f (x) = { (S)Hllf(x )_lfx #0 . Is f Riemann integrable with respect to the integra-

tor on the interval [0, 1]?

Recall that for a power series, Y';> ay (x — c)k you could differentiate term by term
on the interval of convergence. Show that if the radius of convergence of the above
series is # > 0 and if [a,b] C (¢ —r,c+7), then

/Zak x—c)dx=ag(b—a Z c)f! i% — o)t
a k=0 k

k=1

In other words, you can integrate term by term.
. oo 27k
Find Y7 =.

Let f be Riemann integrable on [0, 1]. Show directly that x — [ f (¢)dt is continu-
ous. Hint: It is always assumed that Riemann integrable functions are bounded.

Suppose f,g are two functions which are continuous with continuous derivatives
on [a,b]. Show using the fundamental theorem of calculus and the product rule the
integration by parts formula. Also explain why all the terms make sense.

J2f' (0)g(t)di = f (b)g (b) — f(a)g(a)— [ f (1) &' (1) dt

Sh kyzk p GO this to find a series which
ow 1+2 = Yi_o(—1)"x* + =5 Now use this to find a series which con-

verges to arctan (1) = /4. Recall arctan (x) = [§ 5 +t2 dt. For which values of x will
your series converge? For which values of x does the above description of arctan
in terms of an integral make sense? Does this help to show the inferiority of power
series?

Define F (x) = [§ 1+%dt. Of course F (x) = arctan (x) as mentioned above but just
consider this function in terms of the integral. Sketch the graph of F' using only its
definition as an integral. Show there exists a constant M such that —M < F (x) < M.
Next explain why limy_,. F (x) exists and show this limit equals — limy_, o, F (x).

In Problem 19 let the limit defined there be denoted by /2 and define T (x) =
F~'(x) for x € (—1/2,7/2). Show T'(x) = 1 + T (x)? and T (0) = 0. As part of

this, you must explain why T” (x) exists. For x € [0,7/2] let C(x) = 1/4/1+T (x)?

with C(/2) = 0 and on [0,7/2], define S (x) by /1 —C(x)*. Show both S (x) and
C (x) are differentiable on [0, /2] and satisfy S’ (x) =C (x) and C’ (x) = —S (x) . Find
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the appropriate way to define S (x) and C (x) on all of [0,27] in order that these func-
tions will be sin (x) and cos (x) and then extend to make the result periodic of period
27 on all of R. Note this is a way to define the trig. functions which is independent
of plane geometry and also does not use power series. See the book by Hardy, [14]
for this approach, if I remember right.

Show arcsin (x) = [i \/llfzdt. Now use the binomial theorem to find a power series
—t

for arcsin (x) .

The initial value problem from ordinary differential equations is of the form y =
F (), y(0) = yo. Suppose f is a continuous function of y. Show that a function t —
y(t) solves the above initial value problem if and only if y (t) = yo + [¢ f ( (5))ds.

Let p,g > 1 and satisfy % + % = 1. Consider the function x = t”~!. Then solving for ¢,

you get t = x!/(P=1) = x4~ Explain this. Now let @,b > 0. Sketch a picture to show
why [ x4~ dx+ [{'tP~"dt > ab. Now do the integrals to obtain a very important
inequality % + ?” > ab. When will equality hold in this inequality?

Suppose f,g are two Riemann Stieltjes integrable functions on [a,b] with respect to
F, an increasing function. Verify Holder’s inequality.

b b p s b Va 1
[inidar < ([1rar) = ([erar) st =1ps

Hint: Do the following. Let

1 1
a=([uvar) m= ([ grar) .

,b= % and use the wonderful inequality of Problem 23.

A

Then let a =

3
Let F (x) = [ 72T dr. Find F' (x).

Let F(x) = [ ﬁ dr. Sketch a graph of F and explain why it looks the way it does.

Let a and b be positive numbers and consider the function

ax a/x 1
F(x)= ——dt —— dt.
® ./0 a*+1? + /h a’+1?

Show that F' is a constant.

Solve the following initial value problem from ordinary differential equations which
is to find a function y such that

_ 42342 +3x+2
X+l

Y (x) ,y(0)=2.

If F,G € [ f(x) dx for all x € R, show F (x) = G (x) + C for some constant, C. Use
this to give a different proof of the fundamental theorem of calculus which has for
its conclusion fff(t) dt = G (b) — G (a) where G’ (x) = f (x).
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Suppose f is continuous on [a,b]. Show there exists ¢ € (a,b) such that

1 b
b—a/a S (x) dx.

Hint: You might consider the function F (x) = [} f (¢t) dt and use the mean value
theorem for derivatives and the fundamental theorem of calculus. In a sense, this
was done in the chapter, but this one is more specific and note that here ¢ € (a,b),
the open interval.

fle)=

Use the mean value theorem for integrals, Theorem 9.1.5 or the above problem to
conclude that [“™In(r)dt = In(x) <1In (a+ %) for some x € (a,a+ 1). Hint: Con-
sider the shape of the graph of In(x) in the following picture. Explain why if x is
the special value between a and a + 1, then the area of A is equal to area of B. Why
should x < a+ %?

a X a+1
Now use this to obtain the inequality 9.9.

Suppose f and g are continuous functions on [a,b] and that g (x) # 0 on (a,b).
Show there exists ¢ € (a,b) such that f(c) fabg(x) dx = fabf(x)g(x) dx. Hint: De-
fine F (x) = [ f(¢)g(¢) dt and let G (x) = [ g(¢) dt. Then use the Cauchy mean
value theorem on these two functions.

Consider the function

ro={

Is f Riemann integrable on [0, 1]? Explain why or why not.

The Riemann integral is only defined for bounded functions on bounded intervals.
When f is Riemann integrable on [a,R] for each R > a define an “improper” inte-
gral as follows. [°f(¢t)dt = limp_,e. [, f f(t)dt whenever this limit exists. Show
Jo Si%dx exists. Here the integrand is defined to equal 1 when x = 0, not that this
matters.

Show [;”sin (%) dt exists.

The most important of all differential equations is the first order linear equation,
Yy +p(t)y = f(t) where p, f are continuous. Show the solution to the initial value
problem consisting of this equation and the initial condition, y (a) = y, is given by
y(t) = e POy, +e P [1PE) £ (5) ds, where P (t) = [ p(s) ds. Give conditions un-
der which everything is correct. Hint: You use the integrating factor approach. Mul-
tiply both sides by ("), verify the left side equals dir (eP @y (t)) ,and then take the

integral, [ ; of both sides.
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Suppose f is a continuous function which is not equal to zero on [0,b]. Show that

b x b
| sttt
Hint: First change the variables to obtain the integral equals
b/2 fy+b/2)
Lo roeomrsron—®
Next show by another change of variables that this integral equals
b/2 f(b/2—y)
Lo roearmroms®
Thus the sum of these equals b.

Let there be three equally spaced points, x;_1,x;—1 +/h = x;, and x; +2h = x;11. Sup-
pose also a function f, has the value f;_;| at x, f; at x+h, and f;1; at x+ 2h. Then
consider

() = Tl ) i)~ L ) ()
Jr];l;lrzl (x—xi—1) (x—x;) .

Check that this is a second degree polynomial which equals the values f;_1, f;, and
fi+1 at the points x;_1,x;, and x;1| respectively. The function g; is an approximation
to the function f on the interval [x;_,x;+1]. Also,

Xit1
/ gi(x) dx
Xi—]
is an approximation to [! f (x) dx. Show [;7!g; (x) dx equals hfg—" + h];"4 + hf’%‘
Now suppose n is even and {x¢,x;,---,x,} is a partition of the interval, [a,b] and the

values of a function f defined on this interval are f; = f (x;). Adding these approxi-
mations for the integral of f on the succession of intervals,

[XO,XQ] 5 [x2ax4] 3T [xn*27xn] )

show that an approximation to fab f(x)dxis

g[f0+4f1 +2fH+4f3+2f+ A4 a1+ fu]

This is called Simpson’s rule. Use Simpson’s rule to compute an approximation to
flz Ldt letting n = 4.

Suppose xp € (a,b) and that f is a function which has n+ 1 continuous derivatives
on this interval. Consider the following.

@) =f0)+ [ f @)
— 7o)+ =0 £ O+ [ =0 f" @)

— 7 0)+ £ (o) (e—0) + [ (=) £" 1) dr.
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Explain the above steps and continue the process to eventually obtain Taylor’s for-
mula,

P
k!

100=r00+ Y T g L iy ) gy ar
k=1 (]

wheren!=n(n—1)---3-2-1ifn>1and 0! = 1.

In the above Taylor’s formula, use Problem 32 on Page 222 to obtain the existence
of some z between xp and x such that

n ) (
1= ro)+ Y T

k=1

f(n+1) (Z)

n+1
(n+1)! ’

(x —xo)k +

(x—x0)

Hint: You might consider two cases, the case when x > x( and the case when x < x.

There is a general procedure for constructing methods of approximate integration
like the trapezoid rule and Simpson’s rule. Consider [0,1] and divide this interval
into n pieces using a uniform partition, {xo,--- ,x,} where x; —x;_; = 1/n for each
i. The approximate integration scheme for a function f, will be of the form

(;)i})ciﬁz/olf(x)dx

where f; = f(x;) and the constants, ¢; are chosen in such a way that the above sum
gives the exact answer for folf(x) dx where f(x) = 1,x,x2,--- ,x". When this has
been done, change variables to write

(b—a)/olf(a—k(b—a)x)dx
b;aizn;cif<a+(b—a) (;)) - b;ai{c,ﬁ

where f; = f (a+ (b—a) (1)) . Consider the case where n = 1. It is necessary to find
constants ¢g and ¢ such that

[ roa

Q

-1 -1
co+c1:1:/ 1dx, Oco+01:1/2:/ xdx.
0 0

Show that ¢p = ¢y = 1/2, and that this yields the trapezoid rule. Next take n = 2 and
show the above procedure yields Simpson’s rule. Show also that if this integration
scheme is applied to any polynomial of degree 3 the result will be exact. That is,

1/1 4 1 1
2(3f0+3f1+3f2)—/0 f(x)dx

whenever f (x) is a polynomial of degree three. Show that if f; are the values of f at

a, %t and b with f; = £ (252), it follows that the above formula gives [” f (x) dx

exactly whenever f is a polynomial of degree three. Obtain an integration scheme
for n = 3.
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Let f have four continuous derivatives on [x;_1,x;11] where x;41 = x;—| + 2h and
X; = xj—1 + h. Show using Problem 40, there exists a polynomial of degree three,
p3 (x), such that

£ =ps () + 33/ () (e )’

Now use Problem 41 and Problem 38 to conclude

it hfiy | hfd | hfin\|  M2KS
d _ v o -
/x,.,lf(x)x (3 Tty )| cwse

where M satisfies, M > max{‘fm (t)‘ ‘e [x,-,l,x,-}}. Now let S(a,b, f,2m) de-

note the approximation to fab S (x) dx obtained from Simpson’s rule using 2m equally
spaced points. Show

54;‘ —_

b M
/af(x)dx—S(a7b,f,2m)’<1920(b—a)5

where M > max { ‘ f@ (t)‘ ‘e [a,b]} . Better estimates are available in numerical
analysis books but these also have the error in the form C (1 / m4) .

A regular Sturm Liouville problem involves the differential equation, for an un-
known function of x which is denoted here by y,

(P@)Y) + (g () +r(x)y=0,x¢€a,b]
and it is assumed that p (r) ¢ (r) > 0 for any ¢ along with boundary conditions,
Ciy(a)+Co' (a) =0, C3y (b) +Cay' (b) =0

where C 4+ C; > 0, and C3 + C; > 0. There is an immense theory connected to
these important problems. The constant, A is called an eigenvalue. Show that if y
is a solution to the above problem corresponding toA = A and if z is a solution
corresponding to A = A, # A1, then

/ﬂ;bq(x)y(x)z(x)dx:Q (9.12)
Hint: Do something like this:
(P(0)Y) 24 (Rg®) +r@x)yz = 0,
(P(0)) y+(Rag(®) +r(x)zy = 0.

Now subtract and either use integration by parts or show

(P@Y) 2= (P®)y=((p@)Y)z— (p)Z)y)

and then integrate. From the boundary conditions, show y' (a)z(a) — 7' (a)y(a) =0
and y' (b)z(b) — 7 (b)y (b) = 0. The formula, 9.12 is called an orthogonality relation
and it makes possible an expansion in terms of certain functions called eigenfunc-
tions.
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Letting [a,b] = [—7, 7], consider an example of a regular Sturm Liouville problem
which is of the form y” + Ay = 0,y(—x) = 0,y(x) = 0. Show that if A = n*> and
yn (x) = sin(nx) for n a positive integer, then y, is a solution to this regular Sturm
Liouville problem. In this case, ¢(x) = 1 and so from Problem 43, it must be the
case that ["_sin (nx)sin (mx)dx = 0 if n # m. Show directly using integration by
parts that the above equation is true.

Suppose g is increasing and f is continuous and of bounded variation. By the the-

orems in the chapter, ff fdg exists and so fab gdf exists also. See Theorem 9.4.1.
g € R([a,b], f). Show there exists ¢ € [a, ] such that

/fgdf=g(a)[df+g(b)/fdf

This is called the second mean value theorem for integrals. Hint: Use integration by
parts.

b b
/a gdf = —/a fdg+f(b)g(b)— f(a)g(a)

Now use the first mean value theorem, the result of Theorem 9.9.1 to substitute some-
thing for | ab fdg and then simplify.

Generalize the result of Theorem 9.9.3 to the situation where ¢ and f are only of
bounded variation.

This problem is in Apostol [2]. Explain why whenever f is continuous on [a, b]

o b—a & b—a b
lim p ];lf(aJrk( - ))/Qfdx.

on the interval [0, 1] to obtain the very interesting formula

Apply this to f (x)

_ 1
1+x2
n

— T n n
= hm,Hw Zk:l PeEveR

Suppose [ : [a,b] X (¢,d) — R is continuous. Recall the meaning of the partial deriva-
tive from calculus,

af . f(tvx‘i’h)*f(tvx)
- =1
dx (r,%) 720 h
Suppose also % (¢,x) exists and for some K independent of 7,
of af
g (I,Z) — g ([,X) < K|Z—x| .

2
This last condition happens, for example if J g)ﬁi’)‘) is uniformly bounded on [a,b] x
(¢,d). (Why?) Define F (x) = fab f(t,x)dt. Take the difference quotient of F and
show using the mean value theorem that F’ (x) = fab %dh Is there a version of

this result with dt replaced with da where « is an increasing function? How about
« a function of bounded variation?
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I found this problem in Apostol’s book [2]. This is a very important result and
is obtained very simply by differentiating under an integral. Read it and fill in

2 (1442 2
any missing details. Let g(x) = olelgi:;)dt and f(x) = ( (fe"zdt) . Note

P <ex2(1+t2)> _ —erixz(lﬂz) and

ox 1412

2 —x?(14+£2)

o [ = 2P (1H47) 4 432, (147) 4 4.2, (14) 2

ox2 1412

which is bounded for 7 € [0, 1] and x € (—eo,c0). Explain why this is so. Also show
the conditions of Problem 48 are satisfied so that

g (x)= /01 (—erfxz(lﬂz)) dt.

Now use the chain rule and the fundamental theorem of calculus to find f/ (x) . Then
change the variable in the formula for f’ (x) to make it an integral from 0 to 1 and
show f” (x) + g’ (x) = 0.Now this shows f (x) + g (x) is a constant. Show the constant
is /4 by assigning x = 0. Next take a limit as x — oo to obtain the following formula

for the improper integral, [;° e dt, (f(;x’ e*’Zdt)2 = 1 /4. In passing to the limit in
the integral for g as x — oo you need to justify why that integral converges to 0. To
do this, argue the integrand converges uniformly to O for ¢ € [0, 1] and then explain
why this gives convergence of the integral. Thus [;"e™" dt = /2.

To show you the power of Stirling’s formula, find whether the series },_; %ﬁ" con-
verges. The ratio test falls flat but you can try it if you like. Now explain why, if n is
large enough, n! > %ﬁﬁe‘”nn*‘(l/z) = cv2e "+ (1/2),

The Riemann integral [ ab f (x)dt for integrator function F (¢) =t is only defined if f
is bounded. This problem discusses why this is the case. From the definition of the
Riemann integral, there is a 6 > 0 such that if ||P|| < &, then the Riemann sum Sp (f)
must satisfy ’Sp (f)— fffdt’ < 1. Pick such apartition P={a=xp < --- < x, = b}
and say Sp(f) = Yy f (t) (x; —xi—1) . Suppose that f is unbounded on [x;_j,x;] .
Then you can modify the points #;, keeping all the same except for ¢; € [x J—1,X j} and
let this one be 7; where this is chosen so large that
b
/ fdt
a

Show this is a contradiction. Hence f must be bounded.

Y ) (i —xi1)
i#]

+

\f () (xj—xj-1)| = (

+l> > 100

Does the above conclusion that f is bounded hold in case of an arbitrary Riemann
Stieltjes integral assuming the integrator function F is strictly increasing?

Use Theorem 9.9.1 and Lemma 9.9.2 to justify the following argument. Let f be
continuous on [a,b] X [c¢,d]. Let

F(x)E/:/cdf(t,y)dydt—/Cd/axf(t,y)dtdy.
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Then F is continuous on [a,b]. Also F (a) =0 and

F= [ rena [Creyar=o

and so F (b) = 0 so Fubini’s theorem holds.

Let {ay} be a sequence of positive numbers such that lim,,_,. na, = 0 and for all n €
N, na, > (n+ 1) a,1. Show that if this is so, it follows that the series, Y;. | a, sinnx
converges uniformly on R. This is a variation of a very interesting problem found in
Apostol’s book, [3]. Hint: Use the Dirichlet partial summation formula on " kay %
and show the partial sums of Z% are bounded independent of x. To do this,
you might argue the maximum value of the partial sums of this series occur when
Y i coskx = 0. Sum this series by considering the real part of the geometric series,

i\ k . i . .
Y/_, (¢™)" and then show the partial sums of ¥, % are Riemann sums for a certain
finite integral.

The problem in Apostol’s book mentioned in Problem 54 does not require na, to
be decreasing and is as follows. Let {a;x},_; be a decreasing sequence of non-
negative numbers which satisfies lim,_..na, = 0. Then Y5 | axsin (kx) converges
uniformly on R. You can find this problem worked out completely in Jones [19].
Fill in the details. This is a very remarkable observation. It says for example that
Y m sin (kx) converges uniformly.

Always let p be so large that (p—1)a,—1 < €. Also, note that |sinx| < |x| for all
x and for x € (0,7/2),sinx > 5. (You could just graph sinx — 5 to verify this.)
Also, we can assume all a; are positive since there is nothing to show otherwise.
Define b (k) = sup{ja;: j > k}. Thus k — b(k) is decreasing and b (k) — 0 and
b(k) [k > a.

Suppose x < 1/¢ so each sin (kx) > 0. Then

q q q
Y asin(kx)| < ) @sin(kx) <Y @kx <b(p)(g—p)-<b(p) (9.13)
k=p k=p k=p
Next recall that
U _ cos(3) —cos((n+3)x) _
1; sin(kx) = 2sin (3 =my (x),

1
|mn(x)‘ < n, \mn(X)|<.7ifxe(0,7r).

This is from the process for finding the Dirichlet kernel. Then use the process of
summation by parts to obtain in every case that

< ]aqmq (x) —ap—1mp_1 (x) | +

q
Z ay sin (kx)

qg—1
Z my (x) (ax — ay1)
k=p k=p

qg—1
<2e+ Y my(x)] (ax —ag1) < 2e+
k=p

dn(x/2) (ap—ay) (9.14)
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We will only consider x € (0,7) for the next part. Then for such x, It remains to
consider x € (0, ) with x > 1/4. In this case, choose m such that g > % >m> % —1.
Thus x < &, = < x. Then from 9.14, 9.13,

<b(p)

q m q

Zaksin(kx) < Zaksin(kx) + Z ay sin (kx)

k=p k=p k=m+1
< b )+28+;( —ay) <b( )+26+4—ﬂ
= )4 sin(x/Z) m+1 —dg) > 0(p X Am+-1

4w b(m+1) 4n

< b 2e 4+ ———=<D 2e+—b 1
< b(p)+2e+ Tl S (p)+2e+ . (m+1)x

< b(p)+2e+4mb(p) <2e+17b(p), lim b(p) =0,
I] (==}

Since ¢ is arbitrary, this shows uniform convergence on (0, 7). Thus the series con-
verges uniformly on [—7, 7] and hence it converges uniformly on R. This series is
an example of a Fourier series. Its uniform convergence is very significant.

Using only the definition of the integral in the 1700’s that fab f(t)dt = F(b) —
F (a), show that if f, — f uniformly for each f, continuous, then jab f()dt =
limy oo [ fo (1) dt.

Suppose 8" +85=0,5(0) =0,5(0) =1 and C"+C=0and C(0) =1,C"(0) =0.
Recall that the power series for sinx and cosx respectively satisfy these initial value
problems. Show directly from the initial value problems that §' = C and C' = —S.
Also show that 2 +C? = 1 and that S (¢) = sint,C () = cost where cost,sint, have
the usual geometric descriptions for ¢ the radian measure. Hint: Show §' satisfies
the same initial value problem as C and use uniqueness. Then show —C’ satisfies the
same initial value problem as S.

Show In’ (t) = 1/ and that for x > 0, In(x) = [{ 1dt. Use this and the mean value

theorem for integrals to show that In (%) — L. = (In(n+1) —In(n)) — -1 > 0.

Now show thatn — Y/, % —In(n) is a decreasing sequence bounded below by 0 so
it must converge to some number Y. This is called Euler’s constant. To show y > 0,
consider ZZ;} % —1In(n) for n > 3. Verify this sequence is increasing and when n = 3

it is positive.

Suppose u (¢) is nonnegative and continuous for ¢ € [0, 7] and for some K > 0,u (1) <
ug+K [ju(s)ds. Show that u (t) < upeX". This is called Gronwall’s inequality. Hint:
Fill in the details. Let w(t) = [Ju(s)ds so w'(t) — Kw(t) < up. Now from the

product rule and chain rule, 4 (e=X'w (¢)) < upe X" and so

-1 1

w(t)e X < ?uoefm—i—?uo
1 1

w(t) < Euoem—?uo
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Let f: R x R” — R” be continuous and bounded and let xo € R?. If x: [0,7] — R?

and i > 0, let
X (s) = xg if s < h,
WEAS)= x(s—h),ifs>h.

Fort € [0,T], let xy, (t) = xo + fg £ (s, T4X5, (5)) ds. Show using the Ascoli Arzela the-
orem that there exists a sequence & — 0 such that x;, — x in C([0,T];RP). Next
argue

x (1) :xo—i—/otf(s,x(s))ds

and conclude the following theorem. If f: R x R" — R" is continuous and bounded,
and if xo € R" is given, there exists a solution to the following initial value problem.

x =f(t,x), t€[0,T], x(0) = xo. (9.15)
This is the Peano existence theorem for ordinary differential equations.
Show, using Gronwall’s inequality of Problem 59 that in the above theorem, if
[£(z,x) —£(z,y)[| < K[x—yl,

then there is only one solution to the initial value problem 9.15.
It you let B, be the closed ball {x : ||x|| < r} let

X

Px— H’{Hr if ||x]| >r

xif ||x|| <r

Show that P, is continuous as a map from R?” to R”.

Using the above problem, show using Problem 60 that there is a local solution to 9.15
valid for ¢ € [0, Tp] for some Tp < T if it is only assumed that f is continuous, with
no assumption that it is bounded. The last four problems contain all that is typically
left out in undergraduate differential equations courses which is also that which is of
most importance.

Suppose f is Riemann integral on the interval [a,b]. The integrator function is just
g(t) =t. Now let h(u) = f(x—u) for u € [x—b,x—a]. Show h is Riemann inte-
grable on this new interval. Do something similar for (1) = f (x4 u).



Chapter 10

Improper Integrals

In everything, it is assumed that f is Riemann integrable on finite intervals, usually piece-
wise continuous on finite intervals. Thus there is no issue about whether the Riemann inte-
gral of the function on a finite interval exists. In this chapter, the integrator function will be
g(x) = x. Also I will write a, | a to mean that {a,} is decreasing and lim,_,.a, = a. The
symbol b, 1 b is defined similarly but here b, is increasing and has limit b.

To begin with, assume the functions are real valued.

Definition 10.0.1 et a > —oo and b < oo. A function f is improper Riemann inte-
grable if it is Riemann integrable on all intervals (o, B] C (a,b) and if there is a number I
such that whenever a, | a, and b, 1 b, it follows that lim,,_, fabn" f(t)dt =1 Then I will be

denoted as f:f(t) dt. A function f is in L' (a,b) if | f| is improper Riemann integrable.

Proposition 10.0.2 Let a,b be as in Definition 10.0.1 and let f be a function Riemann
integrable on each [, B] C (a,b). Then f € L' (a,b) if and only if

sup{/aﬁ f ()] dt : o, B] (a,b)} =7 <o

and in this case, ff |f(t)|dt = I. Also, whenever f is in L' (a,b) , it is improper Riemann
integrable.

Proof: = Say f € L' (a,b). If I = oo, then there would exist &, | a,, 1 b and
im0 |, (f: |f (2)|dt = oo contrary to assumption.

& Say I < o. Then pick a, B, with [a,B] C (a,b) and I—¢ < [P|f(1)|dt < 1. If
an | a,b, 1 b, then for all n large enough, o > a, > a and < b,, < b and so also, for all n
large enough, I — € < jol? If ()|dt < fbn” |f (#)|dt < I. Thus lim,_se jfn” |f()|dt =1

a

Consider f € L' (a,b). Letting a, | a,b, 1 b,

bnf(f)dt:/abn lf(t”%f(t)dtf/abn Mdt

An n

Now both of those two integrals on the right are increasing in n because the integrands are
nonnegative and they are also bounded above by | f |f ()| dr and so they both converge.

Therefore, lim,_c fa’: " f (t)dr also exists. l
The claims of the following example are easy and are left for you to verify.

Example 10.0.3 If f (x) = x 7, for p€ (0,1), then f € L' (0,1). If f (x) = ¢™*, then f €
L' (—a,o) for any a < oo. If f (x) = 1/x*, then f € L' (1,0). If f (x) = ¢ ™'t P where p >0,
then f € L' (0,00).

Note that it follows from the above Definition 10.0.1 that if f € L' (—eo,0), then if
(a,b) C (—oo,00), then f %, € L' ((a,b)). Here 2{,p) (x) is 1 if x € (a,b) and O if
x ¢ (a,b). Also clear is that if f,g € L! (a,b), then for any scalars o, 8, 0.f +Bg € L' (a,b)

also. Using Problem 64 on Page 230 it is routine to show that if f € L' (—co,0), then if
g(u) = f (x—u) or f (x+u) it follows that g € L' (—eo, o) also. Also note that if a is finite

and f is bounded near a by M then f:”f(t)dt—f:;‘f(t)dt <M |a, — a| so there is no

harm in simply considering | f " f (¢)dt in the definition.

231
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Lemma 10.0.4 Suppose f € L' (a,b). Then for g (t) any bounded continuous function,
say |g(t)] <M, fg is improper Riemann integrable.

Proof: There is no issue about the existence of fg If ()] ]g(¢)|dt for [a,B] C (a,b)
thanks to Theorem 9.3.13. Then

swn{ [ ollelars g} <suod 17 01mar: o1}

:Msup{/f o1} ~ut [l

Since |fg| € L' (a,b), it follows that fg is improper Riemann integrable by Proposition
10.0.2. 1

Note that, from the last claim about computing the improper integral, all the usual alge-
braic properties of the Riemann integral carry over to these improper integrals of functions
in L'. For example, the integral is linear.

Sometimes it is convenient to define limg .. [*p f (t)dr. This may exist even though
f(¢) may not be improper integrable. Such limits are called the Cauchy principal value
integrals.

E : R t _ : R* ¢ _
xample 10.0.5 limg . [ H—[zdt =0 but lim,, e ["p Wdt = oo, Both —R — —o0 and
R? = oo,

This is left as an exercise. Note that if [*_ f (¢)dr does exist, then you can find it as
a Cauchy principal value integral. It is just that sometimes the Cauchy principal value
integral exists even though the function is not improper Riemann integrable. In the above
example, the function is not in L'. Indeed, you should show that limg_,. ffR 1L%dt = oo,

When functions have values in C, there is no extra problem. You simply consider the

real and imaginary parts. That is,

/abf(t)dtz/abRef(t)dHi/abImf(t)d;

and define a function to be improper Riemann integrable if and only if this is true of its real
and imaginary parts.

Here a complex valued function is in L' (a,) means both the real and imaginary parts
are in L' (a,b) . This is equivalent to saying |f| is in L' (a, b) because

max ([Re f|, [Im f]) < |f] < [Ref|+ [Im f]|

Also for f € L' (a,b), T use ’jff(t)dt‘ < j: |f (¢)|dt whenever convenient. This is

certainly true if f has real values. However, it is also true for complex valued f. Likely
the easiest way to see this is to note that it is true for sums. Since these approximate the
integrals, it will be true for the integrals also. You could also do the following. There exists
6 € C such that |6] =1 and

G/ahf(t)dt: /:f(t)dt
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You just note f;’f(t)dt € C makes sense if f € L' and then such a 6 exists. Then
some short computations with intervals [ay,b,] C (a,b) show that the left side is equal
to [?6f(r)dr. Since this is real,

:/abef(t)dtz./abRe(Bf(t))dt < /ub f ()] dr.

10.1 The Dirichlet Integral

There is a very important improper integral involving sin (x) /x. You can show with a little

estimating that x — sin (x) /x is not in L' (0,0) . However, one can show that this function
is improper Riemann integrable. The following lemma is on a very important improper
integral known as the Dirichlet integral after Dirichlet who first used it. See Problem 34
on Page 222 or else Problem 5 on 247 for more hints on how to show this. Here the actual
value of this integral is obtained along with its existence. First note that for x > 0

oo R _e X
/ e ™dt = lim [ e "dt= lim R
i

R—oo J R—o X

) _eftR e X e X
= lim + =
R—o0 X X X

Lemma 10.1.1 The following formula holds.

E:/ sm(x)dx
2 0 X

is improper Riemann integrable.

Here x — S0x

sinx smx

Proof: By lim, o ** = 1, we can assume

[anabn] g (0 ) Then

is continuous on [0,1]. Now let

—l/x =1/x

——
n smx bn o0
/ — —/ sin ( / ”‘dtdx—/ sin(x)/ e dtdx+e(n)
0 0

where limy, e e (1) = lim, o (— [§" $2%dx) = 0. Thus

bn sinx bn bn bn -
/ —dx e(n)+/ sin(x)/ e_”‘dtder/ sin (x)/ e dtdx
a X 0 0 0 .

bp by
n)+/() sin(x)/o e dtdx+E (n) (10.1)

where |E (n)| < [ [sin (x)] o= dx. Now

<l
bu |sinx| _, 1
E(n)| < —e "dx < —.
Em< [T i

Now interchange the order of integration in 10.1 using the Fubini theorem presented earlier,

Theorem 9.9.3.
by
/ wdx- e(n)+E(n +/ / *sin (x) dxdt
An
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Some tedious integration by parts on the inside integral on the right gives
bn sinx
/ ——dx = e(n)+E(n)
a,

n X
+/bn L <<lf(cosb ye ' 41 (sinb )e_b"t)) dt
0 l2+1 n n

bn inb,
n)+E(n)+/ / COS”J;(S bu) 4y
e(n)+E(n +/bn / cos(b,,—q)l)dt

where ¢, is a phase shift. This is because

1+t2

(\/11+7t2, \/1:7[2> = (cos¢,,sing,) some ¢,

so the formula for cos (b, — ¢) is used. This last integral satisfies

by, 1
cos (b, — @,)dt| < / e tnlgr < —
0 bn

—but 1
e n
0 V1412

Therefore, include it in E (n) and it follows that

bn sinx by ]
—dx = E ——dt

where lim,,_,o (¢ (1) + E (n)) = 0. Taking a limit,

bn b1
lim/ SI0Y e — lim e(n)+E(n)—|—/ . _at)=n2m (102
" 0o 1+#2

n—eo Jgq X n—ro0

A much shorter way to verify this identity is in the exercises but it depends on a theorem
which has not been discussed yet and to use it, you need to know the existence of the
Dirichlet integral which is obtained here as part of the argument.

For I an interval let
lifrel

‘%(”E{ 0ifr¢1

Lemma 10.1.2 Suppose f is Riemann integrable on |a,b]. Then for each € > 0, there
is a step function s which satisfies |s (x)| < |f (x)| and

b
[ lr@—selar<e

Also there exists a continuous function h which is 0 at a and b such that |h| < |f| and

/\f )[Pdx < e
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Proof: First suppose f (x) > 0. Then by Theorem 9.3.10, there is a lower sum L (f, P)
such that

[fdz—L(ﬁP)\ <WU(f.P)~L(f.P) <

Let s correspond to this lower sum. That is, if L(f,P) = Y- my (xx —xx—1), you let
s(x) = XL, m 2y, (x) where It = [x0,x1] [y = (xx—1,x] for k > 2. Then

[ 170 -selae= [0 -seyar= [ rar-1ip) <

In general, you break down f. f (x) = L& ‘2+ [ _1f (x)‘z_f () = ¢, — £ where both f, and
f— are nonnegative functions. These are both integrable thanks to Theorem 9.3.13. Then
letsy < fi,s_ <f_ with fab (fy —s4)dx, fab (f= —s_)dx both less than €/2. Then letting
s =s4 —s_, itis also a step function and

[rsia= (1= 7= e msolax= [ -5+ 5 ol

§/|ﬂ—uﬁu+/|ﬁ—qu<f+f:£
a a 2 2

In addition to this,

s ()] = s (¥) =s— () <54 (¥) +5- (x) <y (6) + 1~ (x) = [£ (%)

This takes care of the case where f is real. If it is complex valued, then to say it is Riemann
integrable means simply that the real and imaginary parts are Riemann integrable. You
apply what was just shown to these real and imaginary parts of f.

Now consider the last claim. First let f > 0 and let s be as chosen earlier with s (x) <
f(x) and fab |f (x) —s(x)|dx <. Say s (x) = Y7_; m 27, (x) where Iy is an interval. Con-
sider the following picture which approximates 27, with a continuous function called 7
which is zero at the ends of the interval ;.

3

xa+o B-8B
Then replace s (x) with Y, mgh? (x) = h® (x). Then h® is a continuous function which
equals zero at a,b. Also, fab |s (x) — R (x) ‘ dx < n if 6 is small enough. (Why?). Then let
0 be this small and denote the resulting function by A. Thus for M an upper bound to

sup {|f (x) —h(x)] : x € [a,b]},

[ -nepa < v [ 1700 -neola

INA
7N\
)
=
—
-
S~—"
\
5
—
=
+
>3
=
\
=
=
&
N———
IN
<
=

Since 7 is arbitrary, this proves the second assertion in the case that f > 0. To get the
result in general, do what was done in the first part. Let f = f, — f_ where these two
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functions are nonnegative and Riemann integrable thanks to Theorem 9.3.13. Let i < fy
and h_ < f_ go with f and f_ respectively as in the above such that

b b
[ s =hitoPdx. [C17 (0= (o dr < e/4

Then for h=h, — h_,f lf— h\ dx—f |lfie—fo—(hy —h_ )| dx
b b
< /Q(|f+—h+|+|ff—hfl)2dxs2/a (Ife = hslP 415 —h ) dx
< 4(g/d)=¢

and since € is arbitrary, this yields continuous Ak, zero at end points such that |i| < |f]
as before. In case f has complex values, apply this that was just shown to the real and
imaginary parts as was just done. l

10.2 Convergence

The pointwise convergence of Fourier series was first successfully shown by Dirichlet in
1829. Here this important result, discussed later, is obtained from the very remarkable
Riemann Lebesgue lemma.

Theorem 10.2.1 77 following hold

1o fysngy =2 = [ S0 gy for any r > 0
2. limy e 5 () 1y — 0 whenever 8 > 0.

3. If f € L' (R), then lim, o [~ sin (ru) f (u) du = 0. Note this implies that for any

finite interval, [a,b],
b
lim [ sin(ru) f(u)du=0.

r— Jgq

You just apply the first part to the function which is extended as 0 off [a, b).

Proof: The first part 1. is Lemma 10 1.1.

Next consider 2. First note that f;* 52U gy — [ sin() 1dt . Mn( ) dt Now consider

the truncated integral [5* S2) gy, Tt equals o Sml(lr”)du -3 Smff“) du which can be seen

from the definition of what the improper integral means. Also, you can change the variable.
Let ru =t so rdu = dt and the above reduces to

00 . r6 . 00 .
/ Sm(t)rldt—/ sm(t)dt:/ sin (ru) du
0 ! r 0 t 5 u

Thus Z — [7° “n( Lar = [3 Sm<m) du and so lim, ., [552 m) du = 0 from the first part.
Now con51der the third clalm, the Riemann Lebesgue lemma. Then for f € L1 let
TRy (t) = Z|_.g) (t) £ (t). Then for R, r large,

/:o |f(t) = frr(t)]dt = / |dt+/7r )|dr<e (10.3)
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Now fg » is Riemann integrable and so there is a step function s (t) = Y7, a; 2, (t) such
that |s ()| < |fr (¢)| and

R oo
[ ey =s@ldi= [ 1, ) =s(]dr <e (10.4)

This follows from Lemma 10.1.2. From 10.4 and 10.3, [*_|s(¢) — f (¢)|dt < 2&. Now

IN

‘ /7 i F(t)sin (rt) dt

/N (F (1) — s (1)) sin (1) dt+‘/ ) sin (1) dt

IN

28—|—’/ )sin (rt) dt

(10.5)

It remains to verify that lim, . [*._ s (¢)sin (r1) df = 0. Since s (¢) is a sum of scalars times
Z; for I an interval, it suffices to verify that im, e [%, 2[4 (t) sin (11) dt = 0 However,
this integral is f sin (rt)dt = =L cos (rb) + L cos (ra) which clearly converges to 0 as r —
oo, Therefore, for r large enough 10.5 implies

< 3¢

‘ L Z F(t)sin (rt) dt

Since ¢ is arbitrary, this shows that 3. holds. B

Another proof is in Problem 12 on Page 249.

A simple repeat of the above argument shows the following slightly more general ver-
sion of the Riemann Lebesgue lemma.

Corollary 10.2.2 f f € L' (R), then lim, .. [~ _sin (ru—+c) f (u) du = 0. Also,

o

lim cos (ru+c) f (u)du=0.

r—o | o

Proof: If you do the first part, which is in the exercises, the second claim comes right
away from the observation that sin (x4 7/2) = cos (x) . Thus

cos(ru+c)=sin(ru+c+mn/2).1
The case of most interest here is that of piecewise continuous functions.
Definition 10.2.3 7 following notation will be used assuming the limits exist.

lim g(x+u)=g(x+), lim g(x—u)=g(x-)
u—0+ u—0+
The convergence of Fourier series is discussed a little later. It will be based on the

following theorem and a corollary which follow from the above Riemann Lebesgue lemma.
Here is a graph of sin (nx) /x for a few values of n. Note that lim,_, qm( i) — 1y and that
the graph shrinks and wriggles very fast as x increases for n large. This suggests that if f
is smooth enough, then lim, . [;” f (x) “n("x) dx might be expected to depend on f (0+).
At least it is not unreasonable that this should happen. This is part of the following major
theorem.
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5
0 )C\L‘J’ NS S

0 1 2 3

Lemma 10.2.4 Let f € L' ((0,)) and suppose | f (0) — f (u)| < Ku? for some y € (0,1]
whenever 0 < u < 8. Then
lim 2 / "0 - du = £(0)

0

r—eo JU u

Proof: From the theorem about the Dirichlet integral, Theorem 10.2.1,

" sin (ru 8 sin (ru
%/o Sib(t)f(”)d”_f(o):%/o %(f(u)—f(O))du (10.6)
7/ Slniru )du—z/: Sin'im)f(O)du 107

Now % € L' (8,) because

the first integral of 10.7 converges to 0 as r — oo. The second integral of 10.7 converges
to 0 as r — oo because of the second part of Theorem 10.2.1. Now consider the integral

in 10.6. s — M isin L' ([0, 8]) because ‘ fu ‘ < u”~! which has finite integral

(“ ‘ 5 L|f (u)| and so, by the Riemann Lebesgue lemma,

since ¥ > 0. Therefore, lim, . % 03 w (f (u) — f (0)) du = 0 by the Riemann Lebesgue
lemma. W

Theorem 10.2.5 Suppose that g € L' (R) and that at some x, g is locally Holder
continuous from the right and from the left. This means there exist constants K,8 > 0 and
r € (0,1] such that for |x—y| <,

g (x4) =g (W) <K |x—yI" (10.8)
fory > x and

lg(x=) =g (W) <K|x—yI" (10.9)
fory < x. Then

2 (esin(ur) (g(x—u)+g(x+u) g(x+)+g(x—)
mel " u < 2 )duzz'

Proof: The function u — w = f(u) is in L' (0,0) as noted earlier. Also for

£ (0) defined as w, the conditions of Lemma 10.2.4 are obtained. Therefore, from
that lemma,

i 2 (75 gy = i 2 [ S (g(x—u>+g<x+u>>du
0

= lim —
r—eo J u r—e T Jo u 2

glxt)+g(x-)
2
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as claimed. W

There is an other condition which will allow the same conclusion as the above condi-
tion. It is that g is of bounded variation on [x — §,x+ 8] for some & > 0. This is called
the Jordan condition whereas the more common assumption used above is the Dini condi-
tion. This Jordan condition implies that u — (g (x—u) — g (x—) + g (x+u) — g (x+)) is of
bounded variation on [0, 8].

First, here is a little review. If H is continuous, Theorem 9.9.1, the mean value theorem
for integrals, implies that if g is increasing, then

b
[ H@dg=H () (e(b) - g(a)
a
for some ¢ € [a,b]. Suppose then that H (x) = [ h(t)dt where h is continuous and g is
increasing on [a, b].

Suppose H (x) = [ h(r) dt where h is continuous and g is increasing on [a, b]. Then by
integration by parts, Theorem 9.4.1,

/abgdH+/abHdg:g(b)H(b)

From the first mean value theorem for integrals, there is ¢ € [a,b] such that [ ab Hdg =
H(c)(g(b) —g(a)). Then

s = [ ghar=—H(e) ) 2@ +5 ) 0)

Il
oQ
—~

S
=
f\

>
=
—
[N
S~—
QU
s
+
oQ
—
Q
S—
=
—
[N
—
QU
=

This is sometimes called the second mean value theorem for integrals. Sufficient conditions
are that & is continuous and g increasing. This is stated as the following lemma.

Lemma 10.2.6 Let h be continuous and g increasing. Then there is c € [a,b] such that

/abg(x)h(x)dng(b) /Cbh(x)dx+g(a)/ach(x)dx

The conclusion is exactly the same if g (a) is replaced with g (a+) with maybe a different
c € [a,b].

Proof: The last claim follows from a repeat of the above argument using g (x) defined
as g (x) for x > a and g(a+) when x = a. Such a change does nothing to the Riemann
integral on the left in the above formula and g is still increasing. Hence, for some ¢ € [a, ],

/abg(x)h(x)dx:/abg(x)h(x)dx:g(b)/Cbh(x)dx+g(a+)/ach(x)dx |

Lemma 10.2.7 Suppose g is of bounded variation on [0,3],8 > 0 and suppose g €
L' (0,a) where § < a < . Then

lim 2 /Oag(z) SN 4y — g (04)

r—oo JU t
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Proof: Since every bounded variation function is the difference of two increasing func-
tions, it suffices to assume that g is increasing on [0, 8] and so this will be assumed. Note
that this also shows that g (0+) exists. Recall the second mean value theorem of Problem
45 on Page 226 or the above Lemma 10.2.6 applied to g (0) defined as g (0+).

From the material on the Dirichlet integral, there exists C with ‘ Jo SiT“’dt’ < C indepen-
dent of r. Indeed, | [y %dl — %| < 1 if r is sufficiently large. For r not this large, one has
the integral of a continuous function.

Leth € (0,0) be such that if # <, |g(¢) — g (0+)| < 5777 Then split up the integral as
follows.

I L
s e
a in (r h L (r s
%/0 2(t)> t(t)dt _ %/0 (g(t)_g((H_))stﬁdt—i_g(m—)%/o s t(t)dt
4]
e e

a sin (rt)
+/h g (1) ; dt

Use the second mean value theorem on /;. It equals

(g(h) =2 (0+)) E/js‘intﬂdr = (g(h) —g(0+)) %/rhwdu

T T Jre r u

h

the integral is ( Jorsinu gy — fr€r st gy ) and both terms are bounded by some constant C

so the integral is bounded independent of large » by 2C. Then

2 (" sin (u) €
h)—g(0 — du| < 2C<e
g2 " Wa < £ ae <
Now consider g (0+) I. It equals g (0+) % Orh Sinuﬁdu 80 its limit as r — oo is g (0+).

It is just the Dirichlet integral again.

Finally, consider I3. For t > h, g(t—t) is in L! (h,a) and so, the 0 extension off [h, ) is in
L' ([0,a)) . By the Riemann Lebesgue lemma, of Theorem 10.2.1, this integral I converges
toOasr—oo. A

With this, here is a different version of Theorem 10.2.5.

Corollary 10.2.8 Suppose that g € L' (R) and that at some x, g is of finite total varia-
tion on [x — &8,x+ 8] for some 6 > 0. Then

2 fesin(ur) (g(x—u)+g(x+u) g(x+)+g(x—)
M h < 2 )d“ T2

Proof: This follows from Lemma 10.2.7 applied to u — w ]

10.3 The Gamma Function

Recall the definition of an improper integral specialized to (0,c0). You let a, | 0,b, 1 oo
and [§7 f (1) dt = limy e [ f (1) dlr.

Definition 10.3.1 Whenever o >0, T'(a) = ;e 't L dr.
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Lemma 10.3.2 The improper integral [ e™'t*~ ! dt exists for each o0 > 0.

Proof: Let
% lifr <1

) :{ Ce2ifr > 1

where C is chosen large enough that for t > 1,Ce™"/2 > ¢~"t®*"!. Then obviously f €
L' (0,00) and f (1) > e~'t*~1. Also, if [a, B] C (0,),

B oo
/ e"to“ldtg/ ft)dt <o
o 0

and so t — e't% ! is in L' (0,00) so the improper integral exists as claimed thanks to
Proposition 10.0.2. B

This gamma function has some fundamental properties described in the following pro-
position. In case the improper integral exists, we can obviously compute it in the form
limg_,o, [, 51 /8 f(¢)dt which is used in what follows. Thus also the usual algebraic proper-
ties of the Riemann integral are inherited by the improper integral.

Proposition 10.3.3 For n a positive integer, n! =T (n+1). In general, one has the
following identity: T (1) =1,T (a+1) = al'(a)

-1 _
Proof: First of all, I'(1) = limg_o [ e ~dr = limg_o (e—5 (6 1)) — 1. Next,
for a0 > 0,

) _ 14
I'(a+1)=lim e 't%dt = lim [—e’t“@ L+ Ot/
6—0 6

—1

e 1% ar
8—0.J6

-1
= lim (666a e (6§ +a/8 e'taldt> =al'(a)
0—0 é
Now it is defined that 0! = 1 and so I'(1) = 0!. Suppose that I'(n+ 1) = n!, what of
I'(n+2)?Isit (n+ 1)!? if so, then by induction, the proposition is established. From what
was just shown, I'(n+2) =T (n+1) (n+1) =n!(n+1) = (n+ 1)! and so this proves the
proposition. l

The properties of the gamma function also allow for a fairly easy proof about differen-
tiating under the integral in a Laplace transform. First is a definition.

Definition 10.3.4 4 function ¢ has exponential growth on [0,0) if there are posi-
tive constants A.,C such that |¢ (t)| < Ce* for all t > 0.

Theorem 10.3.5 Lt (s) = Jo e "¢ (t)dt where t — ¢ (t)e " is improper Rie-
o (t)| < Ce. Then

mann integrable for all s large enough and ¢ has exponential growth,
for s large enough, % (s) exists and equals [y (—t)*e™>'¢ (1) dt.

Proof: Suppose true for some k > 0. By definition it is so for k = 0. Then always
assuming s > A, |h| < s — A, where |¢ (1)| < Ce, A >0,

f(k) <S+ h) _f(k) (S) _ /Ooo (_t)k e*(erh)l et

- Z o (r)dt
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= [Ceorer (S o= [Tnte (e o

where 0 (h,t) is between —ht and 0, this by the mean value theorem. Thus by mean value
theorem again,

f<k) (S+h2lff(k) (S) _/oo(_t)k+lefst¢ (t)dt

0
< / |t|k+1 Celtefst
0

< /wtk”cweﬂf\h|e'\h\dt=c|h| /mtmef(sfwh\»zd,
0 JO

ee(h,t)_lldtg/ LM gt pa(hit) |ht‘dt
0

Let u = (s— (A +1h|))t,du = (s— (A +1h|))dt and changing the variable, you see that
the right side converges to 0 as & — 0 so fk+1) ( ) has the correct form. This proves the
theorem. M

The function f (s) just defined is called the Laplace transform of ¢.

Incidentally, £ (s) exists for each k and s € C with Re (s) > A by the same argument.
This will be used later when the computation of inverse Laplace transforms is considered.

10.4 Laplace Transforms

It will be assumed here that t — f () e~* is in L' (0, o) for all s large enough.

Definition 10.4.1 we say that a function defined on [0,0) has exponential growth
if for some A >0, and C > 0,|f (1)| < Ce.

Note that this condition is satisfied if | f ()| < a+be*. You simply pick C > max (a, b)
and observe that a + be*! < 2Ce.

Proposition 10.4.2 Let f have exponential growth and be continuous except for finitely
many points in [0,R] for each R. Then limg .. [ f (t)e™'dt = L[ (s) exists for every
s > A where |f(t)| < e™. That limit is denoted as [y f (t)e *'dt.

Proof: It is clear that f has exponential growth implies ¢ — f (t)e™* is in L' (R) and
so the improper integral above exists.
Certain properties are obvious. For example,

1. If a,b scalars and if g, f have exponential growth, then for all s large enough,
Z(af +bg)(s) =aZ (f)(s)+bZL(g) (s)
2. If f7(r) exists and has exponential growth, and so does f (¢) then for s large enough,

Z(f)(s)=—f(0)+sZ(f)(s)

One can also compute Laplace transforms of many standard functions without much
difficulty. One of the most important properties of the Laplace transform is the convolution.

Definition 10.4.3 7. f,& have exponential growth and be continuous except for
finitely many points in each [0,R]. Then f*g(t) = [y f (t —u) g (u)du.
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Observation 10.4.4 f«g = g« f. This merely involves changing the variable. Let
v=t—u

The following proposition will involve an assumption that the functions are continuous.
This is not necessary but I have not developed the necessary machinery for Fubini’s theorem
to do this in full generality and an ad hoc approach sufficient to include discontinuous
functions would be tedious. Therefore, here is an easy lemma.

Lemma 10.4.5 Let f, g be continuous on [0,R]. Then

/()R/Otf(t—u ) dud = //ft—u u)didu (10.10)

Proof: First note the following. For F (t) = [J f (u)du and G (t) defined similarly,

/ /f ) dudt = /()Rf(t)/(:g(u)dudl:

R

FO) [ swaufs - ./ORF<r>g<r>dr=F<R>G<R>—/ F(0)g()di

0
/ / £ () g (u)dtdu

st [*raau= [ (F () F )
R
- [P s (wdu

If f is a polynomial, then f (f — u) g (u) is a sum of terms of the form £ (r) g (u) and so 10.10
holds. Now by Weierstrass approximation theorem, there is a sequence of polynomials { f, }
which converges uniformly to f on [0,R]. Hence, since 10.10 holds for each f, replacing
f it continues to hold in the limit. l

Proposition 10.4.6 Let f,g have exponential growth and be continuous. Then f* g
has the same properties. Also £ (fxg)(s) = Z (f) (s) L (g) (s) for all s large enough.

Proof: Consider the second claim. Say |f(r)] < CeM,|g(r)| < Cel. Letting u >
max (l,i) ,

'/ft—u w) du| <

Now consider the claim about the convolution. Let s > 2max (i, 1) = y. By Lemma 10.4.5,

/ORe_S’/Otf(t—u u)dudt = // U (t—u) g (u)dtdu

= /OR e g (u) /R e f (t—u)dtdu = /0 e g (u) /OR ' “Vf(v)dvdu

u

= /ORe*“'”g (u) /OR eV f(v)dv— </RI; e f(v) dv> du

/ CCeM =W ohugy < Cltelt < CCe>max (11
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Therefore,
R R R
/ e (fxg)(t)dt = / e g (u)du/ eV f(v)dv
0 0 Jo
R R
—/ efs"g(u)/ e f(v)dvdu (10.11)
0 R—u
Now
R R R R
‘/ ef“”g(u)/ e f(v)dvdu S/ Ce =M Ce 5" dydu
0 R—u 0 R—u

R R (R )
E/ Ce P Ce Mdvdu < CC/ e Mo AR gy — cCe *RR
0 R—u 0

which converges to 0 as R — oo. Therefore, the last term on the right in 10.11 converges to
0 and so, taking a limit as R — 0 in 10.11 yields .Z (fxg) (s) = Z (f) (s) L (g) (s). A

That which is most certainly not obvious is the following major theorem. This is omit-
ted from virtually all ordinary differential equations books, and it is this very thing which
justifies the use of Laplace transforms in solving various equations. Without it or something
like it, the whole method is nonsense. I am following Widder [26]. This theorem says that
if you know the Laplace transform, this will determine the function it came from at every
point of continuity. The proof only involves the theory of the integral which was presented
in this chapter and Stirling’s formula. Also, it would easily generalize to functions having
values in some normed vector space. First is a lemma.

Lemma 10.4.7 Let a > 0 and b > 1. Then limy_,.. % I vke=(1=8)v gy — 0.

Proof: First change variables (1 — %) v = kx. A few computations show that the above

integral is %ﬁjﬁig)bxk(’“d}c. Now let 1 < b < b. Then for k large enough,
e a
(1—4) b > b, so the above integral is dominated by ; (11‘;% = xke~**dx. Using integra-

tion by parts and Stirling’s formula which implies that for large k, k! > %\/ 2mkk+(1/2) gk,
and also that (1 + %)k < e, this is dominated for large k by

i kk+1 efkb i@] _ 2 1 et efk(fafl) l;k:rl —1
k! (1_%)k+1 k= V2rvk 1l =% (1_%)1( h_1
k

N Tk+1 _
< e—k(b—l) bA 1
b—1

which converges to 0 as k — oo since h>1. 1

Theorem 10.4.8 Let ¢ have exponential growth, |¢ (t)] < Ce™ where we can let
m > 0. Suppose also that ¢ is integrable on every interval [0,R] and let f (s) = Z () (s).
Then if t is a point of continuity of ¢, it follows that

(1) jim CL° (5] (’:)M.

Thus ¢ (t) is determined by its Laplace transform at every point of continuity.
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Proof: f(s) = [ e ¢ (u)du so f® (s) = [ (—u)* e ¢ (u) du. This is valid for all
s large enough and the exponential growth of ¢ (¢) thanks to Theorem 10.3.5. Formally,
you differentiate under the integral. Then, always assuming k is sufficiently large,

(—kl!)k [f(k) (f)} (]:)k+1 _ (_kl!)k (/Ow(—u)kef”(b(u)du) (,;)kﬂ

Now letv = k,—” so this becomes

S o (i) () =k [ teo ()
o 1 k

o ziv e "dv =1 by Proposition 10.3.3 and so the above equals

=0+ [ e (0 () —ow)ar

Suppose now that ¢ is continuous at ¢ > 0,0 < § < ¢. To say that |% —t| <disto

say that v € ( #k, @k) Split the integral into one which goes from 0 to #k, one
from %k to #k, and one from #k to co where 0 is small enough that when |% 7t| <

8,|¢ (%) — ¢ (1)| < €. Then the middle integral

k,/tz (0(%)-00)av <

It remains to consider the other two integrals.

LT e (o () - ew)ass b [ e (o () ew)a

Now v — vke™ is increasing for v < k. The first of these, on this interval, Z<r—4and
so there is a constant C (t) such that |¢ (%) — ¢ (t)| < C(r). Thus, using Stlrhng s formula,
the first integral is dominated by

=8 k
| e 1 ) t—90 ~(=58k)
(I)E/O vie Vdv < 2C(r) ok e ( ; k) ( . k> e

\/%\/l; (e‘? (1 — ?))k =2C(1) \/%\/l;rk

where r = e* (1 — ?) which is less than 1 since § < 7. Then limy_,.. vkr* = 0 by a use of

() —o@)|<c() ™% . Then, simplifying this

second integral, it is dominated by % [iis i ke~ (1= )V gy which converges to 0 as k — oo
T
by Lemma 10.4.7. &
I think the approach given above is especially interesting because it gives an explicit
description of ¢ () at most points'. I will next give a proof based on the Weierstrass approx-
imation theorem to prove this major result which shows that the function is determined by

15
k'/ s Ve Vedv < e
=8y

t

< 2C(1)

the root test. In the second integral of x,

UIf ¢ is piecewise continuous on every finite interval, this is obvious. However, the method will end up showing
this is true more generally.
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its Laplace transform. I think it is easier to follow but lacks the explicit description given
above. Later in the book is a way to actually compute the function with given Laplace
transform using a contour integral and the method of residues from complex analysis.

Lemma 10.4.9 Suppose q is a continuous function defined on [0,1]. Also suppose that
foralln=0,1,2,--- ,fol q (x)x"dx = 0. Then it follows that g = 0.

Proof: By assumption, for p (x) any polynomial, fol q(x)p(x)dx=0.Now let {p, (x)}
be a sequence of polynomials which converge uniformly to g (x) by Theorem 6.10.2. Say
maxe(o 1) |q (x) = pn (x)] < 1 Then

=0
f—’_
/()1q2(x)dx = /q — pn (%) dx+/q ) Pu (%) dx

IN

[ a0 @00~ pueax< [ gt ax,

Since n is arbitrary, it follows that fol ¢* (x)dx = 0 and by continuity, it must be the case
that g (x) = 0 for all x since otherwise, there would be a small interval on which ¢ (x) is
positive and so the integral could not have been O after all. l

Lemma 10.4.10 Suppose |¢ (t)] < Ce™%" for some 8 > 0 and all t > 0 and also that ¢
is continuous. Suppose that [,"e ¢ (t)dt =0 for all s > 0. Then ¢ = 0.

Proof: First note that lim; . |¢ ()] = 0. Next change the variable letting x = ¢~ " and so
x € [0,1]. Then this reduces to fol ¥*~1¢ (—1n(x))dx. Now if you let ¢ (x) = ¢ (—In (x)), it
is not defined when x = 0, but x = 0 corresponds to # — oo. Thus lim,_,0.+ ¢ (x) = 0. Defining
(0) =0, it follows that it is continuous and for alln =0, 1,2, -- ,fol X"q (x)dx =0 and so
(x) =0 for all x from Lemma 10.4.9. Thus ¢ (—In(x)) = 0 for all x € (0,1] and so
(t)=0forallt >0. W
Now suppose only that |¢ (f)] < Ce* so ¢ has exponential growth and that for all s
sufficiently large, .Z (¢) = 0. Does it follow that ¢ = 0? Say this holds for all s > 5o where
also so > A. Then consider ¢ (1) = e~*0'¢ (¢). Then if s > 0,

/Ooo _St¢( t)dt = /Ome—ste—sor¢ (t)dt = /Ooo e—(s+so)t¢ (t)dt =0

because s+ so is large enough for this to happen. It follows from Lemma 10.4.10 that
¢ = 0. But this implies that ¢ = 0 also. This proves the following fundamental theorem.

q
q
¢

Theorem 10.4.11 Suppose ¢ has exponential growth and is continuous on [0, o).
Suppose also that for all s large enough, £ (¢) (s) = 0. Then ¢ = 0.

This proves the case where ¢ is continuous. Can one still recover ¢ at points of con-
tinuity? Suppose ¢ is continuous at every point but finitely many on each interval [0,7]
and has exponential growth and .Z (@) (s) = O for all s large enough. Does it follow that
¢ (1) = 0 for  a point of continuity of ¢? Approximating with finite intervals [0, R] in place
of [0, ) and then taking a limit, (details left to you.)

0= /Owe*% (t)dt = e /0' 0 (u)dul= +s/0°°e<“ (/Ot 0 (u) du) dt
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The boundary term is O for large s because

’/th’(u)du < /Oth)(u)ldus /OtCeA”du: % (e’l’—l) < %elf

Therefore, 0= [;" ¢~ (fg ¢ (1) du) dt and by Theorem 10.4.11, [j ¢ (u) du =0 forall¢ > 0.
Then by the fundamental theorem of calculus, Corollary 9.5.6, g’ () = ¢ (t) = 0 at every
point of continuity. This proves the following theorem.

Theorem 10.4.12 Suppose ¢ has exponential growth having finitely many points
of discontinuity on every interval of the form [0, R]. Suppose also that for all s large enough,
Z(9)(s) =0. Then ¢ (t) = 0 whenever ¢ is continuous at t.

Note that this implies that if Z¢ = Ly then, £ (¢ — y) = 0so ¢ = y at all points of
continuity.

10.5 Exercises

1. Prove Lemma 10.4.5 by considering

Z)E/()Z/Otf(l‘fu u)dudt — //ft—u u)dtdu.

Explain why F (0) = 0 and use the first mean value theorem for integrals to show
that F’ (z) = 0 for z > 0. Generalize to f, g are piecewise continuous.

2. FindT (1) Hint: T (1) = * ¢~'t~"/2dr. Explain why this equals 2 [;° ¢’ du. Then
use Problem 49 on Page 227 or Theorem 9.9.4. Find a formula for I (%) I (%) , etc.

3. For p,q >0, B(p,q) = fol xP~1(1 —x)9~1dx. This is called the beta function. Show
I'(p)I'(q) = B(p,q)T(p+¢q). Hint: You might want to adapt and use the Fubini
theorem presented earlier in Theorem 9.9.3 on Page 216 about iterated integrals.

4. Verify that £ (sin(¢)) = HLsZ

5. Show directly that [ Siﬁdx exists. Hint: For large R and small €, consider

smt /”/2 smt /R smtd
/2t

and show that the limit of the first as € — 0 exists and the limit of the second as
R — oo also exists. Hint: The second integral is

—Cost g R cost —cos(R) R cost
72 t = — ——dt
t n/2 1

w2 2 R

Then t — %% is in L' (%,00) so the limit exists as R — co. Why? Then the first term
on the right converges to 0 as R — co. Now consider |/ r/2 b“”dt Explain why the
integrand is positive and bounded above by 1/+/z. Then compare with |/ 7/2 1 dx =

24/7/2 —2+/€. Argue that
ﬂ/2 1 t 71'/2
lim smdt:sup{/ ﬂd: O<8<7r/2}§2«/7r/2.
€

e—0+ J¢e t



248

6.

10.

CHAPTER 10. IMPROPER INTEGRALS

For s > 0, define F (s) = [" e ***2dx. Thus

. .
F(0)=F(s) = Jim [*(1-¢™) ?dx.

Show limy_,04 F (s) = F (0). Hint: You might try to justify the following steps or

something similar.
M s _ cost
f = 5|

/OM(l *“)+ +—

Now pick M very large and then when it is chosen in an auspicious manner, let
s — 0+ and show the first term on the right converges to 0 as this happens.

[F(0) = F (s)]

IN

IN

It was shown that . (sin (¢)) = H—Z Show that it makes sense to take &’ (Smt ).

Show that j°°¥ “dr=5— [y T —Ldu. To do this, let F (s) = 6”%() ~Sdt and
show using Theorem 10.3.5 that F' (s) = 1Jis2 so F (s) = —arctan(s) + C. Then
argue that as s — oo, F (s) — 0. Use this to determine C. Then when you have done
this, you will have an interesting formula valid for all positive s. To finish it, let s = 0.
From Problem 6 F (0) = lim,_,o4 F (s), this gives [ Si%dx, the Dirichlet integral.
Another derivation is given earlier in the chapter.

Verify the following short table of Laplace transforms. Here F (s) is £ f (s).

0 N A N 2 N O 6]
n ,at n! n _n! at o3
t"e ?q)nﬂ t"'neN e e sin bt iR
e cos bt (S_;ﬁ fxg@) | F(s)G(s)

Let r be a positive integer. Then if f(x) = Wx(’/ 2)~1¢7%/2 this function is

called a chi-squared density, denoted as 272 (r). Show for each r, [ f (x)dx = 1.
This particular function is the basis for a large part of mathematical statistics.

The Fresnel integrals are [; sin (¢%) dt, [y cos (%) dt for x > 0. This problem is on
the limit of these as x — oo. In an earlier problem this limit was shown to exist. This
limit is probably most easily done in the context of contour integrals from complex
analysis. However, here is a real analysis way. Justify the following steps. Let

F(x)= (fé‘e”zdt)z

F'(x)=2 ( /0 ' eitzdt> (eixz) =2x < /0 1 eixztzdt> <e"x2) —2x ( /0 1 eixz(’2+1)dt>

1 1 .
2/x/ yely2(l2+])dtdx:/ /x2ye’y2(12+l)dxdt
0 JO 0 JO
1/ _: iyz(t2+l) 1 1 ixz(l2+1)
[(FE ) e [ (i 00,
0 2+1 0 2+1 2+1

F (x)
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Letu=1*+1sot=+/u—1 and du = 2\/u— 1dz. Then in terms of u, the second
1x2u

integral is 12 f h ﬁdu This converges to 0 as x — oo by the Riemann Lebesgue
u u

lemma and the observation that the improper integral f h )1 ———zdu < eo. Therefore,
M u—

2
X T T
. it T
()}m;./oe dt> —174—1/0 a1 ldt

and so f0°°e”2dt = [y cos (1?)dt +i [ sin (1) dt = ‘[‘f Jrz‘[‘f 7%4 -
i % g .The first of the two alternatives will end up holdlng You can see this from ob-

serving that [y sin () dr > 0 from numerical experiments. Indeed, [, sin (%) dr =
0.58367 and for ¢ larger than 10, the contributions to the integral will be small be-
cause of the rapid oscillation of the function between —1 and 1.

Leta=xp<x; <--<x,=bandlety; € [x,_1,x;] =[.If d : R — (0,00), then the
collection {(1;,y;)} is called a “§ fine division” if for each i,
LC(yi—=6(yi),yi+6(yi)).

Show that for any such function 9, there exists a 0 fine division. Hint: If not, then

there would not be one for one of [a, “F2], [4f2 b]. Use nested interval lemma to

get a contradiction.

Show directly, using the Weierstrass approximation theorem, that if f is piecewise
continuous on [a,b], then lim, e [ sin (nx+c) f (x)dx = 0. Hint: Show it suf-
fices to suppose f is continuous. For f contmuous let g be a polynomial such that
1f = gl = maxceqa.f (%) =g (¥)| < 3555 Then [ sin (nx—+c) f (x)dx =

b b
/ sin(nx+c¢) (f (x) —g(x))dx+ / sin (nx+ ¢) g (x) dx.
a Ja
Now the first integral is small. Use integration by parts in the second.
Carefully fill in the details of Lemma 10.4.7.

Suppose you have f defined, positive, and decreasing on [0,c<). Then show that f is
in L1(0,0) if and only if Y5, f (k) is a convergent series. This is called the integral
test.

Assume all the integrals make sense as ordinary or improper integrals on (a,b) where
—oo < a<b<eo Alsolet¢: (a,b) — R be convex and differentiable. Convexity
here means that ¢’ is an increasing function. Thus the graph of ¢ “smiles” and ¢ is
always at least as large as any tangent line. Suppose [, f f(¢)dt = 1. Show that

o ([ ewrswar) < ["otew)srar

This is a case of Jensen’s inequality. Hint: Since ¢ is convex,

¢ (g(1) </ 8(s ds)+
o ([[e0 o) (s [ ewrr0as).



250

16.

CHAPTER 10. IMPROPER INTEGRALS

Now multiply by f (¢) and do [ dr using [? f (r)dt = 1.
For n € N, Stirling’s formula says lim,,_. % V2r. HereI'(n+1) =n!. The
idea here is to show that you get the same result if you replace n with x € (0,). To
do this, show
(a n— (n"j( 1/)2) is decreasing on the positive integers. This follows from the prop-
erties of the Gamma function and a little work.

(b) Show that x — (x+(11/)2ex is decreasing on (m,m+ 1) for m € N. This is a little
harder.

Hint: For x € (m,m+1), In ( %1/)5) =

1
x+Inl(x+1)— <x+ 2) Inx

x+In(x(x—1)(x—=2)---(x—m+ 1T (x—m)) — (x+;> I

m—1
x+ Z In(x—k)+In(T(x—m))— <x+;) Inx

Now differentiate and try to show that the derivative is negative for x € (m,m+1).
Thus the desired derivative is

m—1
) D / In (1)~ e s — -
k:()xfk (x—m) 2x

The first term is negative from the definition of In(x). The derivative being nega-
tive will be shown if it is shown that the integral in the above is negative. Do an
integration by parts on this integral and split the integrals to obtain

o 1 1
/ ()~ e g = / 1% dr + / (t—)e'tCIn (1) di
0

+/ 1% (1= (1 — o) In (1)) dt

where 0 = (x—m) — 1 € (—1,0) so —o > 0. The last integral is negative because
(t—0) =1+ (—0) > 1. The first two integrals on the right are obviously negative.



Chapter 11

Functions of One Complex Variable

In the nineteenth century, complex analysis developed along with real analysis, the latter
being the main topic of this book in which one considers functions of one real variable.
However, many difficult real improper integrals can be best considered using contour in-
tegrals so some introduction to this very important topic is useful. It is not intended to be
a full course on complex analysis, just an introduction to some of the main ideas. Cauchy
was the principal originator of the study of complex analysis in the early 1800’s. His-
torically, the main theorems came from the Cauchy Riemann equations and a version of
Green’s theorem. The Cauchy Riemann equations are considered later in a problem, but
Green’s theorem is part of multivariable calculus which is not being discussed in this book.
However, using the ideas of Goursat (1858-1936) it is possible to present the main theory
in terms of functions of a single variable, this time a single complex variable.

11.1 Contour Integrals

This is about contour integrals in C. First is the definition of an oriented C! contour.
Contours are sets of points in C. Smooth ones require the notion of the derivative of a
function of one real variable having values in C. There is also the concept of a differentiable
function of a complex variable which is defined on an open set of C.

Definition 11.1.1 7he derivative is defined as before. If v : [a,b] — C, then ¥ (1)
is said to exist exactly when y(t +h) — y(t) = ah+ o (h) for some a € C and sufficiently
small real h and in this case, a= Y (t) . This is not any different than the earlier material on
the derivative other than 'y having values in C. Derivatives from right and left are similar
to before. Also, if f is defined on an open subset of C then it is differentiable at 7 means
fz+h)—f(z) =ah+o(h)anda= f'(z). Here h € C since the derivative is on an open
subset of C rather than a subset of R. This has already been dealt with in Theorem 8.2.1
on Page 159. f'(z) = lim;,_ M exactly as in the case of a real variable.

All properties of Theorem 7.5.1 continue to apply for the derivative just defined. The
proofs are exactly the same. In particular, the chain rule holds. You just have to use C
rather than R for values of the function. The necessary complex arithmetic is in Section
2.13.

Next is the idea of an oriented C' curve.

Definition 11.1.2 A ser of points y* in C is called an oriented C' curve or contour
if the following conditions hold.

1. There exists ¥ a continuous function mapping some interval [a,b] to C such that

v =v([a,b]).

2. This y is one to one on |a,b) and the derivative Y is continuous and exists on |a,b]
being defined in terms of right or left derivatives at the end points. When 'y (a) =y (D)
this is a closed curve.

3. Ify:la,bl — v and ¥: [d,@] — v* are two parametrizations, then ¥ ' oy is a
continuous function which is one to one and so by Lemma 6.4.3 it is either strictly
increasing or strictly decreasing on [a,b). Two parametrizations ¥,y are said to

251
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have the same orientation and y ~ ¥ if and only if 77_1 o7 is increasing. Then ~ is
easily seen to be an equivalence relation and y* together with all C' parametrizations
having the same orientation is called an oriented C' curve.

4. The curve is called smooth if it has a C' parametrization v : [a,b] — C such that

Y (t) #0forallt € (a,b).

To see that ~ is an equivalence relation say y; ~ ¥, and ¥, ~ ¥3. Then 7, o Y, is
increasing and also ;' 0, is increasing. Hence (y3'09,) o (3 oy) =73 oy, isin-
creasing. Thus ~ is transitive. It is symmetric because a function is increasing on an
interval is equivalent to its inverse being increasing. Clearly y ~ 7.

Definition 11.1.3 4n ordered partition of [p,q] will be a sequence of intermediate
points, 0,01, 0y, p=100 < 0] < -+ < 0y =gq. A set of points v* C C is an ori-
ented piecewise smooth curve means there is a parametrization 'y which is one to one and
continuous on [p,q), such that y restricted to (ot;_1, ;) is C', and ¥ (t) # 0 on this open
interval, and the right and left derivatives exist at the endpoints. Thus y([oti—1,¢;]) is a
smooth curve.

Here is a picture of such a thing. The idea is that it has finitely many pointy places.

Y4

The above is fussy and technical, We can ignore it because it is included in the case of
C! curves. Suppose you have a < b < ¢ and ¥} (t) # 0 on (a,b), v, (t) # 0 on (b,c) but
Y, (b) # 75 (b) although y; = ¥, at b. Then consider

7 (b+(t—b)3ﬁ) 1 € [a,b]

V(1) = 5
72 (b+(t*b) ﬁ) 1€ [b,d]

Then ¥(¢) moves from 7, (a) to ¥(b) in the same direction as ¥, and ¥, and is differentiable
on all of (a,c) although ¥ (b) = 0. Thus this piecewise smooth curve can be expressed as
a C! curve, not smooth because of the vanishing of the derivative at b. If you wanted, you
could define and draw the same conclusions for a piecewise smooth C? curve. You would

simply feature (¢ —b)5 (bja)4 (1 —b)5 (Cjb) instead. This shows that a piecewise smooth

curve, has a C! parametrization which gives the same oriented piecewise smooth curve, so
one might as well just consider curves which have C' parametrizations without insisting
they are smooth and forget about the fussy details.

Definition 11.1.4 a piecewise smooth curve ¥ is an oriented C' curve having a
C' parametrization 7y : [a,b] — y* such that there exists an ordered partition of [a,b],
0,01, , 0y for which ¥ (t) # 0 on (ai—1, ;) and right and left derivatives exist at the
endpoints of this interval. More generally, a C' curve is one which has a C' parametriza-
tion as above. Also define —y* as follows. If v* = y([a, b]) then let 1 : [a,b] — v* be defined
by n(t) = y(a+b—t). This amounts to going over y* in the opposite direction. Then N
will be a parametrization for —y*.

Also, I will define the contour integral for a C I curve as follows:
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Definition 11.1.5 L Y* be an oriented C' curve having a C' parametrization vy :
[a,b] — Y*, then

B b B b
[ r@e = [raoy @a= [Re(r@o) @)a
si [ (P 0) 7 0)ar

This is well defined because all the functions are continuous. Then fy* f(z)dz is called a
contour integral.

Proposition 11.1.6 The above contour integral is well defined and for y* an oriented
curve, f — [, f (z)dz is a complex linear map meaning that for a,b € C,

/7* (af(z)+bg(z))dz:a/)/*f(z)derb/Y*g(z)dz

Also [ f(z)dz= —[_, f(z)dz. In addition to this, if M > max{|f (z)| :z€ v}, one

Sy f(2) dz‘ < ML where L is the length of v* defined as fab lY (1) dr

for v a parametrization for y*. This number L is well defined. If f, converges uniformly to
fony, thenlim, .. [, fu (z)dz= [, f(z)dz

obtains the estimate

Proof: The claim about the contour integral being linear is a routine computation from
doing arithmetic for complex numbers and the above definition. This is obvious for a,b
real. Incase b=0and a =i,

i/wf(z)dz

b b
([ Re )7 @i [ )y ) )
= i ["Re(r (N @)~ [ (5 (v} ¥ @)
L@ = [ Re(r ()7 0) ~m (7 ()Y )

which is the same thing because it holds for Riemann sums approximating the various
integrals.

From consideration of real and imaginary parts, the usual change of variables for-
mula holds. If y,% are two equivalent parametrizations giving the same orientation, ¥ :
[a,b] = v* and ¥ : [c,d] — v*. I need to show these give the same thing for the con-

tour integral. Let s = ¥ ' oy(t) so ds = (?71 o}/)/(t)dt. Also y(t) = ?(7/71 oy(t))
o7 (0 =7 (v or®) (o) )

[ ey @as= [ (1 erw)) 7 (v or®) (v 'or) war
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Now if 1] is the above parametrization corresponding to —y*, 1’ (1) = —y (a+b —1t). Thus
lettings=a+b—t

b b
[ rmmnwa = = [ fra+s—0)7 @rb-na
[ ooy @a=—[ sy war

As to the estimate.

[P riy)y (t)dt‘ = o [P f(y(r))y (¢)dt for a suitable complex

number, |@| = 1 and the last expression must be [*Re (@ f (y(1)) Y (¢))dt < [P M|y (t)| =
ML.
Why is the length well defined? Say 7y,% are two parametrizations yielding the same

orientation 7 : [a,b] — y* and ¥ : [¢,d] — y*. Then let s = 9 ! o y(¢) then by the same

change of variables result,
I [ er®)| (54er) 0a
= [ rer0)| (o) war
= [(rrero(rrer) o) a= [y wla

The last claim follows right away from the estimate. If f,, — f uniformly on y*, then

’Afn(Z)dz—Af(Z)dz

whenever n is large enough that max {|f,, (z) — f ()| :z€ ¥} <e. B
I will sometimes write [, f (z)dz instead of [,. f (z)dz where it is understood that y
symbolizes any of the similar parametrizations of y* for one of the two orientations.

>

~

¥ (s)]ds

<eL

11.2 Cauchy Goursat, Cauchy Integral Theorem

In calculus, every continuous function has an antiderivative thanks to the fundamental the-
orem of calculus. However, the situation is not at all the same for functions of a complex
variable. This is why we have the following definition using a different word.

Definition 11.2.1 A function F with F' = f is called a primitive of f.

So what if a function has a primitive? It turns out that it becomes very easy to compute
the contour integrals.

Theorem 11.2.2 Suppose y* is an oriented C' curve Suppose f : y* — C is con-
tinuous and has a primitive F. Thus F'(z) = f(z) for some Q 2 y*. Then [, f(z)dz =

F(y())—F(y(a)).
Proof: By definition and the chain rule for derivatives,

b b 4
[Frdz= [ rreny 0ydi= [ (F @) =F (r(5) - F (v(a) @
Y a a
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Many of these theorems in this section were first done by Cauchy using a version of
Green’s theorem which is not discussed in this book because it is on functions of one
variable. Later, this other approach presented here was formulated by Goursat.

If you have two points in C, z; and zp, you can consider y(¢) = z1 +1 (22 —z1) for
t € [0, 1] to obtain a smooth curve from z; to z;. More generally, if z;, - - - ,z,, are points in
C you can obtain a piecewise smooth curve from z; to z,, which consists of first going from
71 to zp and then from z; to z3 and so on, till in the end one goes from z,,,—; to z,, provided
it does not intersect itself. Denote this piecewise linear curve as ¥(z1, - ,zn,) . Now let T
be a triangle with vertices z;,z, and z3 encountered in the counter clockwise direction as

shown.
<3

ZlA 22

Denote by [57 f (z) dz, the expression, [, . .. ) f(z)dz. Consider the following pic-
ture.

Thus
4
/an(Z)dF};/aTk,f(z)dz. (11.1)

On the “inside lines” the integrals cancel because there are two integrals going in opposite
directions for each of these inside lines.

Theorem 11.2.3 (Cauchy Goursat) Let f : Q — C, where Q is an open subset of C
have the property that f' (z) exists for all z € Q and let T be a triangle contained in Q with
the inside of the triangle also contained in Q. Then [y f (w)dw = 0.

Proof: Suppose not. Then | [, f (w)dw| = a 0. From 11.1 it follows
4

a<)

k=1

and so for at least one of these T;!, denoted from now on as 7j, ‘ Jor, f(w)dw| > &. Now

- fw) dw’

let 71 play the same role as 7. Subdivide as in the above picture, and obtain 7, such that
‘ /: on f (w) dw‘ > %. Continue in this way, obtaining a sequence of triangles, diam means
diameter. It would be the length of the longest side.

T D Ty 1, diam (T;) < diam (7) 27,

and ‘faka(w)dw‘ > i

If you pick z; € Ty, then {z; } is a Cauchy sequence converging to some z € C. However,
each of these triangles is a closed set so z € T for each k. Thus z € N_ T;. By assumption,
S (z) exists. Therefore, for all k large enough,

f(w)dw:/ (f@+f@w—2)+o(w—2))dw

oT; T,



256 CHAPTER 11. FUNCTIONS OF ONE COMPLEX VARIABLE

where |o(w—z)| < €|w—z|. Now observe that w — f(z) + f’(z) (w—z) has a primi-
tive, namely, F (w) = f (z) w+ f' (z) (w —z)* /2. Then, by Theorem 11.2.2, Jor, f(w)dw =
Jor, 0 (w—2z)dw. From Theorem 11.1.6,

(04

4k

IN

/a o(w—z) dw‘ < ediam (T) (Iength of 97;)
Ty
< €2 % (length of 9T ) diam (T) 27,

and so o < € (length of dT)diam (T') . Since € is arbitrary, this shows a = 0, a contradic-
tion. Thus [5, f (w)dw = 0 as claimed. B
Now we use this to construct a primitive.

Definition 11.2.4 A ser 0 C C is convex if, whenever z,w € Q, it follows that t7+
(I1—=t)we Q forallt € [0,1]. In other words, if two points are in Q then so is the line
segment joining them.

Lemma 11.2.5 Suppose Q is a convex set. Then so is the open set Q+ B (0,8). Here
Q+B (07 5) =Uzen {Z+B (Oa 5)} =UzeaB (Z, 5) .

Proof: First note that z+ B(0,8) = B(z,0) because z+y is in the left if and only if
z+y—z€B(0,8) ifand only if z4+y € B(z,0) and if w € B(z, ), then letting y = w — z,
it follows that z+y = w € z+ B(0,0). Thus Q + B(0,d) is an open set because it is the
union of open sets. If z+y,Z+ § are in this set with y,$ in B(0,6), and z,Z € Q, then if
t€[0,1],

tz+y)+ (A =1)E2+9) = (tz+ (1 —1)2)+ (ty+ (1 —1)Y)

The first term is in Q and the second is in B (0, 8) because both sets are convex. l

Theorem 11.2.6 (Morera') Let Q be a convex open set and let f'(z) exist for all
7€ Q. Then f has a primitive on

Proof: Pick z9 € Q. Define F'(w) = [y, ) f (1) du. Then by the Cauchy Goursat the-
orem, and w € Q, it follows that for || small enough,

Fwth)—-F(w) 1 g
- h h‘/y(w’erh)f(u)du_h,/o 7 (w+th) hdt

/lf(erth)dt
0

which converges to f (w) due to the continuity of f at w. l
You can get by with less rather easily.

Definition 11.2.7 ax open set U is star shaped if there is a point p € U called the
star center such that if z € U is any other point, then the line segmentt — p+1t(z— p) for
t €[0,1] is contained in U.

! Giancinto Morera 1856-1909. This theorem or one like it dates from around 1886
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The following picture is to illustrate the arguments which follow. z is the point in the
center of the triangle.

The following corollary follows right away from Theorem 11.2.6. You just repeat the
proof, but this time, you use the given star center rather than having the freedom to pick
any point in the set.

Corollary 11.2.8 Let Q be a star shaped open set and suppose f'(z) exists on Q. Then
f has a primitive on Q.

The above is a picture of piecewise smooth curves smashed together as shown in the
picture. Also suppose f’(z) exists for all z € Q, an open convex set containing the large
circle along with its inside, possibly Q = C. Y corresponds to the large circle and —7, is
the parametrization for the small circle centered at z. The large circle is oriented counter
clockwise and the small one is oriented clockwise. Thus 7y, would be oriented counter
clockwise.

There are three contours sharing sides which are straight lines. Orient each of these
three contours in the counter clockwise orientation as suggested by the arrows. Thus the
integrals over the horizontal and vertical lines will cancel because they have opposite ori-
entations. Now there are three regions labelled with A, B, C these are convex and bounded
by the line segments consisting of the vertical and horizontal lines which are extended in-
definitely, along with those line segments which, taken together, form the small triangle
that encloses the point z. Thus these are convex sets of points. Letting 0 < & so that the
distance from each of these convex sets to z is more than §, Consider the open regions

A+B(0,8),B+B(0,5),C+B(0,8)

where the notation E 4+ F means {x+y: x € E,y € F}. I have illustrated A+ B (0, ) in the
above picture. The three contours are contained in the open convex sets

(A+B(0,8))NQ, (B+B(0,8)NQ, (C+B(0,8)NQ

Thus f’(z) exists in each of these convex open sets. Hence, w — % = g(w) has a primi-
tive in each of these convex open sets. Just use the quotient rule which holds for the same

reason as it does for functions of a real variable. The only place there is a problem is where
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w = z and this is avoided. Since g has a primitive, each contour integral is 0. Since the
integrals over the straight lines cancel, this reduces to

f(w)der/ f(w)dw:O
YR w—=2z _’Yr w—=z
or more conveniently,
SO, I,
YR w—=2z Yr w—2z

Now the integral on the right equals
2 i0 ) 2 .
/ Slexrel) o ge / f (z4re®) ao
0 re® 0

By continuity of f at z, the limit of this last integral as r — 0 is

2n
i A f(2)d6 =27if (2)

This proves the most important theorem in complex analysis in the case of a circle, the
Cauchy integral formula.

Theorem 11.2.9 Suppose [’ (z) exists on an open set in C containing D (z9,R) =
{z € C such that |z—zo| < R}. Then if z € B(z0,R), and Yy is the oriented curve around
the boundary of B(zo,R) oriented counter clockwise, then

Lo fw

270 Jy, w—2

dw=f(z)

Remember how in Theorem 8.2.1 a function given by a power series had a derivative
for all z in some open disk. With Theorem 11.2.9 it follows that if a function has a single
complex derivative in an open set, then it has all of them because it is given by a power
series. This is shown next.

Definition 11.2.10 a Sfunction is called analytic on U an open subset of C if it has
a derivative on U. This is also referred to as holomorphic.

This definition is equivalent to the earlier use of the word “analytic” having to do with
being representable with a power series which is the content of the following corollary.

Corollary 11.2.11 Suppose f has a derivative on an open set containing the closed
disk D (zo,R) . Then there are ay such that f(z) = Yp_oax (z—z0)¥ for all z in this disk.
Furthermore, convergence is absolute and uniform. Also,

®)
1/&dw—f (z0) _ (11.2)
7R(

2 Sy -z K

Proof: By assumption, there is § > 0 such that f’(z) exists if |z—z9| < §. Let R =
R+ 8. From Theorem 11.2.9, if Yr 1s the circle of radius R which is centered at 7o, and if
zeD (ZQ,R)

_ LS f(w)
I 2 Sy w—z W_27ti/yR (w—20) <1_fvzz,%)dw
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_ / o W) @-2)
27 Sy (S (w—z20)"!
The series converges uniformly by the Weierstrass M test and also absolutely because

Rk
(R+8)

‘f(W) (=2 _,,

(W _ Zo)k+l

where M is as large as the maximum value of |f| on the compact set D (zo,R). It follows
from Theorem 11.1.6, that one can interchange the integral with the sum. This yields

el f(w)
f(z)];)<2m/yR (W_Zo)kﬂdw> (z—z0)"

Then a use of Theorem 11.1.6 again and the Weierstrass M test shows the series converges
uniformly and absolutely for all |z — zo| < R. Corollary 8.2.2 shows that

1 f(w) W (z0)
/y y d n

— W=
2mi W_Zo)k+1 k!

In summary, this shows that for f: U — C for U an open set in C, it follows that
if f exists on U then near zo € U, f is given by a power series and has infinitely many
derivatives. As to primitives, if F is one, then F’ = f and so F and hence f have all
derivatives. Thus there is no such thing in this subject as a primitive of a function which is
only continuous. It also shows that such differentiable functions of a complex variable are
really glorified polynomials and you find eventually that in every way they behave just like
polynomials. This was partially observed earlier in the material on power series. The above
argument also shows that the power series for a function will converge on increasing disks
until the circle bounding the disk encounters a point where the derivative of the function
does not exist. This follows from Theorem 8.1.3 and Corollary 8.2.2. This completes the
discussion of power series and shows that they are only understandable in the complex
plane.

The two kinds of functions of greatest interest in algebra are polynomials and rational
functions. The two kinds of interest in complex analysis are analytic functions and mero-
morphic functions, the latter being a generalization of rational functions just as analytic
functions are generalizations of polynomials.

There was nothing in the above argument for the Cauchy integral formula which de-
pended on Y being a circle.

Corollary 11.2.12 Suppose y* is a C' closed curve as described above in Definition
11.1.2. Assume it divides the plane into two open sets such that y* is the boundary of each,
the inside being the bounded open set. Assume y* along with its inside is contained in a
convex open set on which a function f is differentiable. Then the conclusion of Theorem
11.2.9 is still valid for a suitable orientation of v*. This orientation will be called the
counter clockwise orientation.

Proof: Letting z be the point on the inside of y*, consider a small circle as shown above
containing z. Orient this small circle in the clockwise direction. Obtain the four contours
as in the proof of Theorem 11.2.9 by extending the straight lines till they intersect y* for
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the first time. Then this determines the desired orientation on each of the contours similar
to the ones in Theorem 11.2.9. The rest of the argument is the same. There is a primitive
for f on each of these contours because f’ exists on a convex set containing the contour
and its inside, so the integral over the contour is zero. Then adding these together, it is a
repeat of the proof of Theorem 11.2.9. B

Obviously these theorems are not the best possible. For general versions of this, see
Rudin’s book Real and Complex Analysis or my on line book Calculus of Real and Com-
plex Variables. The latter treatment depends on a very general Green’s theorem and uses
the Jordan curve theorem. What is given here is sufficient for the applications of interest in
this book.

11.3 Isolated Singularities

This is about functions which are analytic near a point zg but possibly not analytic at the
point. This point zy is called an isolated singularity.

Lemma 11.3.1 Suppose f is analytic on B= B (z9,r)\{z0}. Then f can be defined at 7
such that the resulting function is analytic on B (zo,r) if and only iflim__,; (z—z0) f (z) =
0. Such a zg is called a removable singularity.

Proof: It is clear that if f (z9) can be chosen to make the function analytic then it follows
that lim,_,., (z—z0) f (z) = 0.
Suppose then that this limit condition holds. Consider / (z) = (z—z0)* f (z) , 1 (z0) = 0.

Then i
i (z0) = lim h@) = lim (z=20)"f(2)

=lim(z—z ) =0
—=0z—2z0 =0 (z2—20) Zl_I)%(Z 20)f(2)

Thus h(z) is analytic near zp with a power series of the form Y;° , ay (Z—Zo)k and so
f@)=Yra (z—z0)F% for all z # 7o and hence we can take f(z0) = a» and the re-
sulting function is given by a power series and is therefore, analytic by Theorem 8.2.1.
|

Theorem 11.3.2 (Casorati Weierstrass) Suppose f is analytic near zo and for B =
B(z0,7) \ {20}, f (B)is NOT dense in C. This means there is w where B(w,8) has no
points of f (3) Then near zg there is an analytic function g(z) such that for z near 7o,

f@)=g)+X, ( by i In words, this says that f has a pole at z or else is equal to an
z—20

analytic function near zo unless f (é) is dense in C.

Proof: It is clearly true if lim__,,, (z—z0) f (z) = O from the above lemma. This is the

case where zg is removable, and in this case, there is no sum Y ;" , (l’i"),” just an analytic
z—20
function g (z).

Now suppose B (w,r) contains no points of f (E) . Then consider ﬁ which is an-

alytic near zo. For z close enough to zg,|f (z) —w| is larger than some § since otherwise,
there would be z,, — 29, f (z,) — w so from Lemma f (z,) € B (w, r) if n sufficiently large.

Hence lim,_,;, (z—zo) % =0 and so from Lemma 11.3.1,/,@%_W = h(z) where h is

analytic near zo. Say h(z) = Y5 gax (z— 20).
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Case 1. ag # 0. Then for z close to zo,h(z) ' = % + Y5 by (z—20)* since i1 (z) " has
a derivative, so

| =
f@)=w+ T Y b (z—20)" = g (z) analytic
0 k=1

which shows the result in this case.
Case2. h(z) =Y, ar(z— zQ)k,m > 1 where a,, is the first nonzero a;. Then in this
case,

hz) o em
Gar - EAE
(Z;(ZZO))m = (z—20)"(f(2)—w) = i +kmlck (Z*zo)k,

for some ¢;. Thus f(z) —w = (Zil())m (i + Yk (z—zo)k> =g()+X, (z—hfo)" for

some analytic function g (z). B

This shows that if zg is an isolated singularity, then unless something really bizarre
happens, (f (1§) dense in C) the function has a pole at the singularity or is equal to an
analytic function. How bizarre? If the isolated singularity is not a pole, then £~ (B)N B
is infinite for every 3 € C with maybe one exception. This is Picard’s theorem and is
an interesting known result but to see this proved see a more advanced book on complex
analysis like Conway [ 2], Page 300.

11.4 The Logarithm

First of all, we define for z = x + iy,e* = ¢* (cos (y) +isin(y)) . This agrees with ¢* when
y = 0. Then it is routine to verify that the usual rules of exponents apply. That d% (ef) = €%,
let h = hy + ihy and using the power series for cos, sin,

Fh_e = & (ehl (cos (ha) +isin(hy)) — 1) =¢ (ehl - 1) +ie“e" hy + 0 (h)
= &hy+ie“e"hy+0(h) =eh+o(h)
Next I want to define a logarithm which is the inverse of this function. You want to have

€20 = 7 = |z| (cos O + isin @) where 6 is the angle of z. Now log (z) should be a complex
number and so it will have a real and imaginary part. Thus

eRellog@)+ilm(log(2)) — |71 (cos @ 4 isin ©) (11.3)

where 0 is the angle of z. The magnitude of the left side needs to equal the magnitude
of the right side. Hence, eR¢(°2()) — |7| and so it is clear that Re (log(z)) = In|z|. Note
that we must exclude z = 0 just as in the real case. What about Im (log (z))? Having found
Re (log(z)), 11.3is

|z (cos (Im (logz)) + isin (Im (logz))) = |z| (cos 6 +isin ) (11.4)

which happens if and only if
Im (logz) = 0 + 2k= (11.5)

for k an integer. Thus there are many solutions for Im(logz) to the above problem. A
branch of the logarithm is determined by picking one of them. The idea is that there is only



262 CHAPTER 11. FUNCTIONS OF ONE COMPLEX VARIABLE

one possible solution for Im (logz) in any open interval of length 27 because if you have
two different k in 11.5, the two values of Im (log z) would differ by at least 27 so they could
not both be in an open interval of length 27.

What is done is to consider e* where if z = |z| e/?, then 8 € (a — 7,a + &) for some a.
In other words, you consider the ray coming from 0 in the complex plane and including O
which has angle a. Then regard e as being defined for all of C other than this ray.

This involves restricting the domain of the function to an open set so that it has an
inverse. It is like what was done for arctan and other trig. functions, except here we are
careful to have the domain be an open set. Then if this restriction is made, there is exactly
one solution Im (logz) to 11.4. The most common assignment of a is 7, so we leave out the
negative real axis. However, one could leave out any other ray. If the usual one is left out,
this shows that we need to have log(z) = In(|z|) +iarg(z) where arg(z) is the angle of z
which is in (=7, 7). It is called the principal branch of the logarithm when this is done. If
you left out some other ray, then arg (z) would refer to an angle in some other open interval
of length 2.

Now the above geometric description shows that z — log (z) is continuous. Indeed, if
Zn — 7, then by the triangle inequality,

l1zal = |2l| < |zn — 2

and so by continuity of In, you get In(|z,|) — In(|z|). As to convergence of arg(z,) to
arg (z), just note that saying one is close to another is the same as saying that arg (z,) is in
any open set determined by two rays emanating from 0 which include z. This happens if
Zn — 2. Is 7 — log (z) differentiable? First recall that (¢?) = e? and so

h = elogleth) _ plogla) — ologd) (1og (7 4-h) —log (z)) + 0 (log (z+h) —log (z))  (11.6)

gzlog(z+h)—log(z)—l—o(log(z—i—h)—log(z)) (11.7)

By continuity, if / is small enough,
1
lo (log (z+h) —log(z))] < 3 [log (z+ h) —log (z)|

Hence ]%’ > 1|log(z+h) —log (z)|. This shows that w < % Now
lo([log (z+h) —log(z)])| _ o(|log(z+h) —log(z)|) [log(z+h) —log(z)|
|7 [log (z+h) —log ()| A
and the second term on the right is bounded while the first converges to 0 as 7 — 0. There-
fore, o (log (z+h) —log(z)) = o (h) and so it follows from 11.7,

log(z+h) —log(z) = (i) h+o(h)

which shows that, just as in the real variable case log' (z) = %
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Definition 11.4.1 For a € R, let I be the ray from 0 in the complex plane which
includes 0 and consider all complex numbers D, whose angle is in (a — ,a+ 1) and not
0.

log (z) = In([z]) +iarg (2)

where arg (z) is the angle for 7 which is in (a — m,a+ 1). This function is one to one and
analytic on D, and @) = 7 . This is called a branch of the logarithm. It is called the
principal branch if the ray defining D, consists of 0 along with the negative real axis.

Note that log (D), is the open set in C defined by Imz € (a — m,a + 7). Thus there is
a one to one and onto analytic map which maps D, onto

{zeC:Imz€ (a—m,a+x)}.

This book is not about a detailed study of such conformal maps, (analytic functions with
values in C are called this) but this is an interesting example. Some people find these
kind of mappings very useful and they are certainly beautiful when you keep track of level
curves of real and imaginary parts. You can have lots of fun by having Matlab graph real
and imaginary parts, but this is about functions of two variables so is outside the scope of
this book.

11.5 The Method of Residues

Next is a consideration of various improper and difficult integrals using contour integrals.
To do this in maximal generality you should develop the winding number and the Cauchy
integral formula for cycles. However, when I do it this way, I sometimes end up wondering
what exactly has been shown and how it relates to specific examples. Ultimately in this
book, the consideration of examples is of interest more than the most general formulation
of the theory.

Here the thing of interest is a function analytic in some open connected set except for
finitely many points. The following picture will describe the kind of thing which is meant.
The various piecewise smooth closed curves will satisfy the conclusion of the Cauchy in-
tegral theorem. Recall that this will be so if the closed curve is contained in a star shaped
set on which the function has a derivative. Consider the following pictures which are a
paradigm of what is being considered.

You can see from the picture that if you fattened up the contours around the regions
A, B, C you would have star shaped open sets containing these contours. Thus, if f/ (z) exists
for z in some open set containing these contours, then the contour integrals over these three
would be 0 and the integrals over the straight vertical lines cancel, so the contour integral
over the curve consisting of horizontal lines and half circles with an elliptical curve on top
is also 0. Now consider two of these pasted together as shown below.
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Yo

Assume f” (z) exists for all z in some open ‘set which includes all the contours and their
insides other than at the two points shown, a; and a;. Then applying the above to the
second piecewise smooth closed curve, we find that on adding the contour integrals over
the top and the bottom, yields that the contour integrals over the straight lines cancel and
so what finally results is

f@dz+ | f@dz+ [ f(2)dz=0
Yo N -7

In other words,

f(Z)dz=/ f@)dz+ | f(z)dz
Y 7 Y2

where v; for i = 1,2 are oriented counter clockwise.

Obviously you could have many more exceptional points a; and small circular contours
surrounding these, and the same argument would work. This example and its obvious
generalizations is a paradigm for the procedure of evaluating contour integrals with the
method of residues. First is a definition of what is meant by a pole and a residue.

Definition 11.5.1 A function f has a pole at a if

f@=g@+) 2

=i (z—a)

where b, # 0 and g is analytic near a. The order of the pole is n. Denote by S (a, z) the term
described by the sum. It is called the singular part of f at a. The residue at a is defined to
be by and is denoted as res (f,a). See Theorem 11.3.2 to see how this takes place.

How can we find it? Multiply by (z —a)". This gives
n
@) (z=a)" =g(2)(z—a)"+bi (z—a)" '+ Y b (z—a)"
k=2

Now take the derivative n — 1 times and then take a limit as z — a. The differentiation will
zero out all the terms in the sum on the right. Then the limit will zero out all other terms
except the by term which will be (n — 1)!b;. This justifies the following procedure.

Procedure 11.5.2 when f has a pole at a of order n, to find the residue, multiply
by (z—a)", take n — 1 derivatives, and finally take the limit as 7 — a. The residue will be
this number b divided by (n—1)!. Thus

n—1
res(f,a) = ! lim d (f(2)(z—a)")

(n—1)!z5a dz"!
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In taking the limit, you can use L’Hospital’s rule provided you have an indeterminate form
because you know the limit exists. Thus you could take a limit along a one dimensional line
a+t ast — 0 and you can apply L’Hospital’s rule to the real and imaginary parts. Thus,
you can get the answer by pretending z is a real variable and using the usual techniques
for functions of a real variable.

I want to consider contours like the above and functions which are of the form

m

f(2)=2g(R)+ ) S(ajz2) (11.8)

=1

where g (z) is analytic and the S(a;,z) are the terms which yield a pole at a;. Consider y

centered at a with radius r
p
/S(aj, Z /
4 i—177 (z—a ,)

One of these terms is

b wo 0ifk>1
/Y(Z_a/) dz_b"/ el A=y 2% gy itk =1

Thus, if the (z — aj)7l coefficient in 11.8 is b{,

/yof(z)dz = Z g dz+Z/Sa],

m b/
Z/ dz =2mires (f,a;)
j Y

;2T 4d)

This is the residue method. You can use it to compute very obnoxious improper integrals
and this is illustrated next.

Letting p (x),q (x) be polynomials, you can use the above method of residues to evalu-
ate obnoxious integrals of the form

R
gty o = Jim LGN
(x) R~>°<> R q(x)

provided the degree of p (x) is two less than the degree of ¢ (x) and the zeros of g (z) involve
Im(z) > 0. Of course if the degree of p (x) is larger than that of ¢ (x), you would do long
division. The contour to use for such problems is ¥, which goes from (—R,0) to (R,0)
along the real line and then on the semicircle of radius R from (R,0) to (—R,0).

y

X

Letting Cg be the circular part of this contour, for large R,

p(2) CR*
Cr q(Z)d ’ R

Rk+2
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which converges to 0 as R — oo. Therefore, it is only a matter of taking large enough R to
enclose all the roots of ¢ (z) which are in the upper half plane, finding the residues at these
points and then computing the contour integral. Then you would let R — o and the part
of the contour on the semicircle will disappear leaving the Cauchy principal value integral
which is desired. There are other situations which will work just as well. You simply need
to have the case where the integral over the curved part of the contour converges to 0 as
R — oo,

Here is an easy example.
Example 11.5.3 Find [~ 5'5dx

You know from calculus that the answer is 7. Lets use the method of residues to find
this. The function ﬁ has poles at i and —i. We don’t need to consider —i. It seems clear
that the pole at i is of order 1 and so all we have to do is take

lim x—1i 1
1 =
=i l+x2 (x—i) (x+1i)

()= 5.

Then the integral equals 27i (5. ) = 7.
That one is easy. Now here is a genuinely obnoxious integral.

Example 11.5.4 Find [~ ﬁdx
It will have poles at the roots of 1 +x*. These roots are

<;;l) \/§,<é+;i> ﬁ,(lli> V2, (;+;i>\f2

Using the above contour, we only need consider

_(;_E>¢z(1+;)¢z

Since they are all distinct, the poles at these two will be of order 1. To find the residues at
these points, you would need to take

b C00) ()

(3 +3)va L+2t " (bHbi)va L+zt

factoring 1 +x* and computing the limit, you could get the answer. However, it is easier to
apply L’Hospital’s rule to identify the limit you know is there,

Then the contour integral is

27i <(é - ;:) \fz) +2mi (— <; + éz) \/§> = %\fzn

You might observe that this is a lot easier than doing the usual partial fractions and trig
substitutions etc. Now here is another tedious example.
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Example 11.5.5 Find [~ W(;H)zdx

The poles of interest are located at ,2i. The pole at 2i is of order 2 and the one at i is
of order 1. In this case, the partial fractions expansion is
%x + % %x + % %x + %
Al (244} P+4

You could do these integrals by elementary methods. However, I will consider the original
problem by finding 277 times the sum of the residues.
The pole at i would be
(52+35)z=0) _ (si+5) 1 1.

I _ L
S )= (i+i) 18 9

Now consider the pole at 2i which is a pole of order 2. Using Procedure 11.5.2, it is

A (el R I I N )
—2idz (Z2+1)(Z2+4)2 =2idz (ZZ+1)(Z+2l)2

1
= lim|-—— (32 +(84+2) 2+ (1 +8i)z+4—2i
Z—>2i< (zz+1)2(z+2i)3( ( ) ( ) )>
B 1 N 11
= 718 144’

Integral over a large semicircle is

2mi 1+11'+27r' ! 1'757r
\T18 " 1ad’ 187 9') ™2
Letting R — oo, this is the desired improper integral. More precisely, it is the Cauchy
principal value integral, limg_,c ffR W(;M)de . In this case, it is a genuine improper
integral.
Sometimes you don’t blow up the curves and take limits. Sometimes the problem of
interest reduces directly to a complex integral over a closed curve. The integral of rational

functions of cosines and sines lead to this kind of thing. Here is an example of this.

Example 11.5.6 The integral is [ zi(f(ge de.

. . . . 1 T cos 9 . . _
This integrand is even and so it equals 5 [* 5 eosgd 0. For z ousn the unit circle, z =

eie, 7= % and therefore, cos 0 = % (z+ %) . Thus dz = ie¢’®d0 and so d6 = “;—ZZ. Note that
this is done in order to get a contour integral which reduces to the one of interest. It follows
that a contour integral which reduces to the integral of interest is

1/‘£<Z+i>dz_l/z2+1 ]
2i y2+%(z+%) 7 2iJyz(4z+22+1)
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where v is the unit circle oriented counter clockwise. Now the integrand has poles of order
1 at those points where z (4z+ 2%+ 1) = 0. These points are

0,—2+3,—-2—/3.

Only the first two are inside the unit circle. It is also clear the function has simple poles at
these points. Therefore,

2
. z7+1
0)=1 — | =1
res (/,0) zgl(l)z(z(4z+zz+l)>

res (f,—2+\/§) =
lim (2= (-2+v3)) Z(ZzH NG

7——2+V3 4Z+Z2 + 1) 3
It follows
T cosH 1 2+1 1 2
Y e = | ET ar=_oi(1-2V3
0 2-4cosB 2i./yz(4z+z2+1) “T 2 m( 3\f)

= n(l—iﬁ).

Other rational functions of the trig functions will work out by this method also.
Sometimes you have to be clever about which version of an analytic function you wish
to use. The following is such an example.

Example 11.5.7 The integral here is |;° llijgdx.

It is natural to try and use the contour in the following picture in which the small circle

has radius r and the large one has radius R.
y

X

However, this will create problems with the log since the usual version of the log is not
defined on the negative real axis. This difficulty may be eliminated by simply using another
branch of the logarithm as discussed above. Leave out the ray from O along the negative
y axis and use this example to define L(z) on this set. Thus L(z) = In|z| +iarg, (z) where
arg, (z) will be the angle 6, between —% and 3Z such that z = |z|¢’®. Of course, with

this contour, this will end up finding the integral [ 111@1 dx. Then the function used is

fl@)= % Now the only singularities contained in this contour are

1 1 1 1
“V24+-ivV2,—=V2+=ivV2
V24 5ivV2, =5 V24 5iv2

and the integrand f has simple poles at these points. Thus res ( £, %ﬂ—i— %lﬂ) =

(1) e
1m
z%%\/i-ﬁ-%i\/i . +Z4
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(el () + (= (3V2+4iv2) ) (1/2)
_7%1\1}I~nulf 473

ln< ;+;)+i§ L
= (25— ==i)V2r
A\ (32 32’)

4(1v2+1iv2)

Similarly

/11 3
ln( 2+2>—|—I” 3
f\fﬂ+—l 27.

4(—%ﬂ+%i\ﬁ)3 32 32

res (f,_zl\fZJr;i\fZ) =

Of course it is necessary to consider the integral along the small semicircle of radius . This

reduces to
01 it ;
/ Injri+ir +l4 (rie") dt
m 14 (ret)
which clearly converges to zero as r — 0 because rInr — 0. Therefore, taking the limit as
r—0,
L “In(—t)+i
/ @ 42+ tim / In(=0) iy, ,
large semicircle 1 +4 rﬁ>0+ R 1+1¢
lim ¥ Int dt 27i 3 V2m+ ] 21+ ! NGYs ! 21
%5 25! A — Al .
r—=0+Jr 1+ 32 32 32 32

. . L(z)
Observing that fi,ee semicircle 73 4% — 0 as R — oo,

11N
+2rli%’+/1 sdirin /m1—|—t4dt <_3+4l>”f2

where e (R) — 0 as R — oo. This becomes

V2 11\,
+2rll>r(l;1+/ 1 dt+ <47T = <_8+4l) T \/E

Now letting r — 0+ and R — oo,

* Int 1 V2 1
2 —dt={—=+-i| 72— = ——\2x?
/0 1+t4dt < 8+ z) V2 z7r< A ) an,

and so [y 111;4 dt = %ﬁnz, which is probably not the first thing you would thing of.
You might try to imagine how this could be obtained using only real analysis. I don’t have
any idea how to get this one from standard methods of calculus. Perhaps some sort of

partial fractions might do the job but even if so, it would be very involved.
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11.6 Counting Zeros, Open Mapping Theorem

The open mapping theorem is perhaps a little digression from the main emphasis of this
book, but it is such a marvelous result, that it seems a shame not to include it. It comes
from a remarkable formula which counts the number of zeros of an analytic function inside
a ball.

Definition 11.6.1 et U be a nonempty open set in C. Then it is called connected
if for any z,w € U, there exists a continuous one to one piecewise linear y: [0,1] — U such
that Y(0) =z and y(1) = w. A connected open set will be called a region in this section.

By Theorem 6.5.8 the above implies the usual definition of a connected set. To go the
other way, suppose the usual definition and let z € U be given. Let S denote those points
reachable by a continuous one to one piecewise linear curve from z. Show S is open. Now
show that those points of U which are not reachable by such a curve is also open. Thus U
is the disjoint union of open sets. One of them must be empty if U is connected according
to the usual definition. This is really very easy if you use convexity of balls. It is not the
purpose of this book to belabor higher dimensional considerations and the above definition
is sufficiently descriptive.

Here is a very useful equivalence.

Proposition 11.6.2 Let U be a region as just defined and suppose f is an analytic
function defined on U. Then the following are equivalent

1. There exists z € U such that f) (z) =0 foralln=0,1,2,....
2. f(z)=0foralizeU.

Proof: 1.= 2. Let z be as in 1. Then, since U is open, B(z,r) C U for small enough
positive r. It follows from Corollary 11.2.11 that for w in this ball,

o (k)
f(W) — Z f k'(Z) (W_Z)k =0
k=0 '

and so f is zero on B(z,r). This shows that near z, f") (w) = 0 for all n an integer larger
than or equal to 0. Letting S denote z € U such that £ (z) = 0 for all n, this shows that
S is an open subset of U. If S is all of U then this was what was to be shown. Oth-
erwise, let z€ Sand w € U\ S. Let y(r) go from z to w,y(0) = z,7(1) = w. Then let
T =sup{re[0,1]:y(s) € S for s <t} and suppose T < 1. Then let #, be an increasing se-
quence converging to 7, 0 = f(y(t,)) — f(vy(T)) and so f(y(T)) = 0. However, each
derivative of f is continuous also and so the same reasoning shows that £ (y(T')) = 0 for
each n > 1. Hence y(T) € S. But this violates the definition of T because y(¢) € S for all
t € [T,T + €] for suitably small € due to what was just shown that S is open. Hence T =1
andsow € S. Thus U\ S =0.

2.= 1. This is obvious. If f(z) = 0 for all z, then all derivatives are also O on the open
setU. A

Next is one more equivalence.

Theorem 11.6.3 Suppose f is analytic on a region U (open and connected). The
following are equivalent.
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1. There exists z € U where " (z) =0 for all n.
2. fisOonU.
3. The set of zeros of f has a limit point in U

Proof: 1.<= 2. The first two are equivalent by Proposition 11.6.2.

2.)=3.) This is obvious. Since f is 0 everywhere, all derivatives at every point are 0
so every point of B (zp,R) is a limit point of the set of zeros.

3.)= 1.)Suppose there exists a limit point z € U of the set of zeros. I will show that
£ (z) = 0 for all n. By continuity f (z) = 0. Since z is in U, there exists r > 0 such that
B(z,r) CU. By Corollary 11.2.11, there are complex numbers a; such that forw € B(z,r),

ap (w—2)~.

s

fw) =

k

1

If each a; = 0, then at this z, all derivatives of f equal 0. Otherwise,

fw)y=w=2)"gw)=w-2" Y ar(w=2)"",m>0
k=m
where a,, # 0. I will show this does not happen. From the above, there exists a sequence of
distinct z,, converging to z where f (z,) =0. Then 0 = f (z,) = (zn — 2)" g (z1) 0 g (z) = 0.
By continuity, g(z) = lim,— g (z,) = 0 which requires a,, = 0 after all. Thus all ¢ =0
after all, a contradiction. It follows that all three conditions are equivalent. ll
The counting zeros theorem is as follows:

Theorem 11.6.4 L. f be analytic in an open set containing the closed disk
D(z0,r) ={z:|z—z0| <1}

and suppose f has no zeros on the circle C(zo,r), the boundary of D (zo,r). Then the
number of zeros of f counted according to multiplicity which are contained in D (zo,r) is
!
= Jetor) ]}T(Zz))dz where C (z9,r) is oriented in the counter clockwise direction.
Proof: There are only finitely many zeros in D (zo,7). Otherwise, there would exist
a limit point of the set of zeros z. If z is in B(zo,r), then by Theorem 11.6.3, f =0 on
D(zo,r). If it is on C(zo,r), this would contradict having no zeros on the boundary.

Let these zeros be {zl , ...,zp}. Consider z; and suppose it is a zero of multiplicity m so
f(2) = (z—z)" g(z) where g (zx) # 0,m > 1. Then
@ _me-—w)""e@+(-w)"g @ __m L 8@
f (@) (z—u)"g(2) (z—z) (2

/
The second term is analytic near z; and so the residue of ];(—(Zz)) is m the number of times

7 is repeated in the list of zeros. Hence doing this for each of the zeros, gives 27i (p) =

'z g 7
IC(ZW) f((z)> dzandso p = 5 fC(Zo,r) %dz. -

Obviously the above theorem applies to more general regions than disks, but the main
interest tends to be for balls. Also it generalizes to the situation where there are no poles or
zeros on C (zo,r) and finitely many zeros and poles in B (z9,r). In this case, you get a count
of the number of zeros minus the number of poles. This more general theorem is called
Rouche’s theorem.
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Lemma 11.6.5 Suppose U is a region and g : U — N is continuous. Then g is constant
onU.

Proof: Let z,w € U. Let h(r) = g(y(¢)) for ¢ € [0,1] where 7y is a smooth curve with
¥(0) =z and y(1) = z. Then by the intermediate value theorem, / can have only one value.
Thus g(z) =g (w). B

Theorem 11.6.6 (Open mapping theorem) Let Q be a region (open connected set)
in C and suppose f: Q — C is analytic. Then f(Q) is either a point or a region. In the
case where [ (Q) is a region, it follows that for each zo € Q, there exists an open set V
containing 7o and m € N such that forall z €'V,

f@)=f(z0)+¢ ()" (11.9)
where ¢ : V — B(0,8) is one to one, analytic and onto, ¢ (z0) =0, ¢’ (z) #0on V.

Proof: Suppose f(Q) is not a point. Then for zo € Q it follows there exists » > 0 such
that f (z) # f (zo) for all z € B(zo,r) \ {z0} . Otherwise, zop would be a limit point of the set,

{z€Q: f(z) = f(z0) =0}

which would imply from Theorem 11.6.3 that f(z) = f (zo) for all z € Q. Therefore, mak-
ing r smaller if necessary, and using the power series of f,

F@ =)+ - 0"s@) 2 (P + (-2 @)

where g is analytic near zp and g (z9) # 0. Does an analytic g (z) /m exist? By continuity,
g(B(z0,7)) € B(g(z0),€) where € is small enough that 0 ¢ B(g(z0),€), so there exists a
branch of the logarithm on C\B(g(z0),€). Call it log even though it might not be the
principle branch. Then consider e(!/m)10g(2() = ¢ (Z)l/ " and so we can obtain an analytic

function denoted by g(z)'/" as in the above formula. Let ¢ (z) = (z—z0)g(z)"/™. Then
¢ (z0) =0 and

0’ (z) = ell/mM10e(8(@) (7 70 (1/m)log(g(2) ﬁg/ (z)
gz

s0 ¢’ (z0) = el1/m)log(g(20)) -£ (). Shrinking r some more if necessary, assume ¢’ (z) # 0 for
all z € B(zo,r). The representation

f(2) = f(20)+0(2)",z2€B(z0,r)

where ¢’ (z) # 0 for all z € B(zo,7) and ¢ (z9) = 0 has been obtained.

Let 6 be small enough that the only zero of ¢ (z) — ¢ (z0) is zo in B(z9,8). If no such
small positive § exists, then the zeroes of ¢ (z) — ¢ (zo) would have a limit point and so ¢
would be a constant. This would force f to be constant also. Then ¢ (zo) ¢ ¢ (C(z0,9))
and so if |w— ¢ (zp)| is small enough, then w ¢ ¢ (C(zo,0)) either. Thus there is € > 0
with B(¢ (z0),€) N ¢ (C(z0,6)) = 0. Consider for w € B(¢ (z0) ,€) = B(0, €) the formula

for counting zeroes.
1 . !/
R / 0@,
21i Je(z,8) ¢ (2) —w
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It is a continuous function of w and equals 1 at 0 = ¢ (z9) so, since it is integer valued, it
equals 1 on all of B(0, €), but this is the number of zeroes of ¢ (z) —w. Thus ¢ (B(z9,0)) =
B(0,€). Hence, ¢ (B(z0,0)) = B(0,€™). It follows that

f(B(20,8)) = f(20) +B(0,6") = B(f (z0) ,€")

and so this shows that f maps small open balls to open balls. Thus f () is a connected
open set. B

11.7 Exercises

1. A fractional linear transformation is one of the form f (z) = ffiz where ad —bc # 0
where a,b,c,d are in a field, say R,Q,C. Let M denote the 2 x 2 invertible ma-

trices having entries in the same field. Denote by F these fractional linear trans-

formations. For A = ( CCI Z ) eEM,let 9 (A)(z) = fff; Show that ¢ (AB) (z) =

¢ (A)o ¢ (B) (z). Show that ¢ (I) (z) = z and that ¢ : M — F is onto. Show ¢ (A) "' =
) (A_l) so there is an easy way to invert such a fractional linear transformation. This
problem is best for those who have had a beginning course in linear algebra.

2. The modular group consists of functions f (z) = ?ﬁiﬁ where a, b, c,d are integers and
ad — bc = 1. Surprisingly, each of these has an inverse. f~!(z) = ff;fa Verify that

this is the case. This means f~!o f(z) = z. Show also that if f,g are two of these,
then f o g is another one. This last part might be a little tedious without the above
problem.

3. Suppose U is an open set in C and f: U — C is analytic, (f’ (z) exists for z € U).
For z =x+iy, f(z) = f(x+iy) = u(x,y) +iv(x,y), u, and v having real values.
These are the real and imaginary parts of f. The partial derivative, u, is defined by
fixing y and considering only the variable x. u, (x,y) = limj,_,o w Other
versions of this notation are similar. Thus partial derivatives are a one variable con-
sideration. Show that the existence of f’(z) implies the Cauchy Riemann equations.
Uy = vy, uy = —v,. Hint: In the difference quotient for finding f’(z), use & — 0 and
then ih — O for & real.

4. Suppose t — z(t) = x(t)+iy(t) and t — w(t) = £(¢) + iy (¢) are two smooth curves
which intersect when 7 = 0. Then consider the two curves t — f(z(¢)) and r —
f(w(t)) where f is analytic near z (0) = w (0) . Show the cosine of the angle between
the resulting two curves is the same as the cosine of the angle of the original two
curves when 7 = 0. Hint: You should write f(z) = u(x,y) 4+ iv(x,y) and use the
Cauchy Riemann equations and the chain rule. This problem is really dependent on
knowing a little bit about functions of more than one variable so does not exactly fit
in this book. It depends on remembering some elementary multivariable calculus.
Also recall that the cosine of the angle between two vectors u,v is (u-v)/|u||v|.
That analytic mappings preserve angles is very important to some people.

5. Suppose f: C — C has a derivative at every point and f’(z) = 0 for all z. Show
that, as in the case of a real variable, f(z) is a constant. Generalize to an arbitrary
open connected set. Hint. Pick zo and for arbitrary z, consider zo + (z — zo) where
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t € [0,1]. Now consider the function of a real variable f (zo 4+ (z —z0)) and consider
real and imaginary parts. You could apply the mean value theorem to these.

1 Suppose f: C — C and f” exists on C. Such a function is called entire. Suppose
f is bounded. Then show f must be constant. This is Liouville’s theorem. Note
how different this is than what we see for functions of a real variable. Hint: Pick
z. Use formula 11.2 to describe f’(z) where ¥} is a large circle including z on its

inside. Thus, f'(z) = 7 Sy (V{(jgz

for | f' (z)| which is a constant times 1/R. However, R is arbitrary. Hence f’(z) = 0.
Now use the above problem.

dw. Now use Theorem 11.1.6 to get an estimate

1 Show that if p(z) is a non-constant polynomial, then there exists zo such that
p(z0) = 0. Hint: If not, then 1/p(z) is entire. Just use the quotient rule to see it
has a derivative. Explain why it is bounded and use Liouville’s theorem to assert that
then it is a constant which it obviously isn’t. This is the shortest known proof of the
fundamental theorem of algebra.

Let f: C — C be entire (has a derivative on all of C) and suppose that
max {|f (z)| : [z| < R} < CR".

Then show that f (z) is actually a polynomial of degree k. Hint: Recall the formula
for the derivative in terms of the Cauchy integral.

Let D (0, 1) be the closed unit disk and let f,, be analytic on and near D. Suppose also
that f, — f uniformly on D (0,1). Show that f is also analytic on B(0,1). If f is
an arbitrary continuous function defined on D (0, 1), does it follow that there exists a
sequence of polynomials which converges uniformly to f on D (0, 1)? In other words,
does the Weierstrass approximation theorem hold in this setting?

Suppose you have a sequence of functions {f,} analytic on an open set U. If they
converge uniformly to a function f, show that f is also analytic on U.

For n=1,2,... and a, complex numbers, the Dirichlet series is ), Z—’; Here s is a
complex number. Thus n® = exp (slog (n)) where this refers to the principal branch
of the logarithm. Show n% = n,{%eiln(’” Im(s) Then show that if the a, are uniformly
bounded, the Weierstrass M test applies and the Dirichlet series converges absolutely
and uniformly for Res > 1 + € for any positive €. Explain why the function of s
is analytic for Re(s) > 1. Obtain more delicate results using the Dirichlet partial
summation formula in case Y, |a,| < o0. Note that if all a, = 1, this function is & (s)
the Riemann zeta function whose zeros are a great mystery.

Suppose f exists on C and f (z,) = 0 with z, — z where the z,, are distinct complex
numbers. Show that then f(z) =0 on C. Hint: If not, then explain why f(w) =
(w—2)"g(w) where g(z) # 0. Then 0 = f(zx) = (20 —2)" g (2n) . Hence g(2) =
0, a contradiction. Thus argue the power series of f expanded about z is 0 and it
converges to f on all of C.

The power series for sinz,cosz converge for all z € C. Using the above problem,
explain why the usual trig. identities valid for z, w real continue to hold for all com-
plex z,w. For example, sin(z+w) = sin (z) cos (w) + cos (z) sin (w). If you allow z
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14.

15.

16.

complex, explain why sin (z) cannot be bounded. Hint: Use the theorem about the
zero set having a limit point on a connected open set.

The functions z — sin (zz) ,Z — COS (zz) ,and z — ¢ are all analytic functions since
the chain rule continues to hold for functions of a complex variable. This problem is
on the Fresnel integrals using contour integrals. In this case, there is no singular part
of the function. The contour to use is

X

Then using this contour and the integral [;" e dt = @7 explain why

~ r r . i 2 :
0 = /eizzdz+/() eiXde—/O A(5)) (1}2’) dt

r

i " ix? g -2 1+i
d —|—/ d —/ ( dt
/ CETRETTLC V2

r

.2 ro. o \/E l+l
e d +/ e dx—()—i—e r
/74 o 2 \V2 )

T

Where lim,_,ge (r) = 0. Now examine the first integral. Explain the following steps
and why this integral converges to 0 as r — co.

b3 T
2 T i\ Z 2
/ e dz| = ‘/ ez(re‘ ) rie”dt < r/ e " s1n21dt —
Y, 0 0

r

r/‘l e
— ——du
2Jo V1—u?

r —(3/2)

r 1 1
_! st ([ =
2 Jo V1—u? ! 2(0 \/l—uz)e

If y: C — C is a parametrization of a curve with y being differentiable, one to one
on (a,b),a < b with continuous derivative, the length of C is defined as

()

sup {Z |y () —v(ti—1)], P a partition of [a,b}}
P

Show this is independent of equivalent smooth parametrization and that in every case,
it equals |, f |Y' (¢)|dt, the integral of the absolute value of the derivative.

Consider the following contour consisting of the orientation shown by the arrows.

Tr

N4
There is a large semicircle on the top of radius R and a small one of radius r. If y refers
to the piecewise smooth, oriented contour consisting of the two straight lines and two
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semicircles, find, using the method of residues |, y %dz. The result should depend on
and R. Show the contour integral over Y, converges to 0 as R — oo. Then find the limit
of the contour integral over ¥, and show it is 7i in the limit as r — 0. Then obtain
limits as r — 0 and R — o and show that 2i [ % = 2ilimg_e |5y Si%dx = Ti.
This is another way to get [;* 2% dx = .

©  COSX
i 1+x4

Find the following improper 1ntegral f dx Hint: Use upper semicircle con-

tour and consider instead f -

l+ 4
will converge to 0 as R — oo if you have ¢’ but this won’t happen if you use cos z be-
cause cosz will be unbounded. Just write down and check and you will see why this
happens. Thus you should use ; Z4 and take real part. I think the standard calculus
techniques will not work for this horrible integral.

Find |7, cos(x) »dx. Hint: Do the same as above replacing cos x with e*

* (142)°

Consider the following contour.
The small semicircle has radius r and is centered at (1,0). The large semicircle has
radius R and is centered at (0,0). Use the method of residues to compute

R x roox
li li
Py (Rglgo/r 1—x3dx+/_R1—x3dx>

This is called the Cauchy principal value for [ ~3dx. The integral makes no
sense in terms of a real honest integral. The function has a pole on the x axis. How-
ever, you can define such a Cauchy principal value. Rather than belabor this issue,
I will illustrate with this example. These principal value integrals occur because of
cancelation. They depend on a particular way of taking a limit. They are not as
mathematically respectable but are certainly important. They are in that general area
of finding something by taking a certain kind of symmetric limit.

Find [2* 1+°‘“ "(>6)de.

Find f

—sin 9

m/2 _de
Find [~ m/2 2—sin@"

Suppose you have a function f (z) which is the quotient of two polynomials in which
the degree of the top is two less than the degree of the bottom and all zeros of the
denominator have imaginary part nonzero, and you consider the contour.

X
Then define fVR f(2) €%dz in which s is real and positive. Explain why the integral
makes sense and why the part of it on the semicircle converges to 0 as R — co. Use

thlstoﬁndfmk2 sdx, k> 0.
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24. Show using methods from real analysis that for b >0, [ e — cos (2bx)dx = 46”’2

25.

26.

27.

28.

29.
30.

31.

Hint: Let F (b) = [ e e~ cos (2bx)dx — ‘/ﬁ b’ Show F (0) = 0. Recall that

/ e dx = l\/E

0 2

Explain using a modification of Problem 48 on Page 226 why
Nz

F'(b) = / —2xe ™ sin (2bx) dx+ ZbTe_b
0
F'(b) = 2b (/ ¢ cos (2bx) dx + \éie#)
0
=25 ()4 e 4 ) <200 () e

Now use the integrating factor method for solving linear differential equations from
beginning differential equations to solve the ordinary differential equation. If you
have not seen this method, it is just this. To solve y' + f (x)y = g (x), multiply both

sides by e/ ™) where F’ (x) = f(x). This reduces the left side to (eF (x)y). Thus
4 (e*th (b)) = \/@2be™" Then do [ db to both sides and use that F (0) = 1 /7.

You can do the same problem as above using contour integration. For b > 0, use the
contour which goes from —a to a to a+ib to —a+ib to —a. Then let a — o and

show that the integral of e=% over the vertical parts of this contour converge to 0.
2 32 :
Hint: For z = x+ib,e ™" = e~ ("0 +2) — 1% 0= (cos (2xb) + isin (2xb)).

Consider the circle of radius 1 oriented counter clockwise. j), 6cos(z)dz =?

The circle of radius 1 is oriented counter clockwise. Evaluate fy Tcos (z) dz.

Find [ ﬁ;t

o /3

Find [y > dx.

Suppose f is analytic on an open set U and & € U. Define
f@-f(@) .
2(zx) = . ifz£a
fa)ifz=qa
show that g is analytic on U.

Let 7* be a C! oriented closed curve and let & ¢ y* Then

Y I

This is called the winding number. Hint: Now let g () = [’ a y()/ )( $)_g¢. Show that
d

5 (e 80 (y(r) — Ot)) = 0. Explain why this requires e () (y(¢) — o) is a constant.

dz=meN

Since y parametrizes a closed curve, argue that g (by) = 2mi for an integer m.
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Use Problem 30 to state a theorem whose conclusion is that

_ 17 f@

2wy z—a

fla)n(y', @) dz.
Here v* is a closed curve. This is a case of a general Cauchy integral formula for
cycles.

Using the open mapping theorem, show that if U is an open connected set and f is
analytic and |f| has a maximum on U, then this maximum occurs on the boundary
of U. This is called the maximum modulus theorem.

Use the counting zeros theorem, get an estimate for a ball centered at 0 which will
contain all zeros of p(z) =z’ +5z° — 3z> +z+5. Hint: You might compare with
q(z) = 7. You know all of its zeros. For |z| = r large enough, consider Az’ +

(1-A)p(z)and A € [0,1].

Use the counting zeros theorem to give another proof of the fundamental theorem of
algebra. This one is even easier than the earlier one based on Liouville’s theorem,
but it uses the harder theorem about counting zeros.

As in the Liouville proof of the fundamental theorem of algebra, if p(z) is a non-
constant polynomial with no zero, then lim_,., (1/|p(z)|) = 0. Then 1/|p(z)| has
a maximum on C, say it has such a maximum at zo. Now exploit the maximum
modulus theorem of Problem 33 on balls containing z¢ at the center to obtain a con-
tradiction. Provide details.

Rouche’s theorem considers the case where there are no poles or zeros on C(zo,7),
the counter clockwise oriented circle bounding B (zo, ) and finitely many zeros and
poles in B (zp,r). Such a function is called meromorphic. Rouche’s theorem says that
in the situation just described and f such a meromorphic function ﬁ fC(zo, " %dz =
N — P where N is the number of zeros counted according to multiplicity and P the
number of poles, also counted according to something which will be apparent when
this is proved. Use the proof given above for counting zeros to verify this more
general theorem. It just involves finding the residues of f’/f at the zeros and poles.

If U is an open connected subset of C and f : U — R is analytic, what can you say
about f? Hint: You might consider the open mapping theorem.

Using the fundamental theorem of algebra and the partial fractions theorem of Prob-
lem 19 on Page 40, show that the result of Theorem 11.3.2 is always obtained for
rational functions. Give an example where Theorem 11.3.2 is better.

Show that if U is an open connected set in C and f : U — C is one to one and
analytic, then f~!: f(U) — U is also analytic. Really? What about f(z) = z°?
Hint: Do something like in Theorem 7.10.1. Here it may be easier because by the
open mapping theorem, you know f(U) is open so there are no endpoints to worry
about.



Chapter 12

Series and Transforms

12.1 Fourier Series

A Fourier series is an expression of the form Y ;. cre’™ where this infinite sum is un-
derstood to mean lim,—e Y f__, cre’™ . Obviously such a sequence of partial sums may or
may not converge at a particular value of x.

These series have been important in applied math since the time of Fourier who was an
officer in Napoleon’s army. He was interested in studying the flow of heat in cannons and
invented the concept to aid him in his study. Since that time, Fourier series and the mathe-
matical problems related to their convergence have motivated the development of modern
methods in analysis.! From the very beginning, the fundamental question has been related
to the nature of convergence of these series. Dirichlet was the first to prove significant the-
orems on this in 1829, but questions lingered till the mid 1960’s when a problem involving
convergence of Fourier series was solved for the first time and the solution of this problem
was a big surprise.? This chapter is on the classical theory of convergence of Fourier series
studied by Dirichlet, Riemann, and Fejer.

If you can approximate a function f with an expression of the form Y5> cze’™ then
the function must have the property f (x+2m) = f (x) because this is true of every term in
the above series. More generally, here is a definition.

Definition 12.1.1 4 function f defined on R is a periodic function of period T if
fx+T)= f(x) forall x.

As just explained, Fourier series are useful for representing periodic functions and no
other kind of function.There is no loss of generality in studying only functions which are
periodic of period 27z. Indeed, if f is a function which has period T, you can study this

function in terms of the function g (x) = f (T—;) where g is periodic of period 27.

Definition 12.1.2 For f € R(|—=, 7)) and f periodic on R, define the Fourier se-

ries of f as
Y cwe™, (12.1)
k=—oo
where
=5 /ﬂf<> 0 (12.2)
= 2w ) . y)e y. .
Also define the n'" partial sum of the Fourier series of f by
n
Sa(f) )= Y cre™. (12.3)
k=—n

!Fourier was with Napoleon in Egypt when the Rosetta Stone was discovered and wrote about Egypt in De-
scription de I’Egypte. He was a teacher of Champollion who eventually made it possible to read Egyptian by
using the Rosetta Stone, discovered at this time. This expedition of Napoleon caused great interest in all things
Egyptian in the first part of the nineteenth century.

2The question was whether the Fourier series of a function in L? converged almost everywhere to the function
where the term “almost everywhere” has a precise meaning. (L?> means the square of the function is integrable.)
It turned out that it did, to the surprise of many because it was known that the Fourier series of a function in L'
does not necessarily converge to the function almost everywhere, this from an example given by Kolmogorov in
the 1920’s. The problem was solved by Carleson in 1965.

279
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It may be interesting to see where this formula came from. Suppose then that f (x) =
) I cre™, multiply both sides by e~ and take the integral il fﬂ, so that
T . T .
f(X) e imr gy — / Z Ckezkxefzmxdx.
-

T =—co

Now switch the sum and the integral on the right side even though there is absolutely no rea-
son to believe this makes any sense. Then [ f (x)e ™ dx = Y5 _cp [ e*e ™ dx =
Cm ffn ldx = 27c,, because ffn eFre—imx gy — 0 if k = m. It is formal manipulations of the
sort just presented which suggest that Definition 12.1.2 might be interesting.

In case f is real valued, ¢y = c_; and so

Snf (x e / fly dy—|—Z2Re(cke)

Letting ¢ = o + i3,

Suf (x / y)dy+ Z 2o coskx — B sinkx]
=1

where ¢, = 5= [T f(v) e ®dy = 5= [T f(y) (cosky —isinky) dy which shows that

a= 5 [ 0 costar, =11 [ rsintay

Therefore, letting a; = 20 and by = —2,,

| 7 | 7 .
ac=— [ frcostdy b= [ £0)sin(k)dy
TJ-xn TJ-m
and .
Suf (x) = ’izo + Y agcoskx+ by sinkx (12.4)
k=1

This is often the way Fourier series are presented in elementary courses where it is only
real functions which are to be approximated. However it is easier to stick with Definition
12.1.2.

The partial sums of a Fourier series can be written in a particularly simple form which
is presented next.

n ) n 1 T -
550 = Y= ¥ (g [ roe )

k=—n

Dy, (X _y)
—_—~
T 1 n

= [ 5 ¥ () 0rav= [ Date-) £ 01y

-n 2n k=—n
The function D, () = 2= Y7 _, ™" is called the Dirichlet Kernel.

Theorem 12.1.3 The function D, satisfies the following:
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1. [T D, (t)dt =1
2. D, is periodic of period 21
-1 sin(n+%)l
sin(%) ’
Proof: Part 1 is obvious because ﬁ ffn e & dy = 0 whenever k # 0 and it equals 1 if
ik is periodic of period 27 since

3. D, (1) = (27)

k = 0. Part 2 is also obvious because t — e
e*H27) — cos (kt + 27k) + isin (ki + 27k) = cos (kt) 4 isin (kt) = ¢/

It remains to verify Part 3. Note 27D, (t) = Y7_ e = 1+2¥7_, cos (kt). Therefore,

2nD, (t)sin (%) =sin (%) +2ki] sin (%) cos (kt)

g £ () - (-3)) (29

where the easily verified trig. identity cos (a)sin (b) = 1 (sin(a+b) —sin(a — b)) is used
to get to the second line. This proves 3 and proves the theorem. B
Here is a picture of the Dirichlet kernels for n = 1,2,3 and 4

1.5
1
0.5

0

4 2 0 2 4

Note they are not nonnegative but there is a large central positive bump which gets
larger as n gets larger.

It is not reasonable to expect a Fourier series to converge to the function at every point.
To see this, change the value of the function at a single point in (—7, ) and extend to keep
the modified function periodic. Then the Fourier series of the modified function is the same
as the Fourier series of the original function and so if pointwise convergence did take place,
it no longer does. However, it is possible to prove an interesting theorem about pointwise
convergence of Fourier series. This is done next.

12.2 Ciriteria for Convergence

Fourier series like to converge to the midpoint of the jump of a function under suitable
conditions. This was first shown by Dirichlet in 1829 after others had tried unsuccessfully
to prove such a result. The condition given for convergence in the following theorem is
due to Dini. [3] It is a generalization of the usual theorem presented in elementary books
on Fourier series methods. Fourier did not appreciate the difficulty of this question and
was happy to believe that the series did converge to the function in some useable sense
despite the doubts of people like Lagrange and Laplace. For over 150 years they studied
this question and major results appeared as recently as the mid 1960’s.
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It may be that the study of Fourier series and their convergence drove the development
of real analysis during the nineteenth century as much as any other topic. Dirichlet did his
work before Riemann gave the best description of the integral and it was Riemann who
gave a general theory of integration including piecewise continuous functions. Cauchy’s
integral for continuous functions was the current state of the art at the time of Dirichlet.
Thus the theorem about to be presented uses a more sophisticated theory of integration
than that which was available then.

Recall limy_,y f(¢) = f (x+), and lim;_,,— f (¢) = f (x—).

Theorem 12.2.1 Let f be periodic of period 21 which is in R ([~m, x)). Suppose at
some x, f (x+) and f (x—) both exist and that the Dini conditions hold which are that for
small positive y,

lf(x=y) = fx=)| <KP,0<0 <1, |[f(x+y)— fx+)| <KP,0< 0 <1

Jor0<y<9d,6>0. Then

lim S, f (x) = Fob)+flxm) (12.5)

n—oo 2

Proof: S,f (x) = [*,.Dn(x—y) f (y)dy. Change variables x —y — y and use the peri-
odicity of f and D, along with the formula for D, (y) to write this as

T

S,/ = [

-7

Du G-y = [ D) f eyt [ Da0) )y

:/OnDn(y)[f(xfny(Hy)]dy

:/”1sin((”+ )Y) [f(x—y)Jrf(ery)}dy. (12.6)
0o

%
sin(%) 2

since fann (y)dy = 1,Snf(x) — % =

/ﬂlsin((nJré)y) {f(x—y)—f—f(x-f-y) )+ f(x-)
0

T sin(3) 2 B 2 } dy

_ aﬂylrSi“(("+;)y) [f(x—y)—f(xz—s)i:égﬁy)—f(X+) oy
+/()5isin<(n+;)y> siryl/é) {f(x—y)—f(x—);ryf(xﬂ)—f(X+)]dy 127

In the first integral of 12.7, the function in [ ] is in L' ([8,7]) because sin(y/2) is
bounded away from 0. Therefore, the first of these integrals converges to 0 by the Riemann
Lebesgue theorem. In the second integral, |[ ]| < Ky'~? and siry1 éz‘) is bounded on [0, 8] so

sin 3

this function multiplying sin ((n+1)y) isin L' (0,8). Therefore, the second integral also
converges to 0. l

The following corollary is obtained immediately from the above proof with minor mod-
ifications.
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Corollary 12.2.2 Let f be a periodic function of period 21 which is an element of
R ([—m, x]). Suppose at some x, the function

. f(x=y)+fx+y)—2s
y

(12.8)

is in R ((0,1]). Then limy,_, Sy f (x) =s.

As pointed out by Apostol [3], this is a very remarkable result because even though the
Fourier coeficients depend on the values of the function on all of [—7, 7], the convergence
properties depend in this theorem on very local behavior of the function. There are whole
books based on Fourier series such as Trigonometric Series by Zygmund [27] which ap-
peared first in 1935 and there is a lot more in this book than the short introduction to the
topic presented here.

There is another easy to check condition which implies convergence to the midpoint of
the jump. It was shown above that

Snf(x) _ f(x—’—);f(x_) ‘ —

/”lsin((n+é)y) {f(xy)f(x)Jrf(xﬂ)f(H)} J

o T sin(3) 2 Y
_fasin((1+3)y) w2 [fa-y) = fa)+f ty) -~ f )
8 e el 2 Ja+

L 1 fo=y) =)+ flx+y) = fx+)

/6 ﬂ51n<(n—|—2)y> [ ZSin(%) 4y
In the second integral, the expression in [ | is in L' ([8,7]) and so, by the Riemann

Lebesgue lemma, this integral converges to 0.
If you know that f has finite total variation in [x — 8,x+ 8], then you could use Lemma

10.2.7 to conclude that the first integral converges, as n — oo, to g (0+) where g(y) =
¥/2  fOo=y) =)+ fOety) —flxt)
sin(y/2) 2

so that g (0+) = 0. Thus, there is another corollary.

Corollary 12.2.3 Let f be a periodic function of period 21 which is an element of
R ([—m, x]). Suppose at some x, f (x+) and f (x—) both exist and f is of bounded variation
on [x— 8,x+ 8| for some & > 0. Then

lim 8, (x) = 20D =)

n—oo 2

(12.9)

There are essentially two conditions which yield convergence to the mid point of the
jump, the Dini conditions and the Jordan condition which is on finite total variation. You
have to have something of this sort. If you only know you have continuity from the right
and the left, you don’t necessarily get convergence to the midpoint of the jump. At least
this is so for the Fourier series. If you use the Ceasaro means, this kind of convergence
takes place without either of these two technical conditions. The study of Ceasaro means
is associated with Fejer whose work came much later in early 1900’s. This is considered
later.
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It might be of interest to note that in the argument for convergence given earlier in
Lemma 10.2.7, h was determined by |g (f) — g (0+)| small enough. If you have the case
of a continuous function defined on a closed and bounded interval, |g () — g (s)| would be
small enough whenever |r —s| is suitably small independent of the choice of s thanks to
uniform continuity. When the above corollary is applied to convergence of Fourier series,
one massages things as above to reduce to the kind of thing given in Lemma 10.2.7 as
shown above and a single & will then suffice for all the points at once. Once & has been
determined, the convergence of the other terms in Lemma 10.2.7 for such a continuous
periodic function of bounded variation will not depend on the point and so this argument
ends up showing that one has uniform convergence of the Fourier series to the function if
the periodic function is of bounded variation and continuous on every interval.

12.3 Integrating and Differentiating Fourier Series

First here is a review of what it means for a function to be piecewise continuous.

Definition 12.3.1 L. f be a function defined on [a,b) . It is called piecewise contin-
uous if there is a partition of [a,b],{xo," -+ ,xn} such that on [x;_1,x;] there is a continuous
Sunction g such that f (x) = gi (x) for all x € (xg_1,xi).

You can typically integrate Fourier series term by term and things will work out accord-
ing to your expectations. More precisely, if the Fourier series of fis Y7, age™ then it
will be true that

n ikx _1\k
=ao(x+m)+1lim ) ak<e ( 1)>

O Sy ik ik

X n X
Fo= [ fodi=1m Y / My
- = -

n—oo
k

I shall show this is true for the case where f is an arbitrary 27 periodic function which is
piecewise continuous according to the above definition. However, with a better theory of
integration, it all works for much more general functions than these. It is limited here to
a simpler case because we don’t have a very sophisticated theory of integration. With the
Lebesgue theory of integration, all restrictions vanish. It suffices to consider very general
functions with no assumptions of continuity. This is still a remarkable result however, even
with the restriction to piecewise continuous functions.

Note that it is not necessary to assume anything about the function f being the limit of
its Fourier series. Let

X

G =F ) —al+m) = [ (£()—ao)ds

J—T

Then G equals 0 at —7 and 7 because 27wag = [", f (t) dt. Therefore, the periodic extension
of G, still denoted as G, is continuous. Also
/ Mdt
x|

where M is an upper bound for |f (¢) —ag|. Thus the Dini condition of Corollary 12.2.1
holds. Therefore for all x € R,

G(x) =G x)| < <M x—xi|

G(x)= i Age’™ (12.10)
k=—o0



12.3. INTEGRATING AND DIFFERENTIATING FOURIER SERIES 285

where Ay = 5- [*, G (y)e*dy. Now from 12.10 and the definition of the Fourier coeffi-
cients for f,

n

G(m)=F (1) —ap2r=0=Ag+lim Y Ag(~1)" (12.11)
" = kA0
and so . .
Ag=—1lim Y A(-1D)'=- Y A1) (12.12)
" = SnkA0 k= oo k0

Next consider Ay, for k # 0.

A, = G(x)e ®dx = // — ag)dre*q
= 5/l xzn [ (0~ ao)dre

= —/ ﬂkx/ ) —ap)dtdx

Now let y(x) = [* (f(t) —ao)dt and ¢ (x )

form 5 [ y (x)dg, (x). Since y (1) ¢, (7)
Theorem 9.4.1, says that the above equals

n —ike
“ae [ o ave =g [ v
Use Corollary 9.3.18 to write as a sum of finitely many integrals
noopxp p—ikx
k; / T dy (x).
It follows from Proposition 9.4.3 that this is

ae= o M - rwe =%
“Ton ) ik do)d zk27r = k

Thus this shows from 12.12, that for all x,

= ( 7) ¢, (—m), integration by parts,

o o
Gw= Y Zeta=— Y A1
k=—oo k0 ! Je=—o0,k£0
and so,
* x - Ak ikx Gk ik(—m)
t dt—/ ap = — ™ — ¢
/;nf( ) J—7 0 szg,k#O ik ik
which shows that
X X o X .
/ f(f)dt:/ a+ Y ak/ eMdr
—7T —7T k=—°°7k790 —T

This proves the following theorem.

Theorem 12.3.2 Let f be 21 periodic and piecewise continuous. Then

X X n X
/ f(t)dt = / apdt+1lim Y a / e dr
-7 - e Sy ST A

where ay are the Fourier coefficients of f. This holds for all x € R.
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Example 12.3.3 Let f (x) = x for x € [—7, ) and extend f to make it 27 periodic. Then

_1)k;
the Fourier coefficients of f are ay =0, a; = % Therefore,

I X 1, 1 N N
—/ te*’klzicosnk,/ tdt = —x> — —7* = lim Z (=1 l/ M dt
27 - k - 2 2 ni}wk=—n,k5£0 k -
no (=% [sinxk | —cosxk+ (—1)F
= lim j
[y Sy 7 ( k

PR
For fun, let x = 0 and conclude —%ﬂ?
, Lo (DN (=D , N e M e B G0
fm L (’ k —im Lo k
—l)k ')

k=—n k0
n
= lim 2
fm2 2, e

1
k
2

(

2
1
andso % =Y  ——
8 Zkfl (2k—1)2

Of course it is not reasonable to suppose that you can differentiate a Fourier series term
by term and get good results.

Consider the series for f(x) =1 if x € (0,7] and f (x) = —1 on (—=,0) with f(0) =
0. In this case ap = 0. a; = - (fo” e ®dr— [0 *’k’dt) = 1ol the Fourier se-

k .
ries is Y20 ((71727];1) ie’™ What happens if you differentiate it term by term? It gives
k
Yo — %e’k’“ which fails to converge anywhere because the k”* term fails to converge
to 0. This is in spite of the fact that f has a derivative away from 0.
However, it is possible to prove some theorems which let you differentiate a Fourier
series term by term. Here is one such theorem.

Theorem 12.3.4 Suppose for x € [-x, 7] f(x) = [E.f (@)dt+ f(—m) and f' (1)
is piecewise continuous. Denoting by f the periodic extension of the above, then if f (x) =
Y are™ it follows the Fourier series of f' is Y ayike™

—o0

Proof: Since f’ is piecewise continuous, 27 periodic it follows from Theorem 12.3.2

NP VE)

where by is the k' Fourier coefficient of f’. Thus by = 5 [*, ' (t) e~ *dt. Breaking the
integral into pieces if necessary, and integrating these by parts yields finally

1 : n : A
b= [f (e ™| +ik / f() e’k’dt} lk* / )e Mdt = ikay
J=T

where a; is the Fourier coefficient of f. Since f is periodic of period 27, the boundary term
vanishes. It follows the Fourier series for f”is Y37, ikaie™ as claimed. W

Note the conclusion of this theorem is only about the Fourier series of f”. It does not say
the Fourier series of f/ converges pointwise to f’. However, if f’ satisfies a Dini condition,
then this will also occur. For example, if f’ has a bounded derivative at every point, then by
the mean value theorem |f (x) — f' (¥)| < K |x — y| and this is enough to show the Fourier
series converges to f’ (x) thanks to Corollary 12.2.1.
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12.4 Ways of Approximating Functions

Given above is a theorem about Fourier series converging pointwise to a periodic function
or more generally to the mid point of the jump of the function. Notice that some sort of
smoothness of the function approximated was required, the Dini condition. It can be shown
that if this sort of thing is not present, the Fourier series of a continuous periodic function
may fail to converge to it in a very spectacular manner. In fact, Fourier series don’t do
very well at converging pointwise. However, there is another way of converging at which
Fourier series cannot be beat. It is mean square convergence.

Definition 12.4.1 Let f be a function defined on an interval, [a,b]. Then a se-
quence, {gn} of functions is said to converge uniformly to f on [a,b] if

Tim sup {| (x) g0 (x)| - x € a,b]} = 0.

The expression sup {|f (x) — g, (x)| : x € [a,b]} is sometimes written® as || f — g4||, - More
generally, if f is a function,

1fllo = sup{If (¥)] : x € [a,b]}

The sequence is said to converge mean square to f if
b 1/2
lim ||f — gull, = lim </ |fgn|2dx> —0
n—soo n—eo \ Jq

12.5 Uniform Approximation with Trig. Polynomials

It turns out that if you don’t insist the a; be the Fourier coefficients, then every continuous
27 periodic function & — f(0) can be approximated uniformly with a Trig. polynomial
of the form p, (0) = Y{__, axe™®. This means that for all € > 0 there exists a p, (6) such
that || f — pal|o < €. Here || f]|, = max {|f (x)| : x € R}.

Definition 12.5.1 Recali the n'" partial sum of the Fourier series S, f (x) is given
by
T T
Suf (x) = Dn(x_y)f(y)dy: Dn(t)f(x_t)dt

- -

i 1
- M The n'" Fejer mean, o, f (x)
sin( %)

where D, (t) is the Dirichlet kernel, D, (t) = (27)
is the average of the first n of the S, f (x). Thus

1

Ouni1f (%) = mknos"f(x) = /j; <nj_ I ki‘ka (t)) flx—1)dt

The Fejer kernel is Fy1 (t) = ﬁ Yi oDk (1).

As was the case with the Dirichlet kernel, the Fejer kernel has some properties.

3There is absolutely no consistency in this notation. It is often the case that ||-||, is what is referred to in this
definition as ||-||,. Also ||-||, here is sometimes referred to as ||-||,,. Sometimes |||, referrs to a norm which
involves derivatives of the function.
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Lemma 12.5.2 The Fejer kernel has the following properties.
1. Fip1 (1) = Fp (1427)
2. [T Fyu(t)dt =1
30 [T Fu (t) f(x—1t)dt = Y0__ bre™® for a suitable choice of by.

4 Far (1) = oty Bt (1) 2 0.8 (1) = Fa (<)

5. Forevery 6 > 0,lim,_,esup{F, 11 (t) : ® > |t| > 8} = 0. In fact, for
2

|t = 8, Fur1 (1) < :
(n41)sin’ (g) 4n

Proof: Part 1.) is obvious because F;; is the average of functions for which this is
true.

Part 2.) is also obvious for the same reason as Part 1.). Part 3.) is obvious because it is
true for D, in place of F,, ;| and then taking the average yields the same sort of sum.

The last statements in 4.) are obvious from the formula which is the only hard part of

4).
For )= <><> n((+3))
" (nt Dsin? () 27 Z (( )’)Si“(;)

(

=0
Using the identity sin (a) sin (b) b)—cos(a+b) witha= (k+3)tand b= %, it
follows

1 L 1- 1)t
— Z(cos(kt)—cos(k+1)t): COS(_(ZJF )t)
(n+1)sin® (%) 4n 5 (n+1)sin” (%) 4x
which completes the demonstration of 4.).

Next consider 5.). Since Fy is even it suffices to show

lim sup{F,41 (1) :r>t>8}=0.
n—yoo

Fooi (t) =

For the given ¢,
1—cos((n+1)1) < 2
(n41)sin? (g) 4w (n+1)sin’ (g) 4w

Fu (1) <

which shows 5.). This proves the lemma.
Here is a picture of the Fejer kernels F,,;(¢) forn=1,2,3,4.

0.8
0.6
0.4

0.2
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Note how these kernels are nonnegative, unlike the Dirichlet kernels. Also there is
a large bump in the center which gets increasingly large as n gets larger. The fact these
kernels are nonnegative is what is responsible for the superior ability of the Fejer means to
approximate a continuous function.

Theorem 12.5.3 L. f be a continuous and 21 periodic function. Then
lim Hf_ c7n+1f||0 =0
n—oo

Proof: Let € > 0 be given. Then by part 2. of Lemma 12.5.2,

1= 0w O =| [ 50y [ B )7 )

T

‘/n f =) n+1<>dy] [ 170 = £ =) Fue ()

-7

S b1
- /. If(X)—f(x—y)anH(y)der/s 76 = (=) B () dy

[ U P )

Since F,;1 is even and | f| is continuous and periodic, hence bounded by some constant M
the above is dominated by

< [ 1@ £t Fuer )y v [ Fry ()

Now choose & such that for all x, it follows that if |y| < & then |f (x) — f (x—y)| < &/2.
This can be done because f is uniformly continuous on [—7, 7] by Theorem 6.7.2 on Page
114. Since it is periodic, it must also be uniformly continuous on R. (why?) Therefore, for
this &, this has shown that for all x, | f (x) — 6,11 f (x)| < €/2+4M [ F,11 () dy and now
by Lemma 12.5.2 it follows

IMrn
(n+1)sin’ (g) 4n

Ilf —oni1fllg < €/2+ <e

provided 7 is large enough. l

12.6 Mean Square Approximation

The partial sums of the Fourier series of f do a better job approximating f in the mean
square sense than any other linear combination of the functions, e/*? for |k| < n. This will
be shown next. It is nothing but a simple computation. Recall the Fourier coefficients are

_ LT —ike
ak_27r/,ﬂf(6)e do

T ke i 2mifl =k
k6 —il6 _
/_ne ¢ de‘{ 0if I #k

Also recall that
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Then using this fact as needed, consider the following computation in which I will try to
choose by to make
/ﬂ,’

as small as possible. Remember that |z|2 = zZ whenever z is a complex number. Using this
and doing routine computations,
Z bk elk@

/717
k=—n

= / £ (6)]>de — 2Re/ f(0)bre®do +2m Z bk
- 7”k— —n k=—n

2

Z b elke

k=—n

(12.13)

n

:/j [f(8)Pd6—2(2m)Re Y. @by +2m Z |bi|?

k=—n k=—n
Note that if by = a, this would equal

[ir@Pde-20m) Y 1P +22 ¥, laf = [ 17@F 027 ¥ luf

k=—n k=—n k=—n

In the general case, it follows from the Cauchy Schwarz inequality,

i . 2, 12
Z/_ﬂ|f(9)\2d9—2(275) ( ) |ak2> (Z |bk|2> +2r Z |be|?

k=—n k=—n k=—n

Y

/7;|f(9)|2d9—2”< Y lal’+ Y |bk|2> +om Y (bl

k=—n k=—n k=—n

[ ir@Pao-2x ¥ jaf

-r k=—n

Therefore, the expression in 12.13 is minimized when b; = a;. We also observe the fol-
lowing fundamental inequality. For g the Fourier coefficients,

2
[ - ¥ aet

k=—n

= [ 1@ -s.s o)

[ 1r@Pae 27 ¥ jaPz0

k=—n
so this yields Parseval’s inequality, an important inequality involving the Fourier coeffi-

cients, ﬁ [T 1r(e )?d6 > )3 - |lag|*. This has proved most of the following approxi-

mation theorem

Theorem 12.6.1 L. o, f (x) denote any linear combination of the functions 6 —
ko for —n <k < n. Then

[ 1r-onslarz [*1r-suPax

Also, [T |Suf | dx < [ | f|* dx.
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Proof: It only remains to verify the last inequality. However, a short computation shows
that [7 |S,f*dx =27 ¥}, a[* < [%|f (0)*d6. M
Now it is easy to prove the following fundamental theorem.

Theorem 12.6.2 Le: f € R([—r, ®]) and it is periodic of period 2m. Then
. T 2
tim [ |f -5,7Pdx=0.

Proof: First assume f is continuous and 27 periodic. Then by Theorem 12.6.1,

IN

[ r=suPax < [ Ir-oufPar

IN

/a
[ W =onislyds=2x1f = ominf I

and the last expression converges to 0 by Theorem 12.5.3. Here 6,41 f is the Ceasaro mean
of f.

Next suppose f € R([—x,x]). By Lemma 10.1.2, there is & with |k| < |f], h continuous
and h equal to O at the &7 and [™_|f — h|2dx < €. Since h vanishes at the endpoints, if
h is extended off [—x, 7] to be 27 periodic, it follows the resulting function, still denoted
by &, is continuous. Then using the inequality (For a better inequality, see Problem 2.)
(a+b+c) <4(a®+b*+c?),

J 17 SufPax= [ (1 = bl bl 1o S

T
T

IN

V3
4 [ (1 =HP+ 1= S, 18,5, f17)
-7

n ) T 2
< 4e +4 |h—S”h| dx+4 ‘Sn(h_f” dx
-7

-

By Theorem 12.6.1, this is dominated by < 8¢ +4 jfﬂ |h— th|2dx and by the first part,
the last term converges to 0. Since € is arbitrary, this proves the theorem. ll

12.7 Exercises

1. Suppose f has infinitely many derivatives and is also periodic with period 27. Let
the Fourier series of f be };” aie’*® . Show that

—o0

lim k"a, = lim K"a_, =0
k—yo0 k—yo0

for every m € N.

2. The proof of Theorem 12.6.2 used the inequality (a+b+c)> < 4 (a*+b*+c?)
whenever a,b and ¢ are nonnegative numbers. In fact the 4 can be replaced with
3. Show this is true.

3. Let f be a continuous function defined on [—7, 7r]. Show there exists a polynomial
p such that ||p — f|| < € where ||g|| = sup{|g(x)| : x € [-7, 7]} . Extend this result
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to an arbitrary interval. This is another approach to the Weierstrass approximation
theorem. Hint: First find a linear function ax+ b =y such that f —y has the property
that it has the same value at both ends of [—7, w]. Therefore, you may consider this
as the restriction to [—7, 7| of a continuous periodic function F. Now find a trig
polynomial, & (x) = ag+ Yj_; arcoskx + by sinkx such that |[6 — F|| < §. Recall
12.4. Now consider the power series of the trig functions making use of the error
estimate for the remainder after m terms.

The inequality established above,
< 2 4 2 4 2
2 Y lal?< [ Is.O)a0 < [ |7(6) a8
-7 -7

k=—n

is called Bessel’s inequality. Use this inequality to give an easy proof that for all
f € R([-m,7x]),limyse [*, f (x) €™ dx = 0. Recall that in the Riemann Lebesgue
lemma |f| € R((a,b]) so while this exercise is easier, it lacks the generality of the
earlier proof.

Let f (x) = x for x € (—m, ) and extend to make the resulting function defined on
R and periodic of period 27z. Find the Fourier series of f. Verify the Fourier series
converges to the midpoint of the jump and use this series to find a nice formula for

7. Hint: For the last part consider x = 7.

Let f(x) = x*> on (—7,7) and extend to form a 27 periodic function defined on R.
Find the Fourier series of f. Now obtain a famous formula for %2 by letting x = 7.

Let f (x) = cosx for x € (0, ) and define f (x) = —cosx for x € (—m,0). Now extend
this function to make it 27 periodic. Find the Fourier series of f.

Suppose f,g € R([—=,x]). Show ﬁffﬂfgdx =Y . oufy, where oy are the
Fourier coefficients of f and 3, are the Fourier coefficients of g.

Suppose f(x) = Y5, axsinkx and that the convergence is uniform. Recall some-
thing like this holds for power series. Is it reasonable to suppose that f(x) =
Y+ akkcoskx? Explain.

Suppose |uy (x)| < K;, for all x € D where
> >
K= lim Y K, <oo.
koo L —

Show that Y7 ux (x) converges converges uniformly on D in the sense that for all
€ > 0, there exists N such that whenever n > N,

i uy (x) — i up(x)| < e
k=—c0 k=—n

for all x € D. This is called the Weierstrass M test. The earlier version only dealt
with sums in one direction.
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11.

12.

13.

14.

15.

16.

17.

Suppose f is a differentiable function of period 27 and suppose that both f and f’
are in R ([—x, 7)) such that for all x € (—7, ) and y sufficiently small,

et -f@= [

Show that the Fourier series of f converges uniformly to f. Hint: First show using
the Dini criterion that S,,f (x) — f (x) for all x. Next let Y2 aze’* be the Fourier
series for f. Then from the definition of aj, show that for k # 0,q;, = ak where
a is the Fourier coefficient of f’. Now use the Bessel’s inequality to argue that

Y ’af{lz < oo and then show this implies Y |aix| < . You might want to use
the Cauchy Schwarz inequality in Theorem 2.15.1 to do this part. Then using the
version of the Weierstrass M test given in Problem 10 obtain uniform convergence
of the Fourier series to f.

Let f be a function defined on R. Then f is even if f(6) = f(—0) for all 6 € R.
Also f is called odd if for all 6 € R, —f(0) = f(—0). Now using the Weier-
strass approximation theorem show directly that if / is a continuous even 27 periodic
function, then for every € > 0 there exists an m and constants, ag, - ,da,, such that
’h( — Yl paxcos (9)‘ < ¢ for all 6 € R. Hint: Note the function arccos is con-
tinuous and maps [—1, 1] onto [0, ] . Using this show you can define g a continuous
function on [—1,1] by g(cos@) = h(0) for 6 on [0,7]. Now use the Weierstrass
approximation theorem on [—1, 1].

Show that if f is any odd 27 periodic function, then its Fourier series can be simpli-
fied to an expression of the form Y., b, sin (nx) and also f (mm) = 0 for all m € N.

Consider the symbol }°_; a,. The infinite sum might not converge. Summability
methods are systematic ways of assigning a number to such a symbol. The n'"
Ceasaro mean G,, is defined as the average of the first n partial sums of the se-
ries. Thus ¢, = Zk | Sk where S; =YX —14aj. Show thatif 3,7, a, converges then
lim, . 0, also ex1sts and equals the same thing. Next find an example where, al-
though Y ;7| a, fails to converge, lim,_,.. 6,, does exist. This summability method is
called Ceasaro summability. Recall the Fejer means were obtained in just this way.

Modify Theorem 12.5.3 to consider the case of a piecewise continuous function f.
Show that at every x, 6,11 (f) (x) — M
Piecewise continuous is enough.

. This requires no extra conditions.

Let 0 < r < 1 and for f a periodic function of period 27 where f € R([—x, xt]),
consider A, (0) = Y5 ., rMla e*® where the gy are the Fourier coefficients of f.
Show that if f is continuous, then lim,_,;_A,f (0) = f(6). Hint: You need to find
a kernel and write as the integral of the kernel convolved with f. Then consider
properties of this kernel as was done with the Fejer kernel. In carrying out the details,
you need to verify the convergence of the series is uniform in some sense in order to
switch the sum with an integral.

In the above problem, if f is piecewise continuous, can you show that convergence
happens to the midpoint of the jump?
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18. In the formula for the Bernstein polynomials, suppose f (0) = f (1) = 0. Show that
pu(0) = p, (1) =0. Now if f is continuous on R, 27 periodic, and f (—x) = f(7),
show there is a sequence of periodic continuous functions f, such that f;, is a polyno-
mial on (—7,7) and f,, (—7) = f () such that lim,_,e || f — f3||.. = 0. Explain why
Jn satisfies an appropriate Dini condition at every point and hence lim, o0 Sy, fr (x) =
f. (x) where S,,,f, is the m'" partial sum for the Fourier series of f,,.

12.8 The Fourier Transform

The Fourier transform is very useful in applications. It is essentially a characteristic func-
tion in probability for example. These completely characterize probability measures. It is
used in many other places also. To do it right, you really ought to be using the Lebesgue
integral, but this has not been discussed yet so the presentation ends up being a little fussier
than it would be if it were based on a better integral.

Definition 12.8.1 ror f Riemann integrable on finite intervals, the Fourier trans-
form is defined by

Ff( _ng;lolc\/ﬂ/ 71[Xf dx

whenever this limit exists. Of course this happens if f € L' (R) thanks to Lemma 10.0.4.
The inverse Fourier transform is defined the same way except you delete the minus sign in
the complex exponential.

Flf () _hm—/ et

Does it deserve to be called the “inverse” Fourier transform? This question will be
explored somewhat below.

The next theorem justifies the terminology above which defines F~! and calls it the
inverse Fourier transform. Roughly it says that the inverse Fourier transform of the Fourier
transform equals the mid point of the jump. Thus if the original function is continuous, it
restores the original value of this function. Surely this is what you would want by calling
something the inverse Fourier transform.

Now for certain special kinds of functions, the Fourier transform is indeed in L' and
one can show that it maps this special kind of function to another function of the same
sort. This can be used as the basis for a general theory of Fourier transforms. However, the
following does indeed give adequate justification for the terminology that F~! is called the
inverse Fourier transform.

Theorem 12.8.2 L. g € L' (R) and suppose g is locally Holder continuous from
the right and from the left at x as in 10.8 and 10.9, or the Jordan condition which says that
g is of finite total variation on [x — 8,x+ 8| for some 8 > 0. Then

lim —/ ”"/ “i g (y)dydt = M

R—o0 27T 2

%) . R .
/ e Wg(y)dy / e™dt
—oo —R

noo ) R
/ e g(y) / e™dydt
—oo J—R

Proof: Note that

/ ixt / lt) dydl
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One merely takes a constant outside the integral and then moves a constant inside an inte-
gral. Consider the following manipulations.

ixt zty d dt =
27r/ / Y
ttv _ lX y
27r/ / e y)didy = 27r/ / y)didy

_ ;ﬂ/_zgm(/ v [ xwdz)
= 5o [0 ([[2eos(-nnar)

st (x—y | sinRy
*/ )dy=*/ g(x—y) dy
-y TJ—e y

sin Ry

= */ (x—y)+g(x+y)) dy

_ 7/ ( x— y+g(x+y)> sinRydy

y
From Theorem 10.2.5 or Corollary 10.2.8,

R}E};E\/ lxt/ lly dydt

o2 gx—y)+gx+y)\sinRy — ghx+)+g(x—)
= hm/o( > ) dy = > .l

Also we have the Fourier cosine formula. This is interesting because you might have a
function which is not periodic so there would be no hope of representing the function as a
Fourier series but this next theorem says you can represent it in terms of a Fourier integral.
It is the Fourier integral theorem.

Theorem 12.8.3 L. f be piecewise continuous on every finite interval and

[ sy <

and let x € (—oo,00) satisfy the conditions 10.8 and 10.9 or the Jordan condition that f is
of finite total variation on [x — 8,x+ 8| for some & > 0. Then

lim l/R/j’ocos(t (x=y)) f(y)dydt = w (12.14)

R—e T JO

Proof: Consider the following:

%./O.R/j;cos (t(x—y)) f(y)dydt = / / cos(t(x—y)) f(y)dtdy
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The justification for this interchange of integration follows as earlier. You can discount
Jiyi>m |f (v)|dy for M large enough and then use Fubini’s theorem from Theorem 9.9.3 on
Page 216 to interchange the order. It is the same argument in Lemma 10.1.1.

- L [estumso )dtdyf1/°°f(y>/0Rcos<r<xfy>>drdy
_ 1 / sm / Flx smiRu) dy

_ 7/ Fle—u) s1n(MRu dy—|—;/_mf(x—u)smiRu)dy

_ ;/0 Fle—u) Sm(MRu)dy—F%/owf(x—l—u) siniRu)dy

1 > fx—u X+u
= E/ I );;f( + )sin(Ru)du

Also, from Theorem 10.2.5 or Corollary 10.2.8, the limit of this as R — oo is

fO=)+ /)
2

This verifies 12.14. B

You can come up with lots of enigmatic integration formulas using this representation
theorem. You start with a function you want to represent and then use this formula to repre-
sent it. The representation in terms of the formula yields strange and wonderful integration
facts. Two cases which are nice to note are the case that f is even and the case that f is
odd. If you are only interested in the function on the nonnegative real numbers, you could
consider it either way as part of an odd function or part of an even function. This will
change what happens at 0. First suppose it is even. Then

llm—// cos(t (x—y)) f (v)dydt

= lim — // (costxcosty + sintxsinty) f (v) dydt
R—o0 TT

1
= lim p costx/ costyf (v)dydt
0 oo

R—oo

because y — sin(zy) is odd. Thus you get

Sat) +f () lim 1 ORcos (1x) /:o cos (ty) f (v) dydt

2 R et T
2 R 00
= lim f/ cos(tx)/ cos (ty) f (v) dydt (12.15)
R—e T Jo JO

In case f is odd, you get

_ R o
w = I%gr;% A sin (¢x) /7wsin(ty)f(y)dydt

R

2 oo
— lim = [ sin() / sin(y) f()dydt  (12.16)
R— T J0 0
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Lets see what this formula says for certain choices of f. We need to have f be in L! (R)
but this is easy to arrange. Just let it vanish off some interval. First suppose f (y) =y for
y € [—1,1] and let it be O if |y| > 1. Of course this function has a jump at —1 and 1. Then
from 12.16,

2 R 1
lim — [ sin(tx) / sin (ty) ydydt
0

R—=eo TT Jo
= lim 2 Rsin(tx) (1 (sint—tcost)> dt
R—eo T Jo 12
Thus
2 (R | xif |x] < 1
Iggrolog A sin (¢x) (tz (sint—tcost)) dt = 1/2 if [x] =1
0if |x| > 1

It might not be the first thing you would think of. I am not sure whether the integrand is
even in L' (R) although the above limit does exist.
Now suppose that f (y) = e~ P!, This is an even function. From 12.15

2 (R o0 2 (R cos(tx)
W= im = 1 / ty)eVdydt = lim =
¢ Rgr:oﬂ: 0 COS()C).O cos (ty)e"dy Rgr:oﬂ' o 241

I think this is a pretty amazing formula. Obviously you can make these up all day, amazing
formulas which none of the usual tools will allow you to compute.

Definition 12.8.4 L. f € L' (R). The Fourier cosine and sine transforms are de-
fined respectively as g (x) =

\/z/o'wf(z)cos (xt) dt, \/z/:f(z)sm (xt) dt

Note that 12.15, 12.16 sort of say that if you take the cosine transform of the cosine
transform, you get the function back, a similar assertion holding for the Fourier sine trans-
form.

12.9 The Inversion of Laplace Transforms

How does the Fourier transform relate to the Laplace transform? This is considered next.
Recall that from Theorem 10.3.5 if g has exponential growth |g ()| < Ce*, then if Re (s) >
A, one can define .Zg (s) as

Zg(s)= /Oooe_”‘g (u)du

and also s — .Zg (s) is differentiable on Re(s) > A in the sense that if 2 € C and G (s) =
Zg(s), then
G h)—G Rl
lim Gls+h)=GCls) =G (s)=— / ue g (u)du
h—0 h Jo
Thus G is analytic and has all derivatives. Then the next theorem shows how to invert the
Laplace transform. It is another one of those results which says that you get the mid point

of the jump when you do a certain process. It is like what happens in Fourier series where
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the Fourier series converges to the midpoint of the jump under suitable conditions and like
what was just shown for the inverse Laplace transform.

The next theorem gives a more specific version of what is contained in Theorem 10.4.8.
However, this theorem does assume a Holder continuity condition which is not needed for
Theorem 10.4.8. I think that it is usually the case that the needed Holder condition will be
available.

Theorem 12.9.1 L. g be a piecewise continuous function defined on (0, ) which
has exponential growth |g (t)| < Ce*" for some real A and g (t) is Holder continuous from
the right and left as in 10.8 and 10.9. For Re (s) > A

Lg(s)= /weﬂ”g (u)du
0
Then for any v > A,

R _ _
lim i/ e(”’Y)fgg(y_;_,’y) dy = w

12.17
R—oo 2T J_R 2 ( )

Proof: This follows from plugging in the formula for the Laplace transform of g and
then using the above. Thus

1 (R : 1 (R : °° :
_ (y+iv) i - (y+iy) —(r+iy)u

R o0
— / eVt / e~ (rtivug (u) dudy
—R oo

L
:ewﬁ/ e’}’/ e e Mg (u)dudy
_R o

Now apply Theorem 12.8.2 to conclude that

1 (R - N S L Y L
lim —/ T Lo (y+iy)dy = e lim —/ ely’/ e e g (u)dudy
_R .

R— 2T J_R R0 270
8™ rglim)e ™ g(tH)+glt—) o
2 2 '

In particular, this shows that if Zg(s) = £h(s) for all s large enough, both g, having
exponential growth, then f,g must be equal except for jumps and in fact, at any point
where they are both Holder continuous from right and left, the mid point of their jumps is
the same. That integral is called the Bromwich integral.

This answers the question raised earlier about whether the Laplace transform method
even makes sense to use because it shows that if two functions have the same Laplace
transform, then they are the same function except at jumps where the midpoint of the jumps
coincide.

Using the method of residues, one can actually compute the inverse Laplace transform
using this Bromwich integral. I will give an easy example, leaving out the technical details
relative to estimates. These are in my book on my web site Calculus of Real and Complex
Variables.

1

Example 12.9.2 Find the inverse Laplace transform of el
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The idea is that this is (hopefully) of the form £ (f (r)) and your task is to find £ () . To
do this, you use the following contour and write the above Bromwich integral as a contour
integral. In this example, let ¥ > 0. You should verify that

R ) 1 1
(Y—Hy)tg v d :_-/ 2t dz — _-/ 2t d
[Re g(y+iy)dy=—i| e T3 a% o & T

R

y =y It turns out that in this example, and many other examples, the cir-
cular part of the contour integral, denoted here with fCR’ will converge
to 0 as R — oo and so

1R .
Jim / TN Lg (y+iy)dy

—R
1
EZm’ (—1i) (sum of residues) = sum of residues
In this example,
2t X zt 1
lim-S— = — o lim & =
=izl 20 ——i(z—i) —2i

Thus, these add to
| 1 1 1
Ze" + (ellzi> = Eiein — Eie" = Sinl

Thus the Bromwich improper integral is ﬁZﬂ sint = sinz. We just found an inverse Laplace
transform. In general, this illustrates the following procedure which works under fairly
general conditions.

Procedure 12.9.3 Let F (s) satisfy |F (z)| < C/ |2|* for some o > 0 for all |z| large
enough with F () analytic except for finitely many poles. To find f (t) such that £ f = F,

£ (t) = ( sum of residues at the poles of F (z) )

12.10 Exercises

1. Generalize the Riemann Lebesgue lemma to show that if f is piecewise continuous
on finite intervals and in L! (R), then lim, .. [~ f(¢)sin (nt +k)dt = 0. Here k is
any constant.

2. Show that if £ is in L' (R), then lim, .. [~ f (¢)cos (nt + k) dt = 0.

3. In fact, all you need in the above problems is to assume that f is Riemann integrable
on finite intervals and that limg .. [*5 f (f)dt exists. Show this. Hint: This mainly
requires fussing over whether you end up with something Riemann integrable given
that f is when you do certain things. I have presented it for piecewise continuous
functions because that is where the interesting application resides and it is obvious
that everything stays piecewise continuous. If you want to do these things right, you
need to be using the Lebesgue integral anyway.

4. Timgoses [ 7Lzt = 0 butTimy,e. [Fy 115 dt = co. Show this.
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5. Here are some functions which are either even or odd. Use 12.15, 12.16 to represent
these functions and thereby obtain amazing integration formulas. Be sure to deal
with the situation at jumps.

(@) f(x)= Z[_1,1(x). Thus f(x) =1 on [~1,1] and is O elsewhere. Show that

5 R X lifxe (~1,1)
lim = [ cos(tx) (sint> dt = 1/2if x| =1
R Jo f 0if x| > 1

Isn’t this an amazing result?
(b) f(x ):cos( yon (—%,%) and 0 if [x| > &
© flx)= ( )on (—2m,2x) and O if |x| > 27r.
(d) f(x)=cos(x)on (—m, ) and 0 if |x| > 7.
(x)

) f(x)=e"ifx>0,—¢ —hif x < 0.

6. Find limg e [, ! mmgﬂdt Hint: Consider the following steps. Using the ver-
sion of Fubini’s theorem from Theorem 9.9.3 on Page 216

/‘ sin(7t) sin (Rt) 2/‘ sin (7t¢) sin (Rt)
-1 o

12 12

1g R R 1 gj
= 2/ sin (1) / cos (yt)dydt = 2/ / Smim) cos (yt)dtdy
0 0 0 Jo

t

dt

Now the Fourier cosine transform for the even function x — M Zi=f(x)is

R g
lim %/0 cos(xy)/0 smgm) cos (yt)dtdy = f (x)

R—o0 TT |

This equals the value of this function at x. It looks like what this problem is asking

is 7£f (0). What is £ (0)?

7. Do something similar to the above problem in order to compute

L
fim / Sin(RY)
R—e0 J( \/);

Hint: fl SR gy = VY JKeos (ty)drdy = [ [, \/ycos (ty) dydt. Isn’t this a case
of the Founer cosine transform for the even function x — /|x|?

8. In example 12.9.2, verify the details. In particular, show that the contour integral
over the circular part of the contour converges to 0 as R — . Explain why ¥ could
be any positive number in this case. In general, you just need ¥ to be large enough
so that the contour encloses all the poles and the function for which you are trying to
find the inverse Laplace transform, needs to be dominated by C/ |z|* for some & > 0
for all |z| large enough. Try to show this. It is a little technical but only involves
elementary considerations. Thus verify Procedure 12.9.3 is valid by showing that
the part of the contour integral over the circular part converges to O if the assumed
estimate holds.
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10.

11.

12.

13.

14.

. Find inverse Laplace transforms using the method of residues in Procedure 12.9.3

b s—a

for
(s—a)*+b2’ (s—a)>+b2’

and the other entries of the table in Problem 8 on Page 248.

Let f(x) be the odd 27 periodic extension of f(x) = Z[g 5 (x). Explain why its
Fourier series is of the form Y} | a, sin (nx). Doing minimal computations, why can
you say that na, cannot converge to 0 as n — oo. Hint: See Problem 55 on Page 228.

Find the Fourier series expansion for the above function and use it to find interesting
summation formulas, for example ), % =Z

This and the remaining problems will require a beginning course in linear alge-
bra. All that is needed is in any of my linear algebra books. Fill in the details.
A fundamental matrix for the n X n matrix A is an n x n matrix ® (¢) having func-
tions as entries such that @' (t) = A® (), ®(0) = I. That is, you have a differen-
tial equation involving a dependent variable which is a matrix along with an initial
condition ® (0) = I, the identity matrix. Using the properties of the Laplace trans-
form, we can take the Laplace transform of both sides and get sF (s) — I = AF (s)
so (sl —A)F (s) = I and so the Laplace transform of ® () denoted here as F (s) is
F(s) = (sI—A)~". Now from linear algebra, there is a formula for this inverse valid
for all s large enough which comes as m (cofactor matrix )7. If |s| is large
enough, the inverse does indeed exist because there are only finitely many eigenval-
ues. Now each term in (s/ —A)_1 is a rational function for which the degree of the
numerator is at least one more than the degree of the denominator. Thus it satisfies
the necessary conditions for the Bromwich integral and thus there exists a unique
such @ (7).

Next show that A®D (1) = @ (¢) A. Fill in the details. To do this, let ¥ (1) = AP (¢) —
®(1)A. Thus ¥ (0) = 0. Also

W (1) =AD (1) — @ (1A =A’® (1) —AD (1) A=A (AD (1) — D (1)A) = A¥ (1)

In short, ¥’ (1) = A¥ () , ¥ (0) = 0. Use the Laplace transform method to show that
Y () = 0. Also show that ®(—7)®(z) = I. To do this last one, define the function
W=D (-1)D (1),

V() = - (-1)P@)+P(—1)D (t) = —AP(—1)D(t) +DP(—1)AD (1)
—P(—1)AP (1) +P(—t)AD (1) =0

thus ¥ (0) =7 and ¥’ (0) = 0 so each entry of ¥ (¢) is a constant from the mean value
theorem. Thus W (¢) = I for all . Also show that ® (1) @ (s) = ® (7 + s) using similar
considerations using Laplace transforms.

All linear equations in an undergraduate differential equations course, which includes
the vast majority of what is discussed in these courses, can be written as x’ (¢) =
Ax (t) +£(r),x(0) = xo. Fill in details. X' — Ax = f(r) . Multiply by ® (—¢) and you
get % (D (—1)x(t)) =P (—1)f(¢). Note that the left side equals the following by the
product and chain rule.

—@' (—1)x+ P (—1)X =P (—1)X — AP (—1)x = P (—1) (X' — Ax)
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Now it follows from considering the individual entries of the matrices and vectors
that

®(—1)x(1)—x) — /OtQJ(fs)f(s)ds,
x(t) = fI)(t)xo—Q—CID(t)'/(:(IJ(—s)f(s)ds
(1) = CIJ(t)x0+/tCI>(t—s)f(s)ds
0

This is the variation of constants formula for the unique solution to the initial value
problem. This has shown that if there is a solution, then it is the above. Next verify
that the above does solve the initial value problem applying fundamental theorem of
calculus to the entries of the matrices. This completes somewhat more than what is
accomplished in an entire undergraduate differential equations course. Furthermore,
unlike what is done in these wretched busy work courses, this leads somewhere.



Chapter 13

The Generalized Riemann Integral

The preceding part of the book is essentially devoted to nineteenth century analysis. The
generalized Riemann integral is a relatively recent development from around 1957. How-
ever, it is very close to the Riemann integral. One replaces the norm of the partition which
is a single number with a gauge function.

13.1 Definitions and Basic Properties

This chapter is on the generalized Riemann integral. The Riemann Darboux integral pre-
sented earlier has been obsolete for over 100 years. The integral of this chapter is certainly
not obsolete and is in certain important ways the very best integral currently known. This
integral is called the generalized Riemann integral, also the Henstock Kurzweil integral
after the two people who invented it and sometimes the gauge integral. Other books which
discuss this integral are the books by Bartle [7], Bartle and Sherbert, [8], Henstock [16],
or McLeod [22]. Considerably more is presented in some of these references. In what
follows, F' will be an increasing function, the most important example being F (x) = x. In
the Stieltjes integral, we featured ||P|| < 6. One does the same thing here except here 6 is
not a positive number but a positive function.

Definition 13.1.1 L. [a,b] be a closed and bounded interval. A tagged division'
of la,b) =1 is a set of the form P = {(I;,t;)};_, where t; € I; = [x;_1,x;], and a = x;—1 <
o+ < xp =b. Let the t; be referred to as the tags. A function d : R — (0,0) is called a
gauge function or simply gauge for short. A tagged division P is called O fine if

LC(ti—6(t),t:i+0 ().

A § fine division, is understood to be tagged. More generally, a collection, {(I;,#;)}\_, is &
fine if the above inclusion holds for each of these intervals and their interiors are disjoint
even if their union is not equal to the whole interval, [a,b]. In this definition, one often
requires that I; C [t; — 0 (t;) ,t; + & (t;)] rather than the open interval above. It appears to
not matter much in what is presented here.

The following fundamental result is essential.

Proposition 13.1.2 Let [a,b] be an interval and let § be a gauge function on [a,b].
Then there exists a 0 fine tagged division of [a,b).

Proof: Suppose not. Then one of [a, “52] or [“52,b] must fail to have a § fine tagged

division because if they both had such a § fine division, the union of the two & fine divi-
sions would be a § fine division of [a,b]. Denote by I; the interval which does not have a
0 fine division. Then repeat the above argument, dividing /; into two equal intervals and
pick the one, I which fails to have a & fine division. Continue this way to get a nested
sequence of closed intervals, {/;} having the property that each interval in the set fails to
have a § fine division and diam (f;) — 0. Therefore, N> ;I; = {x} where x € [a,b]. Now
(x— 8 (x),x+ 0 (x)) must contain some I because the diameters of these intervals con-
verge to zero. It follows that { (I, x)} is a § fine division of [, contrary to the construction
which required that none of these intervals had a ¢ fine division. H

'In beginning calculus books, this is often called a partition and I followed this convention earlier. The word,
division is a much better word to use. What the x; do is to “divide” the interval into little subintervals.

303
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With this proposition and definition, it is time to define the generalized Riemann inte-
gral. The functions being integrated typically have values in R or C but there is no reason to
restrict to this situation and so in the following definition, X will denote the space in which
f has its values. For example, X could be R” which becomes important in multivariable
calculus. For now, just think C. It will be assumed Cauchy sequences converge and there
is a norm although it is likely possible to generalize even further.

Definition 13.1.3 rora= Xi—1 < -+ <X, =b, and F an increasing function, AF;
will be defined as F (x;) — F (x;_1). Let X be a complete normed vector space. (For exam-
ple, X=RorX=CorX =RP.) Then f : [a,b] — X is generalized Riemann integrable,
written as [ € R*[a,b] if there exists R € X such that for all € > 0, there exists a gauge 98,
such that if P = {(I;,t;) }_, is O fine, then defining S (P, f) by

n
S(P.f)= Y f(t)AF,
i=1
it follows |S (P, f) — R| < €. If such an R exists, then the integral is defined as follows.

b
/dez / fdF =R
JI Ja
Here || refers to the norm on X. For R, this is just the absolute value.

Note that if P is 8; fine and §; < § then it follows P is also 6 fine. Because of this, it
follows that the generalized integral is unique if it exists.

Proposition 13.1.4 i1 R, R both work in the above definition of the generalized Rie-
mann integral, then R = R.

Proof: Let € > 0 and let 6 correspond to R and 5 correspond to R in the above defini-
tion. Then let 69 = min (6, 3) . Let P be & fine. Then P is both & and & fine. Hence,

[R—R| < |R—S(P.f)|+|S(P.f)—R| <2¢

Since € is arbitrary, it follows that R = R. B

Is there a simple way to tell whether a given function is in R* [a,b]? The following
Cauchy criterion is useful to make this determination. It looks just like a similar condition
for Riemann Stieltjes integration.

Proposition 13.1.5 A function f : [a,b] — X is in R* [a,b] if and only if for every € > 0,
there exists a gauge function O¢ such that if P and Q are any two divisions which are 0

fine, then |S (P, f) — S (Q.f)| < &.

Proof: Suppose first that f € R* [a, b]. Then there exists a gauge, 8, and an element of
X, R, such that if P is &, fine, then |[R— S(P, f)| < €/2. Now let P, Q be two such J fine
divisions. Then

(RS =S(Q.N <IS(P.f)~RI+IR-S(Q. 1) < 5 +5 =e.

Conversely, suppose the condition of the proposition holds. Let €, — 0+ as n — oo and
let 8¢, denote the gauge which goes with €,. Without loss of generality, assume that S,
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is decreasing in n. (If not, replace it with the minimum of itself and earlier gauges.) Let
R;, denote the closure of all the sums, S (P, f) where P is J¢, fine. From the condition,
it follows diam (R,) < €, and that these closed sets are nested in the sense that R, 2
Re, ., because O, is decreasing in n. Therefore, there exists a unique, R € M Re,. To
see this, let r, € Re,. Then since the diameters of the R, are converging to 0, {r,} is
a Cauchy sequence which must converge to some R € X. Since Rg, is closed, it follows
R € Rg, for each n. Letting € > 0 be given, there exists €, < € and for P a §,, fine division,
IS(P,f) —R| < &, < &.Therefore, R= [, f. &

Are there examples of functions which are in R* [a, b]? Are there examples of functions
which are not? It turns out the second question is harder than the first although it is very
easy to answer this question in the case of the obsolete Riemann integral. The generalized
Riemann integral is a vastly superior integral which can integrate a very impressive collec-
tion of functions. Consider the first question. It turns out that R [a,b] C R* [a,b]. Recall the
definition of the Riemann integral given above which is listed here for convenience.

Definition 13.1.6 A bounded function f defined on [a,b] is said to be Riemann
Stieltjes integrable if there exists a number I with the property that for every € > 0, there
exists 0 > 0 such that if

P ={x0,x1, ", % }

is any partition having ||P|| < 8, and z; € [xi_1,xi],

The number |, f f (x) dFis defined as I.

First note that if & > 0 is a number and if every interval in a division has length less than
0 then the division is 0 fine. In fact, you could pick the tags as any point in the intervals.
Then the following theorem follows immediately.

Theorem 13.1.7 Suppose that f is Riemann Stieltjes integrable according to Defin-
ition 13.1.6. Then f is generalized Riemann integrable and the integrals are the same.

Proof: Just let the gauge functions be constant functions. ll
In particular, the following important theorem follows from Theorem 9.3.7.

Theorem 13.1.8 L. f be continuous on [a,b] and let F be any increasing integra-
tor. Then f € R*[a,b].

This integral can integrate almost anything you can imagine, including the function
which equals 1 on the rationals and O on the irrationals which is not Riemann integrable.
This will be shown later.

The integral is linear. This will be shown next.

Theorem 13.1.9 Suppose a and B are constants and that f and g are in R* [a, D).
Then o.f + Bg € R*[a,b] and

/I(af+ﬁg)dF:a/Ide+ﬁ/Ing.
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Proof: Let ) = W and choose gauges, 8, and & ¢ such that if P is J, fine,

‘S(P,g) _/1ng <n

and that if P is J s fine,

’S(P,f) f/lde <.

Now let 6 = min (5 e 5f). Then if P is 6 fine the above inequalities both hold. Therefore,
from the definition of S (P, f),

S(Paf+pg)=aS(P.f)+BS(Pg)
and so

sas+p- (B [sar +a [ far )| <|ps (o -p [ear

+‘aS(P,f)a/Ide‘ <IBIn+la|ln <e.

Since € > 0 is arbitrary, this shows the number f [; gdF + a [, fdF qualifies in the defini-
tion of the generalized Riemann integral and so of + g € R*[a,b] and

/I(af+l3g)dF _ B/Ing-i-OC/[de. n
The following lemma is also very easy to establish from the definition.

Lemma 13.1.10 if f > 0 and f € R*[a,b], then [; fdF > 0. Also, if f has complex
values and is in R* I, then both Re f and Im f are in R* [I].

Proof: To show the first part, let € > 0 be given and let § be a gauge function such that
if Pis O fine then |S(f,P) — [; fdF| < €. Since F is increasing, it is clear that S (f,P) > 0.
Therefore, [; fdF > S(f,P) — & > —e and since € is arbitrary, it follows [, fdF > 0 as
claimed.

To verify the second part, note that by Proposition 13.1.5 there exists a gauge, 0 such
that if P,Q are & fine then |S(f,P) — S(f,Q)| < €. But

< [S(f,P)=S(f.0)

and so the conditions of Proposition 13.1.5 are satisfied and you can conclude Re f € R*[I].
Similar reasoning applies to Im f.

Corollary 13.1.11 If|f|,f € R* [a,b], where f has values in C, then

‘/,f‘“”‘ < [if1ar.
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Proof: Let || =1 and o [; fdF = |f; fdF|. Then by Theorem 13.1.9 and Lemma

13.1.10,
JI

/ade: /(Re(ocf)—i—ilm(af))dF
JI JI
- /Re(ocf)dF—i—i/Im(ocf)dF
1 JI
- /Re(af)dF§/|f|dFl
1 1

Note the assumption that | f| € R* [a,b]. I will point out later that you can’t assume | f]|
is also generalized Riemann integrable. This is just like the case with series. A series may
converge without converging absolutely.

The following lemma is also fundamental. It is about restricting f to a smaller interval
and concluding that the function is still generalized Riemann integrable on this smaller
interval.

Lemma 13.1.12 If f € R*[a,b] and [c,d] C [a,b], then f € R* [c,d)|.

Proof: Let € > 0 and choose a gauge § such that if P is a division of [a,b] which is
0 fine, then |S(P,f) —R| < €/2. Now pick a § fine division of [c,d] ,{(Ii,ti)}f:r and let

() Yo {t) Yy be 0 fine divisions on [a,c] and [d, b] respectively.
Now let P and Q; be 8 fine divisions of [c,d] and let P and Q be the respective 0 fine

divisions of [a, b] just described which are obtained from Py and Q; by adding in {(/;, ti)}l.r;ll
and {([i,l[)}?:lJr] . Then

€>[S(P.f)—R[+[S(Q,f) =Rl > [S(Q,f) =S(P.f)| = S(Q1,f) =S (P1, f)|
By the above Cauchy criterion, Proposition 13.1.5, f € R*[c,d] as claimed. B

Corollary 13.1.13 Suppose c € [a,b] and that f € R* [a,b]. Then f € R*[a,c] and f €

R*[c,b]. Furthermore,
c b
/de:/ de+/ fdF.
1 a c
Here [ fdF means Jiaq fAF.
Proof: Let € > 0. Let §; be a gauge function on [a,c| such that whenever P; is a §;
fine division of [a,c],

/Cde _S(P, )| <e/3.

a

Let 8, be a gauge function on [c,b] such that whenever P, is a &, fine division of [c, D],

/bde—S(P27f) <e/3.

Let 63 be a gauge function on [a,b] such that if P is a §3 fine division of [a, D],

/hde—S(P,f)‘<8/3.
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Now define a gauge function

_ [ min(Jy,83) on [a,c]
8(x) = { min (85, 85) on [c, b

Then letting P; be a d fine division on [a,c] and P, be a d fine division on [c,b], it follows
that P = P, UP, is a 83 fine division on [a,b] and all the above inequalities hold. Thus
noting that S (P, f) = S(P1, f) +S (P, f),

/[de— (/:de+/cbde>‘ ‘/de S(Pi, )+S(P2,f))’

+’S(P1,f)+S P, f) </ de+/ de)‘

b
/Ide—S(P,f)’—&-‘ (P1, /) /de’ ‘ P27f)—/c de‘
< ¢&/3+¢/3+¢€/3=¢.

Since € is arbitrary, the conclusion of the corollary follows. ll
The following lemma, sometimes called Henstock’s lemma is of great significance.
When you have a tagged division of [a,b] denoted as {(I;,#;) }1_, = P with

LC(ti—0(t),ti+6(t))

so the division is & fine, it would make perfect sense to write Y ;c  f (t;) AF; for .% C
{1,2,...,q}. If you know that f € R*[a,b] and that

q

Y £ () AF; — /bde

i=1

<e

whenever P is 8 fine, then it follows from Corollary 13.1.13 and induction that

q q .
Y Fw)ar-Y. [ far
i=1 =171

Henstock’s lemma says that you can replace the sum over all i € {1,2,...,¢q} with the sum
overi € & C{l1,2,...,q} and preserve the same inequality. That is, you can take the sum
over any subset of the tags. The reason such a remarkable result holds is that § is a function,
not a single number. Thus you can change it some places and not others.

<e

q b
Zf(ti)AFi—/a fdF| =

i=1

Lemma 13.1.14 Suppose that f € R* [a,b] and that whenever Q is a & fine division of
I=a,b],

‘S(Q,f)—/de‘ <e.

1

Then if P = {(I;,t;)};_, is any 8 fine division of I, meaning that
LC({—0 (l‘,’) i+ 06 (I,')) ,

and P' = { (I t,J) };:1 is a subset of P, then

lj,

<e.

Zi: f (i) AF; — Z/de
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Proof: Let (Jy,#) € P\ P'. From Lemma 13.1.12, f € R* [J;]. Therefore, letting O be
a suitable § fine division of Ji, using J as a generic gauge as small as the original J,

n
dF —S(Qp, f)| < ——
where 7 > 0 and |P\ P'| denotes the number of intervals from P which are not in P’. There
are |P\ P'| different values of k. Let P be the division which results from all the Q; along
with P’. We modify the original § only on the intervals of P\ P’ always making it smaller.
Then

e> ’S(ﬁ,f) _/1de’

|P\P'|

(Z f () AF; — Z/ de>+ Z S(Qx. f) /de

y nIP\P|
> 1;)) AF; - / dF| —
= J; i T\ =\ P T
> Z 1)) AF; — Z/de

Then ’Z -1 f t,J)AF ):] 1f1 de) < &+ 1n and since 1) is arbitrary,

<e i

2 f (1) AF; — Z/de

Consider {(1;,7;) }"_, a subset of a division of [a, b]. If 8 is a gauge and {(;,1))}//_, i

0 fine, meaning that I; C (r; — & (¢;) ,t; + 0 (¢;)) , this can always be considered as a subset
of a § fine division of the whole interval and so the following corollary is just a rewording
of the above.

Lemma 13.1.15 Suppose that f € R* [a,b] and that whenever Q is a & fine division of
I=a,b],

‘S(Q,f)/de‘ <e.
1

Then if {(L;,t;) }_, is 8 fine, maybe not dividing all of 1, it follows that
p

Y F)AF) - Y [ far
= '

j=1 1

<eEe.

Here is another corollary in the special case where f has real values. In this lemma,
one splits the indices into those for which f (t;) AF; > [, fdF and the ones in which the
inequality is turned around. You can do this because of the above corollary.
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Corollary 13.1.16 Suppose f € R* [a,b] has values in R and that
s~ [rar|<e
1

for all P which is 8 fine. Then if P = {(I;,t;)}_, is 0 fine,

L

f(t;) AF; — /de‘ < 2Ze. (13.1)

Proof: Let .7 = {  f () A > [, de} and let #€ = {1,--- ,n}\ .#. Then by Hen-
stock’s lemma

W)AF— Y [ far|= 1) AF, — de‘ <e
Z 16// ( ) /I;

i€y

and

Y f()aR- Y / fdF| =

icsC zeﬂc

£ (w)aF~ | de‘ <e
IEJC i

so adding these together yields 13.1.
This generalizes immediately to the following.

Corollary 13.1.17 Suppose f € R* [a,b] has values in C and that

‘S(Rf) /de‘ <e (13.2)
1
for all P which is 8 fine. Then if P = {(I;,t;)}_, is 0 fine,
n
Proof: It is clear that if 13.2 holds, then |S(P,Re f) —Re [; fdF| < &, which shows
that Re [, fdF = [;Re fdF. Similarly Im ; fdF = [,Im fdF. Therefore, using Corollary

13.1.16, YLy |Re f (t:) AF; — [, Rede’ <2eand ¥ |ilmf (;) AF; — [, ilm fdF| < 2e.
Adding and using the triangle inequality, yields 13.3. W

£ (1) AF— /de‘ < 4e. (13.3)

13.2 Monotone Convergence Theorem

There is nothing like the following theorem in the context of Riemann integration.

Example 13.2.1 Let {r,},,_, be the rational numbers in [0,1]. Let f,(x) be 1 if x €
{r1,-+-,rn} and 0 elsewhere and F (x) = x. Then f, is Riemann integrable and converges
pointwise to the function f (x) which is I on all rationals in [0, 1] and zero elsewhere. How-
ever, f is not Riemann integrable. Indeed, there is a gap between the upper and lower
sums. See Theorem 9.3.10 on Page 200.

In contrast to this example, here is the monotone convergence theorem.
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Theorem 13.2.2 ret 7, (x) > 0 and suppose f, € R*[a,b] ,--- f (x) < fos1(x)---
and that f (x) = lim, .« f,, (x) for all x and that f (x) has real values. Also suppose that

=)

{ff fndF} | is a bounded sequence. Then f € R*[a,b] and
=

b b
/ fdF = tim | f.dF (13.4)
a n—e Jq

Proof: Let € > 0 be given. Let 1 be small enough that 31 + (F (b) —F (a))n < €.
Since { / ab JondF } is increasing and bounded, there exists I = limy,_yo [, f fndF . There-

n=
fore, there exists N such that ‘fabedF —I’ <mnsoforalln>N, jab fudF —I’ < 1. By

assumption f (x) = lim;_.. f; (x). Now define for j > N, F; = {x: |fj (x) = f(x)| <71 }.
Since f; (x) is increasing, these F; are also increasing and since lim, . f, (x) = f(x), the
union of these Fj is all of [a,b]. Let Ej | = Fj41 \ Fj, and Ey = Fy so these E; are disjoint
and they partition [a,b]. On Ej, Ej, | fj (x) — f (x)| < 7.

Next is a choice of fineness so that the sum will be close to the integral. Let §,, be such
that when P = {(I;,1;)}?", is 8, fine, then

<n2- 0D (13.5)

qn b
Y fo (1) AF; — / fudF
i=1 a

I will choose a smaller § in order to use just one instead of one for each n > N. Let J (x)
be defined by
0 (x) =min(dy (x),---,0;(x)) forx € E; (13.6)

Since the union of the E; is [a,b], this defines 6 (x) > 0 on [a,b], & (x) being positive
because it is a minimum of finitely many positive numbers on each E;, j > N. Also for
any n > N,6 (x) < 6, (x) on E, UE,+; U--- because &, is in the list so d (x) < J, (x) on
E,UE,1U--- . If x € E; for some j < n, then 6 (x) < §,;(x) so from Henstock’s lemma,
Lemma 13.1.15,

<n2-UHh (13.7)

Y [ far = ¥ 150,

iEfj i ieﬂ,—

Let P be § fine. Modify & to make 8 = §, < &, on the rest of [a,b] ,other than the
finitely many intervals containing the tags from E, UE, ; U--- and consider a 5, fine
division of [a,b] which retains the intervals corresponding to the tags which are in E, U
E, 1U---. Then Henstock’s lemma, Lemma 13.1.15 implies the following for .#; those i
where the tag #; isin £}, j > n.

o

i Y f)AR-Y Y /f,,dF

j=nieg; j=nieg; Ii

<n2~*H < (13.8)

This is because the double sum Z;":n Yic 7 selects intervals which have tags in £, UE, | U
- on which 6 < §,. Also, for § given as above and N < j <n,6 < §; on [a,b] from the
construction. Note that P does not depend on the choice of n > N.

I want to estimate ‘S (P, fn) — f: fndF’ for n > N and this choice of a gauge function &.

The idea is to estimate in terms of two sums according to which E; contains the tags. Then
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split again according to whether j > n or j < n. Thus

Y Y fu()AF - / fudF
Jj= Nze/

j=Nic7;

b
‘S(Rf")‘/u fndF‘ —

Next, split further according to whether j > n.

Y Y St AF - ZZ/fndF

j=nied; j=nicg;

‘ (P.f.) /fndF‘

n—1
+ (t:) AF; — / fudF
J=NicJ; j= Nzeﬂ

By 13.8,

n—1 n—1
Yy Y /fndF— Y Y fi(t)AF,

J=NicJ; Jj=NicJ;

<n+

Next split up the last term in 13.11.

n—1
N RS W WAGEY:
j= Nze/

j=Nief/-

n—1
Epl e

Jj=NicJ;
y dF — Z Y i) AF;
J=N J=NicJ;
- —1
Z Z (ti) AF; — Z Y /() AF,
J=NicJ; j=Nic.7;

Then 13.121s [\ Yie s, Ji, f2dF — X'\ i s, J;, fde‘ _

,ZN,Z [ th=ppar < [ gar [ gar<i- [ jar <n

Next consider 13.13. This term satisfies

n—1 n—1
Y Y [ far ¥ ¥ fi)an <
j=Nies; /i j=Nic.s;

/deF Y fi(w)AF <Zn2 U+ <

i€ i€

Jj= N

(13.9)

(13.10)

(13.11)

(13.12)

(13.13)

(13.14)
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which comes from 13.7. Next consider 13.14. Since t; € E}, this term satisfies

n—1 n—1
Y Y fi)AF—-Y ¥ fu() AR
J=NicJ; j=Nic.s;
n-l n—1
<Y Y ()= fi@)AR< Y, Y nAF, <n(F(b)—F (a))
j:NiE.]j j:NI'E.]/'

Since f;, (t;) — f; (t:;) < f(t;) — f; (t;) < n. It follows that

b
s@h)- [ hdr| < nenenenEe)-F@)
< 3n+n(F(b)—F(a))<e.

Now let n — o and this yields |S (P, f) —I| = ‘S(P,f) —limy e fahfndF < €. Since € is
arbitrary, it follows that f € R* [a,b] and [ = || ab fdr. 1

13.3 Computing Generalized Integrals

Here we give some idea of how to compute these generalized Riemann integrals. It turns
out they can integrate many things which the earlier Riemann Stieltjes integral cannot. In
particular, you can have jumps in the integrator function at points of discontinuity of the
function. You can also integrate functions which are continuous nowhere.

Example 13.3.1 Let

[ 1ifxeQ
f(x)_{ol‘fx¢<@

Then f € R*[0,1] and for F (x) = x,

/Oldezo.

This is obvious. Let f, (x) equal 1 on the first n rational numbers in an enumeration
of the rationals and zero everywhere else. Clearly f;, (x) 1 f (x) for every x and also f; is
Riemann integrable and has integral 0. Now apply the monotone convergence theorem.
Note this example is one which has no Riemann or Darboux integral.

Example 13.3.2 Ler F (x) be an integrator function given by

0ifx<1
F(x)=1< lifxe(1,2)
2ifx>2

Thus this has a jump at 1 and 2. Let f (x) = Z(; 2) (x). We assume x € [O, 3\/5] where the

fact \/2 is irrational is convenient. Note that here the integrator function and the function
being integrated are both discontinuous at the two points 1,2.
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Suppose f03 V2 fdF exists, the ordinary Stieltjes integral, and let P, consist of points
{k%—ﬁ,k =0,1,--- ,n} . Thus all division points are irrational. If this integral exists, then
we would need to have a number / such that

‘S(Pﬂaf)in <E

for all n large enough. However, we can choose the tags in such a way that S(P,, /) =0
and another way such that S (P,, f) = 2. Therefore, this Riemann Stieltjes integral does not
exist.

However, consider the following piecewise linear continuous functions. f;, is piece-
wise linear, equal to 0 on (—eo, 1], 1 on [141/m,2—1/m], and then 0 on [2,c0). Then
. 03 V2 fmdF does exist and it is clear that the integrals are increasing in m. Using the Proce-

dure 9.7.1, it follows that the Riemann Stieltjes integral f(; V2 fmdF = 0. By the monotone
convergence theorem, since limy, e fin (X) = 2/ 2) (x) , it follows that in terms of the gen-

eralized Riemann integral,
3v2
/0 Zn2) (x)dF
is defined and equals O.
Why do we consider gauges instead of the norm of the partition? The next example will
illustrate this question. Compare with the above in which the Riemann Stieltjes integral

does not exist because of the freedom to pick tags on either side of the jump. A suitable
gauge function can prevent this.

Example 13.3.3 Consider the same example. This time, let

~f min(Yx—1], 3 x—2|) ifx ¢ {1,2}
3<x>_{ 1/2§fzxe{1,ﬁ )

This gauge function forces 1,2 to be tags because if you have a tagged interval which
contains either 1 or 2, then if t is the tag, and if it is not either 1 or 2, then the interval
is not contained in (t — 0 (t),t+ 8 (t)). Also 1,2 are both interior points of the interval
containing them. Consequently if the division is O fine, then the sum equals 0. From the

definition, fgﬁfmdF =0.

As pointed out in Theorem 13.1.7, if the Riemann Stieltjes integral exists, then so does
the generalized Riemann Stieltjes integral and they are the same. Therefore, if you have
F(x) = x, and I is an interval contained in [a,b], then [ f 27 (x)dF is the length of the
interval. In general, we have the following result about the indicator function of intervals.

Proposition 13.3.4 Suppose I is an interval and F (x) = x. Then Zinjap) € R [a,b].

Proof: First suppose I = (p,q). Then consider the sequence of continuous functions
which are increasing in n and converge pointwise to 2, ;) (x) .

limy, 0 f(x) = ‘%ip,q) (x)

graph of f,
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Then f, € R* [a,b] and by the monotone convergence theorem, 2, 4)n(a.5] € R” [a,]].
Next suppose I = [p,q]. In any case, [p,q] N [a,b] is a closed interval which is con-
tained in [a,b]. There is nothing to show if this intersection is @ because then %M]m[a’b]
is 0. Consider the complement, [p,q] N [a,b]. This equals either the intersection of one
or two open intervals with [a,b]. As shown above, each of these open intervals is the
increasing limit of continuous functions. Hence, by the monotone convergence theorem,
‘%tp,q]cﬂ[a,h] € R*[a,b] and s0 Z, gnjap) = 1 ‘%[p,q]cm[a,h] € R*[a,b] because the sum of
generalized Riemann integrable functions is generalized Riemann integrable. Next suppose
I=(p,q]. Then IN[a,b] = (p,b],(p,q|, or [a,q]. The first and last case were just consid-
ered, the first by expressing the indicator function of the interval as the increasing limit of
continuous functions. It is only the second one which maybe is not clear. However, the
complement of this set is [a, p]U(q,b] =U and Z, 5 = | — 2y where Zy € R* [a,b] and
so, even in this case, Z(, 4 € R*[a,b]. In case I = [p, q), the situation is exactly similar. B
Suppose the following conditions.

1. F is continuous and increasing on (a,b) but may have jumps at a and b.
2. Let F(a) = F (a+),F (b) = F (b—)

3. Let f €R([a,b],F)

Is f € R*[a,b]? What is [ fdF?
Let 17, > 0 be such that if ||P|| < 1,,, then

b
‘S(f,P,F)/ fdﬁ‘ < €y, €, —0

a

Now let 8, (x) = min (4 [x—a|, 3 |x—b|,n,,5|b—al| ifx¢ {a,b}),8(a) = 5 (b) = &,.
Then let P = {(I;,#;)}!™", be a & fine division of [a,b]. If a is in some I;, then the tag
for I; must be a since if itis 7 # a, (t — 3 (¢),t + 8 (¢)) cannot contain a. Also, the inter-
val containing a is not just a so in fact, a is the left end point of this interval. Similar
considerations apply to b. Hence P is of the form

a=xy<x{---<x, =b

my,
and the tags for [a,x1], [Xm,—1,b] are a,b. Thus S (f, P,F) is of the form
my—1

(F () —F(a)) f(a) + 1;2 F(6) (F (x) = F (xe-1)) + f (B) (F (B) = F (x5, 1))

Since F = F on (a,b), we can add in some terms on the top and bottom of the sum and see
that this equals
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Asm, — 0, that last term f (b) (F (b—)—F (x" )) + f (a) (F (x}) — F (a+)) converges

mp—1
to 0 and so the end result is

(Flat)~F @) @)+ [ faf o) (F ()~ F (b-)
Thus this must be the generalized Riemann integral.
Procedure 13.3.5 suppose
1. Suppose F is increasing and may have jumps at a and b but no jumps on (a,b).
2. Let F (a)=F (a+),F (b)) =F (b—)

3. Let f € R([a,b],F)
Then f € R* [a,b] and

[/ aE = (F tat) - F @) @)+ [ 7aF 41 0)(F 0)—F (5-)

This says you add the weighted jumps at the end points to the ordinary Riemann inte-
gral taken with respect to £ which is continuous on [a,b]. What if you had two intervals
[a,b],[b,c] and similar conditions holding on each. Then you would obtain

[ raE = (Fan-F@)s@+ [ faf ) For) - Fo-)
+/bcfd13“+f(6) (F(c) =F(c))

The details are left to you. Note how you pick up the whole jump at . You could of course
string together as many of these as you want. In each of the two integrals, F is adjusted to
be continuous on the corresponding closed interval. What is new here? The thing which is
new is that f does not need to be continuous at points where F has a jump. It is not even
clear that the ordinary Rieman Stieltjes integral exists.

13.4 Integrals of Derivatives

Consider the case where F (¢) = t. Here I will write df for dF. The generalized Riemann
integral does something very significant which is far superior to what can be achieved with
other integrals. It can always integrate derivatives. Suppose f is defined on an interval,
[a,b] and that f’ (x) exists for all x € [a, D], taking the derivative from the right or left at the
endpoints. What about the formula

b
[ 0= re)-flap (13.15)
a
Can one take the integral of f'? If f” is continuous there is no problem of course. However,

sometimes the derivative may exist and yet not be continuous. Here is a simple example.

Example 13.4.1 Let

) *?sin x% ifx€(0,1]
rio={ in(z)

You can verify that f has a derivative on [0, 1] but that this derivative is not continuous.
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The fact that derivatives are generalized Riemann integrable depends on the following
simple lemma called the straddle lemma by McLeod [22].

Lemma 13.4.2 Suppose f : [a,b] — R is differentiable. Then there exist § (x) > 0 such
that ifu <x<vandu,v € (x— 8 (x),x+ 0 (x)), then

[f )= f ()= f () v —u)| <elv—ul.

Proof: Consider the following picture.

Il Il Il

From the definition of the derivative, there exists 8 (x) > 0 such that if |[v — x|, |x —u| <
0 (x), then

F)= £ )= () w=x)] < 5 Ju—x

and

&
|[F @) (v =x) = f )+ f ()] < 5 v =]
Now add these and use the triangle inequality along with the above picture to write
[f @) (v =u) = (f () = f ()| < elv—ul. M
The next proposition says 13.15 makes sense for the generalized Riemann integral.

Proposition 13.4.3 Suppose f : [a,b] — R is differentiable. Then f' € R* [a,b] and
b
o) ~f@= [ rax

where the integrator function is F (x) = x.

Proof: Let € > 0 be given and let § (x) be such that the conclusion of the above lemma
holds for € replaced with €/ (b —a). Then let P = {(I;,#;)};_, be & fine. Then using the
triangle inequality and the result of the above lemma with Ax; = x; — x;_1,

J i) = f (1) = f () Axg

o

ﬂ@ﬂ@éfmmn

1

oh

I
-

< e/(b—a)Ax;=¢. 1

1

With this proposition there is a very simple statement of the integration by parts for-
mula, the product rule gives a very simple version of integration by parts.

Corollary 13.4.4 Suppose f,g are differentiable on [a,b]. Then f'g € R* [a,b] if and
only if ' f € R* [a,b] and in this case,

b b
foli— [ feldr= [ fax
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The following example, is very significant. It exposes an unpleasant property of the
generalized Riemann integral. You can’t multiply two generalized Riemann integrable
functions together and expect to get one which is generalized Riemann integrable. This is
like the case of summation. You know that if you multiply the terms of two conditionally
convergent series, the resulting series is not necessarily convergent. Also, just because
f is generalized Riemann integrable, you cannot conclude |f| is. Again, this is like the
situation with summation. This is very different than the case of the Riemann integral. It is
unpleasant from the point of view of pushing symbols. The reason for this unpleasantness
is that there are so many functions which can be integrated by the generalized Riemann
integral.

Example 13.4.5 Consider the function

) x?sin X% ifx#0
f(x){ Oifx£0)

Then [’ (x) exists for all x € R and equals

o= { () tem(3) o2

Then f' is generalized Riemann integrable on [0, 1] because it is a derivative. Now let y (x)
denote the sign of f' (x). Thus

Lif £/ (x) >0
yx)=q —Lif f'(x)<0
0if f'(x)=0

Then y is a bounded function and you can argue it is Riemann integrable on [0,1]. How-
ever, W (x) f (x) = |f' (x)| and this is not generalized Riemann integrable .

Although you can’t in general multiply two generalized integrable functions and get
one which is also a generalized integrable function as shown in the example, sometimes
you can. The following computation will show what the conditions should be.

Let i € R* [a,b] with F an increasing integrator function which we assume is continuous
here. This last assumption could be generalized. What are conditions for g such that hg is
also R*[a,b]? Let €, — 0 and let &, be a gauge function such that if P, is a tagged division
which is &, fine, then

b
/ hdF—S(P,h)‘ <en
a

Without loss of generality, 8, (x) < €,. Say B, consists of the division points a = x < --- <
x”n = b. By Henstock’s lemma, for #/" the tags,

m,

Y h(e) (F<x?>—F<x7,1))_/fhdF

< &y

Let Hf = Y%\ h(t?) (F (¥}) — F (x!_,)) ,H} = 0. Thus, from the above, if k > 1

!
-/ khdF’:|e,,k| <&, (13.16)
a
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Then
Y h(e)g () (F () = F (xiy)) = Y (H —H1) 8 (1)
k=1 k=1
my mp—1 mp—1

=) His(t)— Y Hig (i)=Y H{ (s(0) —g (1)) +Hy,g(mm,) (1317
k=1 k=0 k=1

Applying 13.16, this equals

mp—1 xz
Y (/ hdF) (g(})—g(tty)) +Hp g (tn) (13.18)
k=1 \’a
my—1
+ Y (en) (gt) =g (141)) (13.19)
k=1

I want to estimate the last term. To do this, suppose g is either increasing or decreasing.
Then this last term is dominated by

enlg(b) —g(a)|

and so it converges to 0 as n — eo. The function x — [ hdF is continuous. See Problem
4 on Page 320 and the following problem. Therefore, since 8, < €, the last term in 13.18

converges to -
b
( / hdF) g(b—)
Ja

The remaining term in 13.18 is just a Riemann sum for a continuous function having an
integrator function given by an increasing function. Therefore, since §, — 0 the norm of
the partitions consisting of the division points converges to 0 and so this Riemann sum,
added to the other terms in 13.18 and 13.19 converges to

/ab./:hdng—% (/;hdF) 2(b—)

thanks to Theorem 9.3.7 about the existence of the Riemann Stieltjes integral.

Of course you can also use Proposition 9.3.2 about functions of bounded variation being
the difference of two increasing functions to conclude g could be a real valued bounded
variation function. This proves the following theorem.

Theorem 13.4.6 Let f € R* [a,b] where the increasing integrator function F is con-
tinuous and suppose g is of bounded variation. Then fg € R*[a,b] also.

The proof of this theorem, patterned after the proof of the Dirichlet test for convergence
of series, shows why you have to assume something more on g. This requirement, along
with the fact that f € R* [a,b] does not imply |f| € R*[a,b] is really OBNOXIOUS. The
reason for this is that the generalized Riemann integral can be like conditional convergence.
Recall how strange things could take place. In the next chapter I will present a general
abstract framework for Lebesgue integration. This is like absolutely convergent series and
so many of the strange things will disappear and the resulting integral is much easier to use
in applications. It also is the integral for the study of probability.
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13.5 Exercises

1.

10.

Prove that if f, € R*[a,b] and {f, } converges uniformly to f, and |f, — fin| € R* [a, D]
for each m,n, then f € R*[a,b] and im0 f; f = [} f-

Suppose the integrator function is F (x) = x. Show that for I any interval, Z7 is
Riemann Stieltjes integrable and if I C [a,b], then | f Zjdx is the length of I.

In Example 13.4.5 there is the function given
2(x) = 2xsin (x%) — %cos (ﬁ) ifx#0
0ifx=0

It equals the derivative of a function as explained in this example. Thus g is general-
ized Riemann integrable on [0, 1]. Show that / (x) = max (0, g (x)) and i (x) = |g (x)]
are not generalized Riemann integrable.

Let f € R* [a, ] and consider the function x — [} f (¢) dt. Is this function continuous?
Explain. Hint: Let € > 0 be given and let a gauge § be such that if P is § fine then

‘S(Rfﬁ—:ébde‘<8/2

Now pick / < & (x) for some x € (a,b) such that x+ A < b. Then consider the single
tagged interval, ([x,x+ h],x) where x is the tag. By Corollary 13.1.15

‘f(x)h—/XXMf(t)dt <e/2.

Now you finish the argument and show f is continuous from the right. A similar
argument will work for continuity from the left.

. Generalize Problem 4 to the case where the integrator function is continuous. What

if the integrator function is not continuous at x? Can you say that continuity holds at
every point of continuity of F'?

If F is a real valued increasing function, show that it has countably many points of
discontinuity.

If C = {r;};_, is a countable set in [a,b], show that Z¢ is in R*[a,b]. Hint: Let
Cy={r1, - ,ra} and explain why Z¢, is generalized Riemann integrable. Then use
the monotone convergence theorem.

Prove the first mean value theorem for integrals for the generalized Riemann integral
in the case thatx — [ f () dF is continuous.

Suppose f,|f| € R* [a,b] and f is continuous at x € [a,b]. Show G (y) = [} f (¢)dt is
differentiable at x and G’ (x) = f (x).

Suppose f has n+ 1 derivatives on an open interval containing ¢. Show using induc-
tion and integration by parts that

I
k!

=@+ Y T e L 0 ) e na
k=1 Te
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Is this formula even valid for ordinary Riemann or Darboux integrals? Hint: It is
fine if you assume f"*! is continuous.

The ordinary Riemann integral is only applicable to bounded functions. However,
the Generalized Riemann integral has no such restriction. Let f (x) = x 2 forx>0
and 0 for x = 0. Find f; x~'/2dx. Hint: Let f, (x) = 0 for x € [0,1/n] and x~'/2 for
x > 1/n. Now consider each of these functions and use the monotone convergence
theorem.

Do the above problem directly from the definition without involving the monotone
convergence theorem. This involves choosing an auspicious gauge function. Define
the function to equal O at 0. It is undefined at this point so make it O there.

Can you establish a version of the monotone convergence theorem which has a de-
creasing sequence of functions, { f;} rather than an increasing sequence?

For E a subset of R and F' an increasing integrator function, define E to be “measur-
able” if Zgnqp € R [a,b] for each interval [a,b] and in this case, let

u(E)Esup{ _nn,%”E(t)dF:neN}

Show that if each Ej is measurable and the E;, are disjoint, then so is Uy_| Ey and if E
is measurable, then so is R\ E. Show that intervals are all “measurable”. Hint: This
will involve the monotone convergence theorem. Thus the collection of measurable
sets is closed with respect to countable disjoint unions and complements.

Nothing was said about the function being bounded in the presentation of the gen-
eralized Riemann integral. In Problem 51 on Page 227, it was shown that you need
to have the function bounded if you are going to have the definition holding for a
Riemann integral to exist. However, in the case of the generalized Riemann integral,
this is not necessary. Suppose F (x) = x so you have the usual Riemann type integral

and let IR 0.1]
1/y/xifx € (0,1
f(x):{ 0ifx=0

Letting € > 0, consider & (x) = min (|x|,€) forx# 0 and 6 (0) = €. If you have a > 0
then | : %dx = % (b—a) for some t € (a,b) thanks to the mean value theorem for

integrals. This 7 could be a tag for the interval [a,b] or it might be close enough to

atag y that |1 — i‘ is small. Modify 0 on [g, 1] a compact set on which 1/4/x is

ViV
continuous. Compare the Riemann sums with the tags and f; 1/4/xdx. When you
do this, it really looks a lot like the standard method of finding an improper Riemann
integral.

Let F be an increasing integrator function. In Proposition 13.3.4 an argument was
given which showed that if / is an interval contained on the interior of an interval
(a,b), then 27 was in R* [a,b]. However, this was not computed. In this problem we
dothis. Leta< a < f <b.Forx ¢ {a,B}, let

6 (x) =min (jx—af, [x— )
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and let 6 () = 0 (B) = € > 0. If you have any § fine division P of [a,b], note that
if t is a tag such that ¢ ¢ {a, 3}, then (r — & (¢),7+ 6 (t)) cannot contain o and it
cannot contain 3. Therefore, both a, 8 are tags. Furthermore, explain why each of
o and f is an interior point of the interval for which they are tags. Now explain why
the division points are

a=x0< <G <UA<X2< < Xp<P<Xp2<--<xp=0>b

where (xg12 —x;) < 2€, (Xpy2 —Xxm) < 2€. Now explain why if 7 = (¢, ), then
S(P,Z1)=F (xm) —F (x¢42) and if I = (o, B], S (P, Z1) = F (xm+2) — F (x442) and if
I=[o,B),then S(P,f)=F (xn)—F (x;) and if [ =[x, B] , then S (P, f) = F (xpp+2) —
F (x;). Now as € — 0, show these converge respectively to F (f—) — F (a+),
F(B+)—F(a+), F(B—)—F(ox—), and F (+) — F (¢—). Thus indicator func-
tions of intervals are generalized Riemann integrable and we can even compute them.
Consider a case where (o, ) is not contained in [a,b] and use the same method to
compute |, f Z(a,p)dF . Also consider intervals of the form (o, ).

The gamma function is defined for x > 0 as
o R
[(x)= / e ' dr = lim | e 'rldr
0 R—eJo

Show the integral from O to R exists as a generalized Riemann integral directly from
the definition. Also show that

F'x+1)=xI'(x), (1) =1.

How does I' (n) for n an integer compare with (n — 1)!? This was all done earlier for
the improper Riemann integrals. Why is there no change with generalized Riemann
integrals?



Chapter 14

The Lebesgue Integral

This short chapter is on the Lebesgue integral. The emphasis is on the abstract Lebesgue
integral which is a general sort of construction depending on a measure space. It is an
introduction to this topic. I will use the generalized Riemann integral to give non trivial
examples in which the measure space is linked to the real line, thus tying it in to the topic
of this book, advanced calculus for functions of one variable. Probably, these are the most
important examples. However, the complete development of this topic is in other sources
like [25] or [17]. This is also in my on line analysis books. As mentioned earlier, this inte-
gral can’t do some of the things the generalized Riemann integral can, but it is a lot easier
to use if you are interested in things like function spaces or probability which are typically
built on this integral. Also, you can consider absolute values of integrable functions and
get functions for which the integral at least makes sense since this integral is free of some
of the pathology associated with the generalized Riemann integral. The right way to do all
of this is by the use of functionals defined on continuous functions which vanish off some
interval and to use the Riemann Stieltjes integrals, but to save trouble, I will emphasize the
measure of sets directly because the machinery of the generalized integral has been devel-
oped. The example of measures on R is based on Dynkin’s lemma, a very useful result in
probability which is interesting for its own sake. This integral is like absolute convergent
series whereas the generalized Riemann integral is more like the inclusion of conditionally
convergent series.

14.1 Measures

The definition of a measure is given next. It is a very general notion so I am presenting
it in this way. The case of main interest here is where Q = R. However, if you want
to study mathematical statistics or probability, it is very useful to understand this general
formulation. Surely the study of the integral should lead somewhere. It turns out that the
machinery developed makes it very easy to extend to Lebesgue measure on appropriate
subsets of R” also, but this will not be done in this book because this is a book on one
variable ideas. See my on line analysis books to see this done.

Definition 14.1.1 et Qbea nonempty set. A ¢ algebra F is a set whose elements
are subsets of Q which satisfies the following.

1. IfE; € Z, fori=1,2,---, then UZ |E; € Z.
2. IfE€ .7, then EC=Q\E € .F
3. 0,Q are both in F

W F — [0,00] is called a measure if whenever E; € F and E;NEj =0 for all i # j,
then

=

H(UZE) =) 1(E)

i=1

that sum is defined as sup,Y.;_, L (E;). It could be a real number or 4. Such a pair
(Q,.7) is called a measurable space. If you add in W, written as (Q, F, 1), it is called a
measure space.

323
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Example 14.1.2 As a simple example, let Q =N and let F = & (N) the set of all subsets,
and let U (E) be the number of elements of E. You might verify that this is a measure space.

Observation 14.1.3 If (Q,.%) is a measurable space and E; € F, then N2 |E; € F.
This is because E; € % and by DeMorgan’s laws,

Mie Ei = (U‘;":]Eic)c € .7 since each EC € .F
Measures have the following fundamental property.

Lemma 14.1.4 if 1 is a measure and F; € F, then u (U2 | F) < Yo 1 (F). Also if
F, € % and F, C F,1 for all n, then if F = U,F,,

p(F) = lim p (F,)

Symbolically, if F, 1T F, then W (F,) T @ (F). If Fy 2 Fytq for all n, then if u (Fy) < oo and
F =nN,F,, then

H(F) = lim g (F,)
Symbolically, if L (Fy) < oo and F, | F, then i (F,) | u (F).
Proof: Let G| = Fj and if Gy,--- , G, have been chosen disjoint, let
Gui1 = Fuy1 \UiL G
Thus the G; are disjoint. In addition, these are all measurable sets. Now

B (Gni1) + M (Foe1 0 (UL Gi)) = 1 (Fag1)
and so U (G,) < u (Fy). Therefore,

B(UZ1Gi) = u (UL, F) Z.U Z

l
Now consider the increasing sequence of F;, € .%. If F C G and these are sets of %
p(G)=p(F)+u(G\F)
so U (G) > u(F). Also
F=UZ, (Fu\F)+Hk
Then

:i“(FiJrl\E‘)JFN(Fl)
i=1

Now u (Fiy1 \F;) + 1 (F;) = p(Fip1)- If any u (F;) = oo, there is nothing to prove. Assume
then that these are all finite. Then

u(Fp \F) = u(Fipr) — p (F)

and so U (F) =

=)

Y w(Fier) —p(F)+p(F) =,}33°Zn)u(ﬂ+1)—u( F) +p (Fr) = lim g (Fr)
i=1

i=1



14.1. MEASURES 325

Next suppose [ (F}) < oo and {F,} is a decreasing sequence. Then Fj \ F,, is increasing
to F; \ F and so by the first part,

H(F) — 1 (F) = (F\ F) = lim  (F \ Fy) = Tim (4 (Fy) — 1 (F))

This is justified because u (Fy \ F,) + it (F,) = p (F1) and all numbers are finite by assump-
tion. Hence u (F) = lim, oo 4 (F,). W
Now I will specify a collection of subsets of R which I will refer to as measurable.

Definition 14.1.5 Given an integrator function F let
& ={E CR: Zg € R"[p,q| for all closed intervals [p,q]}
I will call these sets “measurable”.
Then these so called measurable sets satisfy the following:
Lemma 14.1.6 The following hold.

1. All open intervals are in ..
2. If{E;}, are disjoint sets in .- then U | E; € . also.
3. IfE € ., then E =R\E is also in ..

Proof: Consider 1. Let (a,b) be an open interval. There are several possibilities for
(a,6) 0[P, 4]

L. (a,b)N[p.q] = (., ) C [p,4l.
2. (a,b)N[p,q] = (e,q]  [p,q],

3. (a,b)N[p.ql = [p.B) S [p.4q], or
4. (a,b)N[p,q] = [p,q].

In case 1., let y,, vanish off (a,b), be continuous, and increase to %a7ﬁ). Then vy, €
R([p,q]) soitis in R* ([a,b]) and by the monotone convergence 24 gy € R* ([a,b]).

Next consider 2. Is Z(q 4 € R [p,q]? Yes, and a similar argument to 1.) will hold. just
get a sequence of functions continuous on [p, ¢| and increasing to Z(a,q and use a similar
argument.

Case 3.) is entirely similar.

The last case is obvious from Lemma 9.7.2. In fact, [} 2], 0dF = F (¢+) — F (p—),
this being the ordinary Riemann Stieltjes integral.

Letting E = U | E;, the E; being disjoint, why is 2% € R* [p,q|? It follows from what
was done above that %U;n: \Einlab] € R*[p,q] because, since the sets are disjoint, %U;n: \Ei
equals Y/ | 2%, and it was shown that the sum of functions in R* [p,¢] is in R* [p,q]. Now
apply the monotone convergence theorem as m — oo to conclude that 2(;= r, € R* [p.q].

Next consider 3. If E € .7, then Zc = 1 — £ and the two summands on the right
are in R* [p, ¢ so the function on the left is also. B
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14.2 Dynkin’s Lemma

Rather than attempt to show .# is a ¢ algebra, I will show that .’ contains a ¢ algebra. This
is fairly easy because of a very elegant lemma due to Dynkin which is part of the abstract
theory of measures and integrals. This lemma is more interesting than the assertion that .7
contains a o algebra.

Lemma 14.2.1 Let € be a set whose elements are ¢ algebras each containing some
subset & of the set of all subsets. Then N€ is a ¢ algebra which contains J¢ .

Proof: 0,Q are in N% because these are each in each ¢ algebra of €. If E; € N%, then
if # € € it follows that U? | E; € % and so, since % is arbitrary, this shows this union is
inN%. If E € N%, then E€ € .Z for each .Z € N and so, as before, E€ € N%. Thus N
is a o algebra.

Definition 14.2.2 Let Q be a set and let ¢ be a collection of subsets of Q. Then
A is called a 7w system if 0,Q € & and whenever A,B € ¢ , it follows ANB € . 6 (%)
will denote the intersection of all ¢ algebras containing . The set of all subsets of Q
is one such ¢ algebra which contains . Thus ¢ () is the smallest ¢ algebra which
contains .

The following is the fundamental lemma which shows these 7 systems are useful. This
is due to Dynkin. Note that the open intervals in R constitute a 7 system.

Lemma 14.2.3 Let % be a & system of subsets of Q, a set. Also let 4 be a collection
of subsets of Q which satisfies the following three properties.

1. ¥ CY¥Y
2. IfAcY, then A€ €9
3. If {Ai} | is a sequence of disjoint sets from & then U7 |A; € 9.
Then Y D o (X)), where 6 () is the smallest & algebra which contains % .
Proof: First note that if
A ={%:1-3allhold for 4}

then NJZ yields a collection of sets which also satisfies 1 - 3. Therefore, I will assume in
the argument that ¢ is the smallest collection satisfying 1 - 3. Let A € % and define

G ={BcY:ANBcY)}.

I want to show ¥, satisfies 1 - 3 because then it must equal ¢ since ¢ is the smallest
collection of subsets of Q which satisfies 1 - 3. This will give the conclusion that for
A€ ¥ and B€ ¥,ANB € ¥. This information will then be used to show thatif A,B € ¢4
then ANB € ¢. From this it will follow very easily that ¢ is a ¢ algebra which will imply
it contains ¢ (). Now here are the details of the argument.

Since ¢ is given to be a & system, # C ¥ 4. Property 3 is obvious because if {B;}
is a sequence of disjoint sets in ¢4, then ANU | B; = U | ANB; € 4 because ANB; € ¥
and the property 3 of ¢.
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It remains to verify Property 2 so let B € %4. I need to verify that B € ;. In other
words, I need to show that AN B¢ € 4. However, from De Morgan’s laws,

ANBC = (A°UB)" = (A°U(ANnB))"

Now A€ € & because A € % C ¢ and ¥ is closed with respect to complements. Also,
since B € ¥4,ANB €% and s0 A“U(ANB) € 4 because ¥ is closed with respect to disjoint
unions. Therefore, (AC U(A ﬂB))C € ¥ because ¥ is closed with respect to complements.
Thus B¢ € 9, as hoped. Thus ¥, satisfies 1 - 3 and this implies, since ¢ is the smallest
such, that %4 O ¢. However, ¢, is constructed as a subset of ¢. This proves that for every
Be¥andA e #,ANB %Y. Now pick B € ¢ and consider

Ys={AcY :ANBcY}.

I just proved J# C ¥p. The other arguments are identical to show ¥z satisfies 1 - 3 and is
therefore equal to . This shows that whenever A,B € ¢ it follows ANB € 4.

This implies ¢ is a o algebra. To show this, all that is left is to verify ¢ is closed under
countable unions because then it follows ¢ is a o algebra. Let {A;} C%. Then let A} = A,
and

A;/z+1 =Ant1 \ (UL1A4i) = Ana N (m?:IAiC) =Ny (An+1 ﬂAiC) 4

because the above showed that finite intersections of sets of ¢ are in ¢. Since the A/ are
disjoint, it follows U | A; = U | A} € ¢ Therefore, ¥ D o (7). R

14.3 The Lebesgue Stieltjes Measures and Borel Sets

The o algebra of interest here consists of Z (R), the Borel sets of R. # (R) is defined as
the smallest ¢ algebra which contains the open sets.

Definition 14.3.1 Ler % (R) denote 6 (6) where & denotes the set of all open sets
of R.

Then the following lemma is available.
Lemma 14.3.2 Let .7 denote the set of open intervals. Then o (%) = % (R).

Proof: By Theorem 6.5.9, every open set is a countable or finite union of open intervals.
Therefore, each open set is contained in ¢ (.#). It follows that 6 (.#) 2 B(R) =0 (0) 2
(). 11

Let ¢ be those Borel sets E satisfy 2pn,4 € R*[p,q]. Thus 4 C B (R) = o (5).
By Lemma 14.1.6 ¢ contains the open intervals .# and is closed with respect to countable
disjoint unions and complements. Hence, from Dynkin’s lemma, ¢ O ¢ (.#) and so . D
A (R), see Definition 14.1.5. This has proved the following.

Theorem 14.3.3 Every set E in B (R) is measurable which means that the indica-
tor function Z is in R* [p,q| for any [p,q].

From this, it is easy to define the Lebesgue Stieltjes measures on the Borel sets. I will
give the definition first and then show that it really is a measure.
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Definition 14.3.4 L. U = Ug be defined on 2B (R) as follows.

,LL(E)—SUP %Eﬂ[ n,n dF— hm/ %Eﬂ —n,n]

neN oo

Does this definition make sense? I need to verify the limit exists because

oo

{ B %Eﬂ[fn,n] (.X)dF}

is an increasing sequence. If unbounded, then the limit is o and if bounded, it is the real
limit of the sequence. Thus the definition does make sense.

n=1

Lemma 14.3.5 { ", 2pq_n. dF}Oo is increasing in n. Also, if E is a bounded set
contained in [— (n—1),n— 1], then [} n+l ZEA-(n+1) 1] X)dF = [*, Zpoi—n (x) dF.

Proof: f n+1 ZEN-(n+1)n+1] (x)dF =

[( ) %En[—(nﬂ),nﬂ] (x)dF+L %Em[—(ml),nﬂ] (x)dF

n+1

n+1
+/n LEA|—(nt1) 1) (X)dF > /MH) e[ —nm) (X)dF

IfEC[—(n—1),n—1], then

n+1 n+1
ZE—(n+1) X dF:/ 2EAl— -1 n_11 (x)dF
[wu Bl ()] (4) 1) EN), 11 (%)

= [ oy Pt AP+ [ T ooy (3)F

n+1

+ ZEA[=(n—1)—1] (X) dF

= ngbVEﬂ[f(nfl),nfl] (x)dF = n%Eﬂ[fn,n] (x)dF
because on [— (n+ 1), —n] and [n,n+ 1] all the sums in defining the integrals are 0. Thus,
if E is bounded, the integrals giving the measure as a limit are eventually constant and
U(E)<e. R

Next I need to verify that this is a measure. Let {E;};_, be disjoint sets in % (R). Then
U E; € 4 (R) and so, from the monotone convergence theorem for generalized Riemann
integrals,

p (U Ei)

n n
Sup/ '%U?;E,ﬂ[fn,n] (x) dF = sup lim / ‘%U;ilEiﬁ[fn,n] (x) dr
N

n M—oo

= suplim/ Z‘%Eﬂ nndF—supsup/ Z%Em —nn)dF
— 71‘[

n M=eJ_n;5
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= supsupZ/ ZEn| n’n]dF:supsupZ/ ZEn-nmd

nom ;—1 m n ;—1

sup lim Z/ %Em nndF—suthm/ %Eﬂ —nn)dF

m N—e

= supZ‘u EZ (E)
i i=1

In this computation, I have used the interchange of limits with supremums in case of an
increasing sequence. Also, I have used the monotone convergence theorem. Therefore,
this has only shown the desired result in case u (U | E;) is finite because of the mono-
tone convergence theorem we currently have. However, in case this is infinity, let / be a
real number. Then by definition, there is n large enough that ", 2= Einl-nal (x)dF > 1.
If [*, ‘%Uf-”: (En[—nn] (x)dF <1 for each m, then by the monotone convergence theorem,
/", 22 En(-nal (x)dF <1 also, from the monotone convergence theorem for generalized
integrals, which would be a contradiction. Hence for large enough m,

ZM (Et) > / %U;":]Eiﬁ[fn,n] (x) dF = Z/ %Eiﬁ[fn,n]dF >1
i=1 —-n i=1/—n

Since [ is arbitrary, it follows that in this case, both u (U | E;) and Y ;2 it (E;) equal . To
understand measure of intervals here is a lemma.

For [c,d] C (—n,n) it is not clear that [" 2], sdF the Riemann Stieltjes integral even
exists. This is because t%”[cyd] is not continuous and we do not assume F' is continuous
either. In particular, you could have F have a jump at ¢ or at 4. But with the generalized
integral, one can get the appropriate result.

Theorem 14.3.6 Let F be an increasing integrator function. Then
1 pp([c,d]) = F(d+)—F (c—)

2. pp((e;d)) = F(d—) = F(ct)
3.t ((e,d]) = F(d+) = F (c+)
4. pup([e,d)) = F (d=) = F (c—)
Proof: For large n, iy ([c,d]) = [*, Z|cqdF,[c,d] € (—n,n). Define the gauge func-

tion
O¢ (x) =min(|x—c|,|x—d|) ifx ¢ {c,d} and 8. (c) =3, (d) =€ >0

Let P be a §; fine division of [—n,n]. Then both c,d are tags because, due to the def-
inition of &g, neither of these can be closer than . (r) for any ¢ {c,d} because of
the definition of §.. For example, if ¢ is not a tag, then there is some tag x such that
c € (x—08¢g(x),x+ 0¢ (x)) and so 8¢ (x) > |¢ — x| which does not happen. Similarly d must
also be a tag. If I, is the interval containing c then c is on the interior of I.. Otherwise, the
adjacent interval having 7 for a tag and ¢ an endpoint, would have ¢ € (t — 8¢ (¢) ,t 4+ 0¢ (1))
which would say that |¢c —¢| < 8¢ (f) which does not happen due to the definition of J¢.
Similarly d is an interior point of I; the closed interval containing d. Thus the division
points x; are

—n=xp < <X < C< Xy ] < Xpyp < <Xy <d <Xy ] < X2 <o <Xxp=n
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where x| —x; < 2€ and x,,41 — X, < 2€. In writing down a sum corresponding to this

O¢ division, it reduced to F (x,,11) — F (x¢). Letting € — 0 yields the integral and it equals

F(d+)—F (c—). this shows 1.).
For 2.) (¢,d) = Uy [c—i— %,d |

7
ur(ted) = Jimpp (|t pa-))
= (F((-2)+) - ((+)-))
_ ]}EEO<F<dk)F<c+]1<)>—F(d)F(c+)

For 3.) similar reasoning to the above using (c,d] = Uy [c+ +,d] ,

for all j suitably large. Thus from Lemma 14.1.4,

. 1
Up ((e,d]) = klgnF(d—&—) —F (c—|— k) =F(d+)—F(c+).
Part 4.) is entirely similar. ll

14.4 Regularity

This has to do with approximating with certain special sets. This is of utmost importance if
you want to use the Lebesgue integral in any significant way, especially for various function
spaces. I will show that under reasonable conditions this needed regularity is automatic.

Definition 14.4.1 A set is called Fs if it is the countable union of closed sets. A
set is called G if it is the countable intersection of open sets.

Lemma 14.4.2 If A is an Fy set, then if I is any interval, finite or infinite, AN 1 is also
an Fg set. If A is a Gg set, then if I is any interval, then INA is also a G5 set.

Proof: Consider the following example in which I = [a,b). Say A = U;?_ Hy where Hj,
is closed. I = U‘}":l {a,b — ﬂ and so

1
J J

- e 1
= Uj:1 Uk:l Hkﬂ a,b—}

which is still an Fg set. It is still a countable union of closed sets. Other cases are similar.
Now consider the case where A is Gs. Say A = N, V; for V;, open. Consider the same

half open interval. In this case, [a,b) = N7y (a - %,b). Then

1 1
Aﬁ]ZQZOZIVkﬂﬂTzl (a_.,b) Zﬁ;-o:l ﬂzozl <Vkm(a_7b>>
J J

which is a Gy set, still being a countable intersection of open sets. Other cases are similar.
]
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In particular, the above lemma shows that all intervals are both G5 and Fy as are finite
unions of intervals. Indeed, R is both open and closed so in the lemma, you could take
A =R. Also note that @ is both open and closed. In what follows, u is a measure which
is defined on % (R) such that u is finite on all bounded sets. We don’t really need to
worry about where it comes from. However, this is a good time to review the properties of
measures in Lemma 14.1.4. T will use these as needed.

A measure satisfying the conclusions of the following theorem is called a regular mea-
sure.

Theorem 14.4.3 L. U be a measure defined on %8 (R) which is finite on bounded
sets. Then for all E a Borel set, there is an Fs set F and a Gg set G such that

FCECG, and u(G\F)=0 (14.1)
Also for all E Borel,
u(E) = sup{u(K),K CE and K compact}
u(E) = inf{u(V),VDE andV open} (14.2)

Proof: Letting .# denote the open intervals, recall that o (%) = Z (R). Let
Ac=[—(k+1),—k)Ukk+1), k=0,1,...

These Ay are disjoint and partition R, each being both G5 and Fs. The following is a
definition of Borel sets such that the set intersected with each of these Ay is perfectly ap-
proximated from the inside and outside by a F; and G set respectively. Thus

g:{ Ec B (R):F, CENA; C Gy, }
N B (G \ Fr) = 0,Gr C Ag ’

for some Gy a Gg set and Fj an Fy set, this holding for all k € 0,1,2,---. From Lemma
1442, 7 C49.

I want to show that ¢ is closed with respect to countable disjoint unions and comple-
ments. Consider complements first. Say E is Borel and

F CENAL C Gy, 1(Ge\Fr) =0, Gy C A,
From Lemma 14.4.2, each A; is both G5 and Fi. Thus
AyNGS CECNAL CANES

From Lemma 14.4.2, the left end is Fs and the right end is Gg. This is because the com-
plement of a G is an F and the complement of an Fy is a Gg. Now

B (ANF\ (ANGE)) = (AN FE) N (AT UG))
= u(ANFENGy) =p (G \F) =0

since G C Ag. Thus ¥ is closed with respect to complements.
Next let E; € ¢ and let the E; be disjoint. Is U7 | E; = E € ¢? Say for each k

F CENAy CGr, u(Gi\Fy) =0, Gy CA;
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Then F = UF; is Fs because it is still a countable union of closed sets. Recall that the
countable union of countable sets is countable. Also y (E\F) <Y, u (Ex\ Fr) = 0. How-
ever, it may not be clear why UGy would be Gg. However the above implies that there
exists an open set V; 2 E;NA such that p (E; NAx) + 557 > 1 (Vi) - Then if Vi = UL, Vi,

& S
(Vi) <ZH Z( (EiNAy) + 2k2i+1) S RENA), Vi 2 ENA

VA (ENAY) <

Then p (UZ_ Vi \E) < Lot (Vi \ (ENAg)) < 2¢. It follows that there exists open W,
containing E such that p (W, \ E) < 1/n. These W, can be assumed decreasing. Thus if
G=nN,W,,u(G\E)=0. Hence GDE D F and u(G\F) =u(G\E)+u(E\F) =
0. Thus ¥ is closed with respect to complements and countable disjoint unions so from
Lemma 14.2.3 it contains 0 (.¥) = 2 (R) but ¢4 was defined to consist of sets of Z (R) so
v =B R).

The first claim 14.1 was just shown. Let ! < p(E) then p (EN[—n,n]) > [ for large
enough n and so there is a closed set K contained in E N [—n,n] such that / < p (K) also.
This shows the first of 14.2. There is nothing to show in the second if i (E) = eo. So assume
U (E) is finite. Then letting G be from the first part, G = N,W,, where W, is open and these
are decreasing open sets. We can assume y (W;) < p(E)+ 1 from the argument given
above to show 14.1. Thus 1 (G) = p (E) = lim,_ it (W,) and so for large n, u (E) + € >
U (W,,). This shows the second part of 14.1. H

This shows that all those Lebesgue Stieltjes measures are regular.

Next is to define the kind of function which can be integrated. The measure space of
this section dealing with the Lebesgue Stieltjes measures is specific to R but what comes
next is the general notion in an abstract measure space.

14.5 Measurable Functions

You can integrate nonnegative measurable functions. All this will be presented in general.
Thus the functions are defined on a measure space. I am going to present this in the general
setting but you can apply it to the measure space just developed consisting of the Lebesgue
Stieltjes measure on R or on the counting measure of Example 14.1.2.

Notation 14.5.1 In whatever context f~!(S) = {w: f(w) € S}. It is called the inverse
image of S and everything in the theory of the Lebesgue integral is formulated in terms of
inverse images. For a real valued f, f~' (A,o) may sometimes be written as [f > A].

Lemma 14.5.2 Let f: Q — (—oo,] where .F is a ¢ algebra of subsets of Q. The
following are equivalent.

f1((d,e]) € .F for all finite d,
N
f 1

)

(—oo,d)) € F for all finite d,
([d,0]) € Z for all finite d,
“(—oo,d)) € F for all finite d,
(S

' ((ab)) F foralla < b,—co < a < b < oo
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Definition 14.5.3 Any of these equivalent conditions in the above lemma is what is
meant the statement that f is measurable.

Proof of the lemma: First note that the first and the third are equivalent. To see this,
observe

M (d o) = i N (d = 1/n, ),
and so if the first condition holds, then so does the third.

7 (doe]) = Uy 7 ([d A+ 1/my o)),

and so if the third condition holds, so does the first.
Similarly, the second and fourth conditions are equivalent. Now

FH(=ooyd]) = (F7(d, o))"

so the first and fourth conditions are equivalent. Thus the first four conditions are equivalent
and if any of them hold, then for —co < a < b < oo,

f(a,0)) = fH ((=e0,b)) N f 7 ((a,]) € Z.
Finally, if the last condition holds,
- o c
S dy) = (U S (k+d ) € F
and so the third condition holds. Therefore, all five conditions are equivalent. l
From this, it is easy to verify that pointwise limits of a sequence of measurable functions

are measurable.

Corollary 14.54 If f, (0) — f (®) where all functions have values in (—oo,0|, then if
each f, is measurable, so is f.

Proof: Note the following:

! ((b+ }w]) = Ut Nk £y ! ((b+ ;,w]> cr! ({H ;ooD

This follows from the definition of the limit. Therefore,
—1 ) —1 1 oo ) —1 1
T ((bye]) = UZif b+ 77‘”] = U Ut Ny | (D + 77‘”]
oo — 1 —
U f! (|:b—‘rl,oo:|) =1 ((b,o))

N

The messy term on the middle is measurable because it consists of countable unions and in-
tersections of measurable sets. It equals f ! ((b,0]) and so this last set is also measurable.
By Lemma 14.5.2, f is measurable. B

A convenient way to check measurability is in terms of limits of simple functions.

Definition 14.5.5 7 (Q,F) be a measurable space. A simple function is one
which is measurable but has only finitely many values.
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Note that a simple function achieves each value on a measurable set.

Theorem 14.5.6 L. f > 0 be measurable. Then there exists a sequence of nonneg-
ative simple functions {s, } satisfying

0 <s,(w) (14.3)
- sp(0) < spy1 (@)
flo)= ,}glgosn(a))for all € Q. (14.4)

If f is bounded, the convergence is actually uniform. Conversely, if f is nonnegative and is
the pointwise limit of such simple functions, then f is measurable.

Proof: Letting I = {®: f (0) =}, define
2" k
(@)= Z f%f,]([gﬁm))(w)—kz"%(w).
k=0n n’> n

Then t,(w) < f(w) for all @ and lim,_,«#,(®) = f(®) for all ®. This is because t, () =
2" for o € I and if f () € [0,2-L), then

0< /(@) —tn(0) < - (14.5)

S| =

Thus whenever @ ¢ I, the above inequality will hold for all n large enough. Let
S1 =11, 82 = max(tl,tz), §3 = max(tl,tz,t3),-~~.

Then the sequence {s,} satisfies 14.3-14.4. Also each s, has finitely many values and is
measurable. To see this, note that

S;l ((a7°°]) = U;clzltl:] ((a7°°D €EF

To verify the last claim, note that in this case the term 2" 2}(®) is not present and for
n large enough, 2" /n is larger than all values of f. Therefore, for all n large enough, 14.5
holds for all @. Thus the convergence is uniform.

Now consider the converse assertion. Why is f measurable if it is the pointwise limit
of an increasing sequence simple functions?

S (ase]) = Uiysy ! ((are0))
because @ € f~! ((a,]) if and only if ® € s, ! ((a,o]) for all n sufficiently large. B

Observation 14.5.7 If f : Q — R then the above definition of measurability holds with
no change. In this case, f never achieves the value . This is actually the case of most
interest.

Corollary 14.5.8 If f : Q — (—o0,0) is measurable, then there exists a sequence of
simple functions {s, (@)} such that |s, (0)| < |f (®)] and s, (®) — f(©).
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Proof: Let f, (0) = LD ¢ (@) = VOISO Thus £ = £, — £ and |f] =
fr+f-.Alsof=fwhen f>0and f=—f_w en f <0. Both f, f_ are measurable
functions. Indeed, if @ > 0, f7' ((a,)) = f~ ((a,)) € Z. If a < O then f; ' ((a,=)) =
Q. Similar considerations hold for f_. Now let s (@) 1 fi (@),s, (®) 1 f- () meaning
these are simple functions converging respectively to f; and f_ which are both increasing
in n and nonnegative. Thus if s, (®) =57 (0) —s,, (@), this converges to f (®) — /- (®).
Also

[sn (@)] =5, () +3, (@) < fr (@) + [ (0) =|f ()| W

Definition 14.5.9 Rr’ consists of the mappings from (1,2,---  p) to R. We usually

write it as follows. x € RP means X is an ordered list of p real numbers. Thus
X = (xl;"' 7xp)

(1,2,3) is in R3. Note that (1,2,3) # (3,2, 1) because the two have different real num-
bers in some locations. In terms of functions, x (1) # x(3).
Definition 14.5.10 Ifx, = ( S ,xZ) is a sequence of points in RP | then we say
lim;, X, = X if and only if hm,waf‘ = x; for each i. In other words, convergence takes
place if and only if the component entries of X, converge to the corresponding component
entries of X. We say that g : D — R is continuous for D C R? if whenever Xx,, — X with each
X, € Dand x € D, then g (X,) — g(X).

In other words, it is essentially the same as what was presented earlier for continuous
functions of one variable.

Proposition 14.5.11 Let f; : Q — R be measurable, (Q,.7) a measurable space, and

let g : R? — R be continuous. If f(0) = ( fi(w) -+ fp(0) ) , then g of is measur-
able.

Proof: From Corollary 14.5.8 above, there are s} (), simple functions

lim 57 (@) = f; (o)

n—oo
such that |57 (@)| < |fi (®)]. Lets,(®) = ( s}(0) - sZ(a)) ) thus, by continuity,
g(sy(w)) — g(f(w)) for each . It remains to verify that g os, is measurable.

(g080) " (@) = {@: g (su (®)) > a}.

This is the finite union of measurable sets since each s} is a simple function having finitely
many values. Thus there are finitely many possible values for gos,, each value corre-
sponding to the intersection of p measurable sets. Therefore, g os, is measurable. By
Corollary 14.5.4, it follows that g of , being the pointwise limit of measurable functions is
also measurable. l

Note how this shows as a very special case that linear combinations of measurable real
valued functions are measurable because you could take g (x,y) = ax+ by and then if you
have two measurable functions fi, f>, it follows that af| + bf>, f1 f> are measurable. Also,
if f is measurable, then so is |f|. Just let g (x) = |x|. In general, you can do pretty much
any algebraic combination of measurable functions and get one which is measurable. This
is very different than the case of generalized integrable functions.
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14.6 Riemann Integrals for Decreasing Functions

This continues the abstract development but here it is tied in to the ordinary theory of
Riemann integration for real valued functions. A decreasing function is always Riemann
integrable with respect to the integrator function F (t) = ¢. This is because the function is
of bounded variation and the integrator function is continuous. You can also show directly
that there is a unique number between the upper and lower sums. I will define the Lebesgue
integral for a nonnegative function in terms of an improper Riemann integral which involves
a decreasing function.

Definition 14.6.1 Le: f: [a,b] — [0,] be decreasing. Define

b b b
/f(/l)dlz fim M/\f(),)dl:sup/ MAF(L)dA
a M—o0 Jq M Ja

where A \ B means the minimum of A and B. Note that for f bounded,

b b
M A)dA = A dA
Mp/ AF(A) /af( )

where the integral on the right is the usual Riemann integral because eventually M > f.
For f a nonnegative decreasing function defined on [0,00),

o0 R R R
/ fdA = lim / fdA =sup [ fdA =supsup [ fAMdA
0 R—eeJo R>1/0 R M>0/0

Now here is an obvious property.

Lemma 14.6.2 Let f be a decreasing nonnegative function defined on an interval [a, b] .
Then if [a,b) = UJ'_| I where Iy, = |ay, bi] and the intervals Iy are non overlapping, it follows

b m hk
/ fdA =Y | fda.
a k

=17

Proof: This follows from the computation,

b ’ b Comorh m by
/afdx:&gnm/a f/\Md?L:A/lIgnw];/ak Famar =Y [ rax

k=1"%%

Note both sides could equal +c. W

14.7 Lebesgue Integrals of Nonnegative Functions

Here is the definition of the Lebesgue integral of a function which is measurable and has
values in [0,00]. The idea is motivated by the following picture in which f~!(4;,00) is
AUBUC and we take the measure of this set, multiply by A; — A;_; and do this for each 4,
in an increasing sequence of points, Ao = 0. Then we add the “areas” of the little horizontal
“rectangles” in order to approximate the “area” under the curve. The difference here is
that the “rectangles” in the sum are horizontal whereas with the Riemann integral, they
are vertical. Note how it is important to be able to measure f ' (A,00) = {x: f(x) > A} =
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[f > A] which is what it means for f to be measurable. Also note that, in spite of the picture,
in general we don’t know a good description of this set other than that it is measurable.

y=fx)

Definition 14.7.1 L (Q,.Z, 1) be a measure space and suppose f : Q — [0,00] is
measurable. Then define

/fdu / ([f > A])dA = /Owu(f*‘(/l,oo))d).

which makes sense because A — L ([f > A]) is nonnegative and decreasing. On the right
you have an improper Riemann integral like what was discussed above.

Note that if f < g, then [ fdu < [gdu because p ([f > A]) < u([g > A]). Next I point
out that the integral is a limit of lower sums.

Lemma 14.7.2 In the situation of the above definition,

/fdu —supZu [f > hi])h

h>0 /=

Proof: Let m (h,R) € N satisfy R—h < him (h,R) < R. Then limg_,. im (h,R) = o0 and
S0

/fdu / ([f >A])dA = supsup/ ([f > A]) AMdA

hm(h,R m(h.R)
supsup/ u([f > A]) AMdA = supsupsup Z ([f > kh)) AM)h
M R JO M R>0h>0 k=]

hm(h,R)
because the sum is just a lower sum for the integral f, m

switching the order of the sups, this equals

i ([f > A]) AMdA. Hence,

m(h,R) m(h,R)
supsupsup Y (0 ([f > kh]) AM)h=supsup lim Y (u([f > kh]) AM)h
R>0h>0 M | R>0m>0M—> ;=

m(R,h) oo
=supsup Y pu([f>kh))h=sup ) u([f>kh))h. W
h>0 R (=] h>0 k=1

14.8 Nonnegative Simple Functions

To begin with, here is a useful lemma.

Lemma 14.8.1 Iff (1) =0forall A > a, where f is a decreasing nonnegative function,
then |5 f(A)dA =[5 f(A)dA.
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Proof: From the definition,

oo R R R
/Of(x)dx - lim/f(l)dl:sup F(A)dA =supsup [ f(A) AMdA

R—e0 Jo R>1 M JO

‘R
= supsup | f(A )/\Md),—supsup f(l)/\Mdl
M R>1J0 M R>1-

s}t;lp/o f()L)/\Md/’LE/Of(A)d/l.I

Now the Lebesgue integral for a nonnegative function has been defined, what does it
do to a nonnegative simple function? Recall a nonnegative simple function is one which
has finitely many nonnegative real values which it assumes on measurable sets. Thus a
simple function can be written in the form s (@) = Y, ¢; ZE, (») where the ¢; are each
nonnegative, the distinct values of s.

Lemma 14.8.2 Lets(w) =YY" i ai 2k, (@) be a nonnegative simple function where the
E; are distinct but the a; might not be. Then

p
/sd,u =Y ain(E). (14.6)
i=1

Proof: Without loss of generality, assume 0 =ag < a; <a <--- <a, and that u (E;) <
oo,i > 0. Here is why. If 1t (E;) = oo, then the left side would be

[Tus>aar = [Tuds>
0 0 rd;
= sup/ l,u([s>7L])/\MdlzsupMa,~ = oo
M JO M

and so both sides are equal to oo. Thus it can be assumed that for each i, it (E;) < eo. Then
it follows from Lemma 14.8.1 and Lemma 14.6.2,

o0 ap P ay
/0 w(ls > A])dA =/0 ps>ahar=Y [ uls>nar
)4 14 )4 i 14
=Y (a—a) Y u(E) =) u(E Z ar—ag-1) a;p (E;) B
k=1 i=k i=1 k=1 i=1

Lemma 14.8.3 ifa,b > 0 and if s and t are nonnegative simple functions, then

/(as—f—bt)d,u:a/sd,u—kb/.tdu.

Proof: Lets(w) =Y/, a:Z (o), t(®)=Y",B;Zp;(®) where a; are the distinct
values of s and the 8 ; are the distinct values of 7. Clearly as+ bt is a nonnegative simple
function because it has finitely many values on measurable sets. In fact,

M=

m
(as+bt)( Z
j=1i

(acti +bB ;) Zanp; (@)
1
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where the sets A; N B; are disjoint and measurable. By Lemma 14.8.2,

|
™=
(NngE

T
I

/as—i—btdu (acti+bP;)1(AiNB))

m n
aiu(A[rWBj)—klwz: E:IBj”(Ai(WBj)
j=1i=1

(Ai)—s—bzm:lﬁju(Bj) :a/sdu+b/tdu. [ ]

I
[;ﬂ;
(ngE

1
~.
Il

=

i

I

Q
\Ar“1=

Q

|
-

14.9 The Monotone Convergence Theorem

The following is called the monotone convergence theorem also Beppo Levi’s theorem.
This theorem and related convergence theorems are the reason for using the Lebesgue
integral. If lim,_,e f, (@) = f(®) and f, (®) is increasing in n, then clearly f is also
measurable because

@) = Ui f ! ((a,=]) € 7
The version of this theorem given here will be much simpler than what was done with the
generalized Riemann integral and it will be easier to state and remember and use.

Theorem 14.9.1 (Monotone Convergence theorem) Let f have values in [0,o0] and
suppose {f,} is a sequence of nonnegative measurable functions having values in [0,o0]
and satisfying

’}iggofn(w) = f(w) for each .

(@) < forr (@)

Then f is measurable and
/fdu = lim /f,,du.
n—soo
Proof: By Lemma 14.7.2 and interchange of supremums,

tim [ fudp = sup / fudit
n—oo n

o N
= supsupZu([f,, > kh])h = supsupsupZu([f,, > kh))h

n h>0k=1 h>0 N n j—i
N oo
= supsupZu([f>kh])h=supZu([f>kh])h=/fdu- ]
h>0 N =1 h>0 k=1

The next theorem, known as Fatou’s lemma is another important theorem which justi-
fies the use of the Lebesgue integral.

Theorem 14.9.2 (Fatou’s lemma) Let f,, be a nonnegative measurable function. Let
g(w) =liminf, e« f,,(®). Then g is measurable and

/gd;,t < lim inf /fnd/.t.
n—oo
In other words,

/ (tim inf f, ) dya < tim inf / fodu
n—soo n—soo
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Proof: Let g,(®) = inf{fi(®) : k > n}. Then g, !([a,]) = N7, f; '([a,]) € F
Thus g, is measurable. Now the functions g, form an increasing sequence of nonnega-
tive measurable functions. Thus g~! ((a,)) = U7, g, ! ((a,0)) € F so g is measurable
also. By monotone convergence theorem, [gdu = lim, . [ g,du < liminf, . | frdut.
The last inequality holding because [ g,du < [ f,du. (Note that it is not known whether
limy, e [ frdpt exists.) W

14.10 The Integral’s Righteous Algebraic Desires

The monotone convergence theorem shows the integral wants to be linear. This is the
essential content of the next theorem.

Theorem 14.10.1 L.t f,g be nonnegative measurable functions and let a,b be
nonnegative numbers. Then af + bg is measurable and

[(af+be)du=a | ran+b [ san. (14.7)

Proof: By Theorem 14.5.6 on Page 334 there exist increasing sequences of nonnegative
simple functions, s, — f and t, — g. Then af + bg, being the pointwise limit of the simple
functions as, + bt,,, is measurable. Now by the monotone convergence theorem and Lemma
14.8.3, [(af +bg)du =

n—yoo

tim [ as, + bradpt = lim (a/sndu +b/tndu) :a/fdu +b/gdu. m

14.11 Integrals of Real Valued Functions

As long as you are allowing functions to take the value 4o, you cannot consider something
like £+ (—g) and so you can’t very well expect a satisfactory statement about the integral
being linear until you restrict yourself to functions which have values in a vector space. To
be linear, a function must be defined on a vector space. The integral of real valued functions
is next.

Definition 14.11.1 L. (Q,.7,1) be a measure space and let [ : Q — R be mea-
surable. Then it is said to be in L' (Q, 1) when [q |f (@)|dp < oo.

Lemma 14.11.2 Ifg—h = g — h where g, 8, h, h are measurable and nonnegative, with

all integrals finite, then
[ gdu— [ ndu= [ gdu— [ hay
Q Q Q Q

Proof: From Theorem 14.10.1,

/gdu—k/hdu:'/(g—kh)du:/(g+ﬁ)du:/gdu+/ﬁdu

/gd,u—/fldu:/gdu—/hdul

The functions you can integrate are those which have | f| integrable, and then you can
make sense of [ fdu for f having values in R or C although here, I will emphasize R.

and so,
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Definition 14.11.3 rer f € L' (Q, ). Define [ fdu= [ fodu— [ f-dp.

Proposition 14.11.4 The definition of [ fdu is well defined and if a,b are real num-
bers

/(af+bg)d#=a/fdu+b/gdu

Proof: First of all, it is well defined because f, f— are both no larger than |f|. There-
fore, [ fidu, [ f—du are both real numbers. Next, why is the integral linear. First consider
the sum.

[+opan= [(r+eau-[(r+e) au

Now (f+g), —(f+g)_=f+g=fr—f +g —g . ByLemma 14.11.2 and Theorem
14.10.1

[reran= [(rroau- [(rro au=[(rrgnan— [ (7 +g-)du

— [ rean— [ rap+ [gran- [o-du= [ fau+ [ eau

Next note that if a is real and a > 0, (af), = afy,(af)_ =af- and if a <0,(af), =
—af_,(af)_ = —afy. This follows from a simple computation involving the definition of
f+, f-. Therefore, if a <0,

Jafau= [(af) du- [ (@) an= [(-a) f-du- [(-a)fodu

By Theorem 14.10.1,

~ —a </fdu - /f+du> ~a (/f+du —/fdu) =a [ fau

The case where a > 0 is easier. B

Note how attractive this is. If you have a measurable function f and it is absolutely
integrable, then it is integrable. This is just like the situation with series.

Now that we understand how to integrate real valued functions, it is time for another
great convergence theorem, the dominated convergence theorem.

Theorem 14.11.5 (Dominated Convergence theorem) Let f, € L' (Q) and suppose
fl@) = lim, o f,(®), and there exists a measurable function g, with values in [0,o],!
such that

()| < g(@) and [ g(@)dp <o
Then f € L' (Q) and 0 = lim,, 0 [ | f, — fldu = lim,, e | [ fdu — [ fudu|
Proof: f is measurable by Corollary 14.5.4. Since |f| < g, it follows that

feLl'(Q)and |f— f,| <2g.

"Note that, since g is allowed to have the value o, it is not known that g € L' (Q).
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By Fatou’s lemma (Theorem 14.9.2),
[ 2 <tim inf [ 26~ |7~ fildu = [ 2¢ap ~tim sup [ 1f - f,lan.
n—eo . n—soo
Subtracting [2gdu, 0 < —limsup,,_... [ |f — fuldu. Hence
0 > limsup ( / ffnldu> > lim inf ( / Iffnldu>
n—soo n—yee

lim inf ‘/fdy—/fndu‘ >0.

\Y

v

This proves the theorem by Theorem 4.10.10 because the limsup and liminf are equal. W

Example 14.11.6 Let Q = N and let F be the set of all subsets of Q. Let | (E) = number
of entries in E. Then (N,.% , lL) is a measure space and the Lebesgue integral is summation.
Thus all the convergence theorems mentioned above apply to sums.

First, why is ¢ a measure? If {E;} are disjoint, then if infinitely many are nonempty,
say E, ,E,,,--- . Then U;E; is infinite and so

M(UiEi)Z‘”:ZN(E :i i

The alternative is that only finitely many E; are nonempty and in this case, the assertion
that u (U;E;) = Y52 | i (E;) is obvious. Hence u is indeed a measure. Now let f: N — R.
It is obviously measurable because the inverse image of anything is a subset of N. So if
f(n) >0 forall n, whatis [ fdu?

i)=Y flk) Zuy ()= = lim Zf ) ey (D) = fu (i)
=1

Now f, is a nonnegative simple function and there is exactly one thing in {k}. Therefore,
J fudp =Y}, f (k). Then, by the monotone convergence theorem,

./fduznliﬁngc/fnduzr}gg;f =Y/

When Y |f (k)| <o, one has [ fdu =Y, f (k).

This example illustrates how the Lebesgue integral pertains to absolute summability
and absolute integrability. It is not a theory which can include conditional convergence.
The generalized Riemann integral can do this. However, the Lebesgue integral is very
easy to use because of this restriction. Of course one could make the same restriction
and consider those functions for which |f| is integrable in the context of the generalized
Riemann integral.

How does this new integral compare to the generalized Riemann Stieltjes integral? Let
U be the measure of Theorem 14.3.6 in what follows.

Theorem 14.11.7 Let F be an increasing integrator function and let f be continu-

ous on [a,b]. Then
b .
[ sar = [ rauy
a B

Here the integral on the left is the Riemann Stieltjes integral.
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Proof: Since f is continuous, there is a sequence of step functions {s,} which con-
verges uniformly to f. In fact, you could partition [a,b] as a = xj < --- < x = b and

consider
& b—a
sn(X) =Y (1) Xy ) ()5 b — x| =
k=1

Then if you consider the generalized Riemann integral of s, (x) it equals
b n
[ sn@dF =Y. f () (F (o) = F (1) = [ sudiay
a k=1

The integrals on the left converge as n — oo to [ f fdF where this is the generalized Riemann
integral of f because of the uniform convergence of the step functions to f. But this equals
the Riemann Stieltjes integral since f is continuous. On the right, you get convergence to
J fdup again because of uniform convergence. B

This shows that the new integral coincides with the generalized Riemann Stieltjes in-
tegral on all continuous functions continuous on a closed interval which is the same as the
Riemann Stieltjes integral. They give the same answer on continuous functions. The ad-
vantage of the Lebesgue integral is that it has all those wonderful convergence theorems
which are particularly easy to understand and use. You don’t have these theorems with
the Riemann Stieltjes integral and the version of these convergence theorems which hold
for the generalized Riemann integral are much more difficult to prove. Compare the easy
monotone convergence theorem with the much more difficult one in the Chapter on the
generalized Riemann integral.

Also, there is the following definition of the integral over a measurable subset.

Definition 14.11.8 L. (Q,.Z,1) be a measure space and let E be a measurable
subset of Q. Then if | f Zg| is integrable, [ fdu = [ Zefdu.

When we are considering the Lebesgue Stieltjes measures, we might write the following
for f Borel measurable:

b
| sane= [ Ziansans

Of course the notation on the right is preferable because you might have u (a) > 0. The
notation on the left might seem a little ambiguous about whether the end points are consid-
ered. Of course the main example is when F (¢) = ¢ and in this case, there is no ambiguity.
As pointed out, this gives the Riemann Stieltjes integral provided f is continuous on [a, b
and vanishes near a and b. One must remember that single points can have positive mea-
sure in the Stieltjes case where you just have an increasing integrator function which could
have jumps.

14.12 The Vitali Covering Theorems

These theorems are remarkable and fantastically useful. I will use m for i, where F (t) =1.
This yields Lebesgue measure which gives the measure of an interval to be the length of the
interval. As earlier, B (x,r) will be the interval (x — r,x+r). Thus m (B (x, or)) = oum (x,7)
whenever o > 0. Also note that the closure of B(x,r) is the closed interval [x —r,x+r].
This is because the closure simply adds in the limit points which are not in the open interval
and these are the end points. This all extends to many dimensions and so I am using the
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notation which is appropriate for this generalization. The main ideas are all present in one
dimension. A ball will just be an interval. It might have no endpoints, one endpoint, or
both endpoints.

Lemma 14.12.1 Let F be a countable collection of balls satisfying
o> M =sup{r:B(p,r) €. F}>0

and let k € (0,00) . Then there exists ¢ C .F such that

IfB(p,r) € 94 then r > k, (14.8)
IfB1,By €9 then BiNB, = 0, (14.9)
& is maximal with respect to 14.8 and 14.9. (14.10)

By this is meant that if 7€ is a collection of balls satisfying 14.8 and 14.9, then ¢ cannot
properly contain 4.

Proof: If no ball of .% has radius larger than k, let 4 = 0. Assume therefore, that some
balls have radius larger than k. Let .# = {B;};—, ,BiNB; =0 if i # j. Now let By, be the
first ball in the list which has radius greater than k. If every ball having radius larger than k
has closure which intersects B,,, then stop. The maximal set is {By, }. Otherwise, let B,
be the next ball having radius larger than k for which B,, NB,, = 0. Continue this way
obtaining {B,, }fvz |» @ finite or infinite sequence of balls having radius larger than k whose
closures are disjoint. N = oo if the process never stops. N is some number if the process
does stop. Then let ¢4 = {Bn,.}?’: - To see ¢ is maximal with respect to 14.8 and 14.9,
suppose B € %, B has radius larger than k, and ¢ U {B} satisfies 14.8 and 14.9. Then at
some point in the process, B would have been chosen because it would be the ball of radius
larger than k which has the smallest index at some point in the construction. Therefore,
B € ¢ and this shows ¢ is maximal with respect to 14.8 and 14.9. W

Lemma 14.12.2 Let F be a collection of open balls, and let
ACU{B:Be Z}.

Suppose B denotes the closed ball with the same center as B but four times the radius. Let
B denote the open ball with same center as B but five times the radius.

o> M =sup{r:B(p,r)€.F}>0.
Then there exists G C .F such that 4 consists of balls whose closures are disjoint and
ACU{B:Be¥%} CU{B:Bc ¥}

Proof: First of all, it follows from Theorem 4.8.20 on Page 73 that there is a countable
subset .Z of .Z which also covers A. Thus U.% D A D UZ D U.Z and so UZ = A. Thus
it can be assumed that .% is countable.

By Lemma 14.12.1, there exists ¢4 C .% which satisfies 14.8, 14.9, and 14.10 with
k= ZTM That is, ¢ consists of balls having radii larger than 2TM and their closures are

disjoint and ¥ is as large as possible.
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Suppose ¥, -+ ,%,,—1 have been chosen for m > 2. Let &, denote the collection of
closures of the balls of ¢4;. Then let .%,, be those balls of .%, such that if B is one of these
balls, B has empty intersection with every closed ball of &; for each i < m — 1. Then using
Lemma 14.12.1, let ¢, be a maxnnal collection of balls from .#,, with the property that
each ball has radius larger than ( ) M and their closures are disjoint. Let ¥ = U7 %.
Thus the closures of balls in ¢ are disjoint. Let x € B(p,r) € .% \ ¢. Choose m such that

() uere ()

Then B (p, r) must have nonempty intersection with the closure of some ball from % U---U
%, because if it didn’t, then %, would fail to be maximal. Denote by B (po,ro) a ball in
%, U---U%,, whose closure has nonempty intersection with B (p, ). Thus ro,r > (3)" M.

Consider the picture, in which w € B(po,ro) "B (p,r).

p—r x PTrx
po—To Po+ro
<rg
- —N—
Then for x € B(p,r),|x— po| < |x—p|+ |p—w|+|w—po
<rp

—
o) m—1 3 2\ "
§r+r+r0§2(3> M+r0§2<2) (3> M+r9 <4rg

Thus B (p,r) is contained in B (po,4ro). This shows that A C {B:Be€ ¥} C U{B:Be%}.
|

You can easily generalize this proposition to include the case where the balls are not
necessarily open. These balls could be either open, closed, or neither open nor closed.

Proposition 14.12.3 Let .7 be a collection of balls, open, closed, or neither open nor
closed, and let
A=U{B:Be F}.
Let B denote the open ball with same center as B but five times the radius.
o> M =sup{r:B(p,r)€.F}>0.
Then there exists 9 C .F such that 4 consists of balls whose closures are disjoint and
ACU{B:Bc %}

Proof: Let ' consist of the open balls obtained from .# by keeping the center the same
and multiplying the radius by 22 T5- Denote these open balls by {B': B € .7 }. Thus B' is an
open ball in which the radius is slightly expanded but the center is the same as B € .%. Then
from Lemma 14.12.2, there is ¢’ C .%’ such that the closures of the balls in ¢ are disjoint
and {E’ B e¥ } covers A. Here B’ is the closed ball obtained by multiplying the radius

of B by four. If B=B(x,r), then B' = B (x, %0r) and so B' = B (x,32r) C B(x,5r) since
5> %. Thus, letting & be the balls B such that B’ € ¢’ it follows the closures of these balls

in ¢ are disjoint since these balls are smaller than the balls of ¢’ and A C U{E :Bevi 1
The notion of an outer measure allows the consideration of arbitrary sets, measurable
or not.
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Definition 14.12.4 et E be any set in R. Then
m(E) =inf{m(F): F isa Borel setand F D E}.

Proposition 14.12.5 The following hold.

1. m(F)<m(G)ifFCG

2. IfE is Borel, then m(E) =m(E)

3. m (g Er) < Ly (Er)

4. If m(E) =0, then there exists F Borel such that F O E and m(F) = 0.

b)

. For any E, there exists F Borel such that F DO E and m(E) = m (F).

Proof: The first claim is obvious. Consider the second. By definition, m(E) < m (E)
because E D E. If F D F and F is Borel, then m(E) < m(F) and so, taking the inf of all
such F containing E, it follows that m (E) < m (E) . Now consider the third assertion.

If any Ej has 1w (E;) = oo, then there is nothing to show. Assume then that /7 (Ej) < oo
for all k. Then by definition, there is F; Borel, containing Ej such that /i (Ey) + 5 > m (Fy) .
Then m (UkEk) <

ﬁl(Uka) = m(Uka) <

IMa

m(F) <Y m(E)+ =) m(E)+e
k

k

Since € is arbitrary, this shows 3.

Finally consider 4.,5. Of course 4. is a special case of 5. If m(E) = o, let F = R.
Otherwise there exists G, D E such that m(G,) < m(E)+ 1/2" and G, is a Borel set.
Then let F, = N}_,G,. It follows that N,F, = F is a Borel set containing E and m (F) =
lim,eom (F,) =0. W

Definition 14.12.6 L. |f] 23 € L' (R,m) for every bounded Borel B. The Hardy
Littlewood maximal function M f (x) is defined as

. 1
Mf(x)= sup W/B@” |fldm

1>r>0M

You can try and show this function is measurable, but I will not do so here. The funda-
mentally important inequality involving this maximal function is the following major result
which comes from the above Vitali covering theorem and is one of the main applications
of the above Vitali covering theorem.

Theorem 14.12.7 Let |f| € L (R, m). Then if & > 0,

m(My =) <3 [1lam

Proof: If x € [Mf > A], then there is r, < 1 such that

1 .
B0 o 1> 2 mBORN <5 [ sl
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Then {B(x,ry):x € [Mf > A]} is an open cover of [Mf > A]. By the Vitali covering
theorem, there are countably many of these balls {B;};"; which are disjoint and U;B; D
[Mf > A]. Therefore,

A(Mf>A) < m(UB) < im(é;)

iy | 5
SYymB)<sY 5 [ [fldm< 3 [Iflam
i=1 i

i=1

the last step resulting from the fact that the balls B; are disjoint. l

Next is a version of the Vitali covering theorem which involves covering a set with
disjoint closed balls in such a way that what is left over has measure 0. Here is the concept
of a Vitali covering.

Definition 14.12.8 Let S be a set and let € be a covering of S meaning that every
point of S is contained in a set of €. This covering is said to be a Vitali covering if for each
€ >0andx €S, there exists a set B € € containing x, the diameter of B is less than €, and
there exists an upper bound to the set of diameters of sets of €.

In the following, F will just be a bounded set measurable or not. Actually, you don’t
even need to consider it to be bounded but this will not be needed here.

Corollary 14.12.9 Let F be a bounded set and let € be a Vitali covering of F con-
sisting of balls. Let r(B) denote the radius of one of these balls. Then assume also that
sup{r(B) : B€ €} =M < co. Then there is a countable subset of € denoted by {B;} such
that m (F\Uf\’:IB,') =0,N < oo, and BiN\B; = 0 whenever i # j.

Proof: If m (F') = 0, there is nothing to show. Assume then that 7 (F) # 0. Let U be a
bounded open set containing F such that U approximates F so well that m (U) < 19—017‘1 (F).
This is possible because of regularity of m shown earlier. Since this is a Vitali covering, for
each x € F, there is one of these balls B containing x such that B C U. Recall this means
you keep the same center but make the radius 5 times as large. Let % denote those balls
of € such that B C U also. Thus, this is also a cover of F. By the Vitali covering theorem
above, Proposition 14.12.3, there are disjoint balls from ¢ {B;} such that {B,-} covers F.
Here the B; are open balls. Thus

m(F\U_Bj) < m(U)—m (U7 1B,»)<%Om(F)—im(Bj)

Here 6 = % <1.
Now F\U{_ By C (F\Ug_;Bx) U (Up_,Bk). Indeed, if x is in F but not in any of the
By for k < n, then if it fails to be in F \ Uy, By, so it must be in the complement of this set.
Hence it is in (N2, (FNBS))" = Uz, (FCUBL) but it is not in any of the By for k < n
while being in F so it must be in U, | By. It follows, since the By are disjoint, that
m(F\Uj_,B;) <m(F\U7,B)) +kZm(Bk) <0,m(F) +kZ m(By),0; <1
—n =n
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Now these balls By are disjoint and contained in a bounded set so letting 1 > 6 > 04, if n
is large enough, and since the sum on the right is the tail of a convergent series,

=

Y m(By) <(6—61)m(F)
k=n
Thus there exists n; such that m (F \ UT:lBj) <Om(F).Ifm (F \ U;flle]) =0, stop.
Otherwise, do for F'\ U';]ZIB ; exactly the same thing that was done for F. Since U;‘ZIB ;s
closed, you can arrange to have the approximating open set be contained in the open set

c
(U'}‘: B j) . It follows there exist disjoint closed balls from ¢’ called B, 41, -+ ,B,, such

that
i (FAUL B \UR,, | B) < 0m (F\UJL B;) < 6% (F)
continuing this way and noting that lim,,_,., 8" = 0 while m (F) < o, this shows the desired

result. Either the process stops because m (F \ U'}i B j> = 0 or else you obtain an infinite
sequence { By} and im (F \ U;":lBj) <m (F \ U;szlBj) < 6%m (F) for each k, showing that
i (F\U7,B;) 0. m

14.13 Differentiation of Increasing Functions

As a spectacular application of the covering theorem, is the famous theorem that an increas-
ing function has a derivative a.e. Here the a.e. refers to Lebesgue measure, the Stieltjes
measure from the increasing function F (x) = x.

I will write y, T x to mean lim, ey, = x and y, < x,y, < y,41. I will write y, | x to
mean lim, ey, =x and y, > X, ¥, > Yni1-

Definition 14.13.1 7he Dini derivates are as follows. In these formulas, f is a
real valued function defined on R. y, | x refers to a decreasing sequence as just described.

DY f(x) = sup{limfggojw:y,zix},
Df) = inf{hmnigg W:ym},
D f(x) = Sup{limfﬂEW:ynTX},
D_f(x) = inf{hmniggowzymx}

The notation means that the sup and inf refer to all sequences of the sort described in {} .

Lemma 14.13.2 The function f : R — R has a derivative if and only if all the Dini
derivates are equal for any sequence just described.

Proof: If DT f (x) = D4 f (x), then for any y, | x, it must be the case that

fim sup f()’;) :)j:(x) limnigif(y;) :)]:(x)
tim 700 S0 e b p

oo Yn—X
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whenever y, | x. Therefore, it would follow that the limit of these difference quotients
would exist and f would have a right derivative at x. Therefore, D" f (x) > D, f (x) if and
only if there is no right derivative. Similarly D~ f (x) > D_ f (x) if and only if there is no
derivative from the left at x. Also, there is a derivative if and only if there is a derivative
from the left, right and the two are equal. Thus this happens if and only if all Dini derivates
are equal. l

The Lebesgue measure of single points is 0 and so we do not need to worry about
whether the intervals are closed in using Corollary 14.12.9.

Let Af (I) = f (b) — f (a) if I is an interval having end points a < b. Now suppose {J; }
are disjoint intervals contained in /. Then, since f is increasing, Af (I) > ¥ ; Af (J;). In this
notation, the above lemma implies that if D™ f (x) > b or DT f (x) > b, then for each € > 0
there is an interval J of length less than € which is centered at x and (< )) > b where m (J )
is the Lebesgue measure of J which is the length of J. If either D_f (x) or Dy f (x) <
the above lemma implies that for each € > 0 there exists / centered at x with m(I) < € and

Af(< )) < a. For example, if D™ f (x) < a, there exists a sequence y, T x with

fOn)=f() _ f)=f(m)

= <a
Yn—X X—Yn

so let I, be the interval (y,,x) . For large n it is smaller than €.

Theorem 14.13.3 et f: R — R be increasing. Then f (x) exists for all x off a set

of measure zero.
Proof: Let N, for 0 < a < b denote either
{x: D" f(x)>b>a>D f(x)},{x:D"f(x)>b>a>D_f(x)},

or
{x: D f(x)>b>a>D f(x)},{x:D"f(x) >b>a>D_f(x)}.

The function f is increasing and so it is a Borel measurable function. Indeed, f~! (a, )
is either open or closed. Therefore, all these derivates are also Borel measurable, hence
Lebesgue measurable. Assume that N, is bounded and let V be open with

V O Ny, m(Nah)—l-S > m(V)

By Corollary 14.12.9 and the above discussion, there are open, disjoint intervals {I, } , each
centered at a point of N, such that

Af (I,)
m (1)

<a, m(Nab) = m(Nab |’juili) = Zm(Nab mll)
i

Now do for N, NI; what was just done for N, and get disjoint intervals Jij contained in /;
with
Af (Jf )

m (/)

> b, m(NgNI) Zm( bnlmJ’)
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a(m(Ng)+€) > am(V)> aZm(Ii) > ZAf(Ii) > ZZAf (]f)
! ! i
b;;m (/) zb;;m (7 "N

bzm(Nab ﬂ],') =bm (Nab)

Y

Since ¢ is arbitrary and a < b, this shows m(N,,) = 0. If N, is not bounded, apply the
above to N, N (—r,r) and conclude this has measure 0. Hence so does N.
The countable union of N, for a, b positive rational numbers is an exceptional set off

which

DY f(x)=Dyf(x) =D f(x) >D_f (x) > D" f (x)

and so these are all equal. This shows that off a set of measure zero, the function has a
derivative a.e. B

14.14 Exercises

1.

Show carefully that if & is a set whose elements are ¢ algebras which are subsets of
Z(Q), the set of all subsets of Q, then NG is also a ¢ algebra. Now let ¥ C &7 (Q)
satisfy property P if ¢ is closed with respect to complements and countable disjoint
unions as in Dynkin’s lemma, and contains @ and Q. If ) C ¢ is any set whose
elements are subsets of & () which satisfies property P, then N$) also satisfies
property P. Thus there is a smallest subset of ¢ satisfying P. Show these things.

Show f: (Q,.#) — R is measurable if and only if f~! (open) € .#. Show that if
E is any set in Z(R), then f~!(E) € .#. Thus, inverse images of Borel sets are
measurable. Next consider f : (Q,.%#) — R being measurable and g : R — R is Borel
measurable, meaning that g~! (open) € % (R). Explain why go f is measurable.
Hint: You know that (go )~ (U) = f~' (¢~' (U)). For your information, it does
not work the other way around. That is, measurable composed with Borel measur-
able is not necessarily measurable. In fact examples exist which show that if g is
measurable and f is continuous, then g o f may fail to be measurable. This is in the
chapter, but show it anyway.

You have two finite measures defined on Z(R) u,v. Suppose these are equal on
every open set. Show that these must be equal on every Borel set. Hint: You should
use Dynkin’s lemma to show this very easily.

You have two measures defined on 2 (R) which are finite and equal on every open
set. Show, using Dynkin’s lemma that these are the same on all Borel sets.

. Letu(E)=1if0€ E and u(E) =0if 0 ¢ E. Show this is a measure on & (R).

Give an example of a measure ¢ and a measure space and a decreasing sequence of
measurable sets {E;} such that lim, . pt (E,) # p (N2 E;).

You have a measure space (Q,.%,P) where P is a probability measure on .%. Thus
P(Q) = 1. Then you also have a measurable function X : Q — R, meaning that
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10.

11.
12.

13.

14.

X1 (U) € & whenever U is open. Now define a measure on % (R) denoted by
Ax and defined by Ax (E) = P({w: X (0) € E}). Explain why this yields a well
defined probability measure on Z (R). This is called the distribution measure.

Let (Q,.7) be a measurable space and let f : Q — R be a measurable function
meaning that f~! (U) € . whenever U is open. Then o (f) denotes the small-
est o algebra such that f is measurable with respect to this ¢ algebra. Show that

o(f)={f"(E):EcB[R)}.

There is a monumentally important theorem called the Borel Cantelli lemma. It says
the following. If you have a measure space (Q,.%,u) and if {E;} C % is such
that Y72 | 1 (E;) < oo, then there exists a set N of measure 0 (1 (N) = 0) such that if
® ¢ N, then @ is in only finitely many of the E;. Hint: You might look at the set of
all w which are in infinitely many of the E;. First explain why this set is of the form
Mo Uk E.

Let (Q,.%, 1) be a measure space. A sequence of functions {f,} is said to converge
in measure to a measurable function f if and only if for each € > 0,

lim g ({0 |fu (@)~ £ (@)] > e}) =0

Show that if this happens, then there exists a subsequence { T } and a set of measure
N such that if @ ¢ N, then lim,, o f,, (@) = f (@) . Also show that if g is finite and
lim, 0 f5 (@) = f (@), then f, converges in measure to f.

Prove Chebyshev’s inequality u ({@: [f (@) > A}) < %j |fldu.

1Use the above inequality to show that if lim,_ [ | f;|du = 0, then there is a set of
measure zero N and a subsequence, still called {f,,} such that for @ ¢ N, f, (®) — 0.
Hint: Get a subsequence using the above Chebyshev inequality, still denoted as
{fa}, such that u ([|fx (®)] > ﬂ) < C27" Then use the Borel Cantelli lemma of
Problem 9 to conclude that off a set of measure zero, |f, (®)] < % for all n large
enough.

Let {r,},_, be an enumeration of the rational numbers in [0, 1] meaning that every
rational number is included in {r, },_, for some n and let f, (x) = 0 except for when
x€{ry, -+ ,ry} whenitis 1. Explain why f, is Riemann integrable and has Riemann
integral 0. However, lim,,_,. f; (x) = f (x) is 1 on rationals and O elsewhere so this
isn’t even Riemann integrable with respect to the integrator F () =¢. It can be
shown that the two integrals give the same answer whenever the function is Riemann
integrable. Thus the Lebesgue integral of f,, will be 0. So what is the Lebesgue
integral of the function which is 1 on the rationals and O on the irrationals? Explain
why this is so.

In fact, i, being only defined on % (R) might not be a complete measure. This
means that you can have A C B C C and p (A) = u (C) with both A, C measurable but
B is not. Give a way to enlarge % (R) to a larger o algebra, extending u so that the
result is a o algebra with measure which is a complete measure space, meaning that
if A C Band u (B) = 0 with B measurable, then A is also measurable. Hint: Let a null
set be one which is contained in a measurable set of measure zero. Denoting such sets
with N, let % = {AUN where N is anull set, A € Z(R)} and let i AUN) = u (A).
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16.

17.
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Lebesgue measure was discussed. Recall that m ((a,b)) = b —a and it is defined
on a ¢ algebra which contains the Borel sets. Show, using Dynkin’s lemma, that
m is translation invariant meaning that m (E) = m(E +a). for all Borel sets E and
then explain why this will be true for all Lebesgue measurable sets described in
Problem 14. Let x ~ y if and only if x —y € Q. Show this is an equivalence relation.
Now let W be a set of positive measure which is contained in (0,1). For x € W,
let [x] denote those y € W such that x ~ y. Thus the equivalence classes partition
W. Use axiom of choice to obtain a set S C W such that S consists of exactly one
element from each equivalence class. Let T denote the rational numbers in [—1,1].
Consider T+ S C [—1,2]. Explain why T+S 2 W. For T = {r;}, explain why the
sets {r i+S }j are disjoint. Explain why S cannot be measurable. Explain why this
shows that for any Lebesgue measurable set of positive measure, there is a subset of
this set which is not measurable.

Consider the sequence of functions defined in the following way. Let fj (x) = x on
[0,1]. To get from f, to fy+1, let f,+1 = f, on all intervals where f, is constant. If
fn is nonconstant on [a,b)], let fy+1(a) = fu(a), fur1(b) = fu(b), fur1 is piecewise
linear and equal to 3 (f,(a) + f,(b)) on the middle third of [a,b]. Sketch a few of
these and you will see the pattern. The process of modifying a nonconstant section
of the graph of this function is illustrated in the following picture.

vl

Show { f,} converges uniformly on [0, 1]. If f(x) = lim,_ f;(x), show that f(0) =
0, f(1) =1, f is continuous, and f’(x ) = 0 for all x ¢ P where P is the Cantor set
of Problem 14. This function is called the Cantor function.It is a very important
example to remember. Note it has derivative equal to zero a.e. and yet it succeeds in
climbing from O to 1. Explain why this function cannot be recovered as an integral
of its derivative even though the derivative exists everywhere but on a set of measure
zero. Hint: This isn’t too hard if you focus on getting a careful estimate on the
difference between two successive functions in the list considering only a typical
small interval in which the change takes place. The above picture should be helpful.

1 This problem gives a very interesting example found in the book by McShane [23].
Let g(x) = x+ f(x) where f is the strange function of Problem 16. Let P be the
Cantor set of Problem 14. Let [0,1]\ P = U7_;/; where ; is open and I; N[, = 0
if j # k. These intervals are the connected components of the complement of the
Cantor set. Show m(g(I;)) = m(I;) so

(U L) = Y mls(i) = Y1) = 1.

Thus m(g(P)) = 1 because g([0,1]) = [0,2]. By Problem 15 there exists a set,
A C g (P) which is non measurable. Define ¢ (x) = 24 (g(x)). Thus ¢(x) = 0 unless
x € P. Tell why ¢ is measurable. (Recall m(P) = 0 and Lebesgue measure is com-
plete.) Now show that 2 (y) = ¢ (g~ (y)) for y € [0,2]. Tell why g~! is continuous
but ¢ o g~ ! is not measurable. (This is an example of measurable o continuous #
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19.

20.

21.

22.

23.

24.

measurable.) Show there exist Lebesgue measurable sets which are not Borel mea-
surable. Hint: The function, ¢ is Lebesgue measurable. Now recall that Borel o
measurable = measurable.

Suppose you have a function f which is of bounded variation on every closed in-
terval. Explain why this function has a derivative off some Borel set of measure
zZero.

Suppose f : R — R is Lipschitz. This means |f (x) — f(y)| < K|x—y|. Then let
g(x) = (K+1)x— f(x). Explain why g is monotone. Note f(x) = (K+1)x—
g(x). Explain why f’(x) exists off a Borel set of measure zero. This is a case of
Rademacher’s theorem which says that a Lipschitz map is differentiable almost ev-
erywhere. In the general case, the function is vector valued and defined on R” rather
than R.

Suppose f > 0, is Lebesgue measurable, see Problem 14, or if you didn’t do that one,
let it be Borel measurable. Also suppose fZ], ;) has a finite integral for any finite
interval [a,b]. Let F (x) = [y f (t)dm. Show that this function of x is continuous ev-
erywhere on [a, b] and then explain why this function has a derivative off some Borel
set of measure zero. Hint: To show continuous, note that for x < b, 2, 44/ (x)—0
as h — 0. Consider using the dominated convergence theorem.

Let S # 0 and define dist (x,S) = inf{|x—y| : y € S} . Show x — dist (x,S) is contin-
uous. In fact, show that

[dist (x,S) — dist (y,5)| < [x |

1From regularity theorems for measures on % (R), you know that if y (E) < o, then
there is a compact K and open V such that K C E CV and u(V\K) < 6. Here u
is a Borel measure which is finite on bounded sets. Show that for such E, there is
a continuous function f which is 1 on K, 0 off V, and has values in [0, 1]. Use this
to show that there exists a continuous function 4 such that [ | 2f — h|dp < €. Hint:
You might get such compact sets K, and open sets V,, such that u (V,\ K,) < 1/2"
and let &, be as just shown. Then do some sort of argument involving the dominated
convergence theorem.

TLet 1 be a measure on Z (R) which is finite on bounded intervals and [ |f]|dy < .
Show there exists a simple function s such that |s (x)| < |f (x)| for all x and

[1r@=swldn<e/2
Next show there is a continuous function % such that
/\s(x) Ch(x)|dp <e)2

Conclude that if f is real valued and measurable with [|f|du < oo, then there is
continuous such that [ |f —hldu < e.

1Let u be a measure on % (R) which is finite on bounded intervals and [ |f|du < oe.
Show that if f, = fZ[_,,, then if n is large enough,

J1r = fildu<e
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Modify the above problem slightly to show that it can be assumed that /# vanishes
outside of some finite interval.

A Lebesgue measurable function f is said to be in L}OC ift fZ|,p) has a finite inte-
gral. Show that there is a Borel set of measure zero off which x — [ f (t)dm has a
derivative a.e.

This is on the Lebesgue fundamental theorem of calculus. Let f € L' (R,m). By
Problem 24 for each &, there is g continuous which vanishes off a finite interval such
that [ |f —g|dm < €. Such a g is uniformly continuous by Theorem 6.7.2. Fill in
details to the following argument. For g as just described,

, |
}%W/B(m lg(x) —g(¥)[dm(y) =0

Here x is fixed and the function integrated is y — |g (x) — g (¥)|. Now let r, — 0+ be
an arbitrary sequence each less than 1. Then

imsup (s | IO ~F@ldn()) <

. 1
lim sup

posoo 11 (B(0,77)) /Bwn) If () —gO)ldm(y)

. 1
Hlim sup s /B o [80) =gl am ()

n—soo M

. 1
Hlimsup s / o B = @ldm ()

<SM(f—g)(x)+]g(x)—f(x)|
Then

i [’“hmfﬂﬂ (m(B(lw /B(m) If(y)f(x)dm(y)> >7L] <

mM (f—g)>A/2|+mlg—f]>1/2]
By Theorem 14.12.7 and Problem 11

10 2
< [1r=slam+ 3 [Ig—flam
We are free to choose how close g is to f and so

w([rtimsip (s [ o) r@lam()) > 2] ) =0

It follows that
)-

w([retimsop (s [ 0= £@ldm()) >0
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27.

28.

29.

and so, there is a Borel set of measure zero N such that if x ¢ N,

. 1 '
N ) e [ 0)—F(ldm () =0

and so | i
}g{}om /B(Xﬂ If (v) = f (x)|dm(y) =0
which implies for x ¢ N,
lim —— ) dm(y) = f (x)

r—0m(B(0,7)) Jp(.r

If you only know that f 2], ; € L' (R, m) for all finite intervals [a,b], show exactly
the same conclusion holds.

Use the above result to show that if f 2|, € L' (R,m) for all finite intervals [a,b],
then for a.e. x,
1 [xth
lim — t)dm =
tim - [ ) am = 7 (2
which can also be termed the Lebesgue fundamental theorem of calculus.

This problem outlines an approach to Stirling’s formula following [24] and [9]. An
easier approach comes from the traditional Stirling’s formula and Problem 16 on
Page 250 From the above problems, I"(n+ 1) = n! for n > 0. Consider more gen-
erally I'(x+ 1) for x > 0. Actually, we will always assume x > 1 since it is the
limit as x — oo which is of interest. I'(x+1) = [;"e "t*dr. Change variables let-
ting t =x(1+u) to obtain I'(x + 1) = x* e™ [ (1 +u) e )" du Next let h (u) be
such that 2(0) =1 and (1 +u)e™ = exp (—% (u)) Show the thing which works
is h(u) = u% (u—1In(1+u)). Use L'Hospital’s rule to verify that the limit of % (u)
as u — 0 is 1. The graph of & is illustrated in the following picture. Verify that its

graph is like this, with an asymptote at u = —1 decreasing and equal to 1 at 0 and
converging to 0 as u — oo,

1

Next change the variables again letting u = s\/% This yields, from the original

description of i, T' (x4 1) = x"e’x\/Zixf:/x/—zexp (—52h (sﬁ)) ds. For s <1,

h (S\/§> >2—-2In2=0.61371
X

. . . 2
so the above integrand is dominated by ¢~ (2~2In2)s

above for s > 1. The exponent part is — (\ﬁ\/fcs—xln <1 —|—s\/§)> . Now for

. Consider the integrand in the
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x>1, (ﬁ\/fcsxln (1 +S\/§)> - (ﬁsf In (1 +S\/§)) equals the expression

s(v/x— sva )
V2s(y/x—1)+In <1+s\/§>' >0

Therefore, (ﬁ\/)f —xIn <1 —&—s\/g)) > (\ﬁs—ln (1 +sﬂ)) and so, fors > 1,

() o ()~

Thus, there exists a dominating function for 3&”[_ e (s)exp ( s2h (s\/§>) and
29

limy e e%”[i N (s)exp (—szh (sﬁ)) = exp (—s?) so by the dominated con-

vergence theorem,

00 2 oo
lim exp (szh (S\/7>> ds = / e ds = Nz
X—yoo ,m X —oo

See Problem 49 on Page 227 or Theorem 9.9.4. This yields a general Stirling’s

. T(x+1)
formula, limy e -5 = V.




Chapter 15

Construction of Real Numbers

The purpose of this chapter is to give a construction of the real numbers from the rationals.
This was first done by Dedekind in 1858 although not published till 1872. He used a totally
different approach than what is used here. Dedekind’s construction was based on an early
idea of Eudoxus who lived around 350 B.C. in which points on the real line divided the
rationals above and below them. Dedekind made this cut into what was meant by a real
number. See Rudin [24] for a description of this approach. I am using equivalence classes
of Cauchy sequences rather than Dedekind cuts because this approach applies to metric
spaces and Dedekind cuts do not. This idea of constructing the real numbers from such
equivalence classes is due to Cantor, also published in 1872. Hewitt and Stromberg [17]
also use this approach. Hobson [ 18] has a description of both of these methods.

Why do this? Why not continue believing that a real number is a point on a number
line and regard its existence as geometrically determined? This is essentially what was done
till Dedekind and, as mentioned, seems to have been part of the belief system of Greeks
thousands of years earlier. I think the reason that such a construction is needed is algebra.
Is there a way to carry the algebraic notions and order axioms of the rational numbers to the
real numbers, defined geometrically as points on the number line? Till Dedekind, this was
simply assumed, as it has been in this book till now. Also, it is desirable to remove the last
vestiges of geometry from analysis; hence this construction. I think this is why Dedekind
and Cantor’s work was very important.

Definition 15.0.1 Ler R denote the set of Cauchy sequences of rational numbers.
If {x,},,_, is such a Cauchy sequence, this will be denoted by x for the sake of simplicity of
notation. A Cauchy sequence x will be called a null sequence if lim,_.. x, = 0. Denote the
collection of such null Cauchy sequences as N.Then define x ~y if and only if x—y € N.
Here x —y signifies the Cauchy sequence {x, — yn},_,. Also, for simplicity of notation, let
Q denote the collection of Cauchy sequences equivalent to some constant Cauchy sequence
{an},_, for a, =a € Q. Thus Q CR.

Notice that whether x —y € N is determined completely by the tail of x —y, the terms
of the sequence larger than some number. Then the following proposition is very easy to
establish and is left to the reader.

Proposition 15.0.2 ~ is an equivalence relation on R.

Definition 15.0.3 Define R as the set of equivalence classes of R. For [x],[y],[z] €
R, define [X] [y] = [xy] where Xy is the sequence {x,y, },_, . Also define [x] +[y] = [x+].

This leads to the following theorem. Note that this is enlarging the field Q obtaining a
larger field R. Enlarging fields is done frequently in algebra using the machinery of field
extensions. It also uses equivalence classes. However, this is very different, resulting in an
enlargement of Q which essentially goes all the way at once. It emphasizes completeness
and order rather than inclusion of roots of various polynomials.

Lemma 15.0.4 Ifx ¢ N, then there is § > 0 and N such that |x;| > & for all k > N.

Proof: If the conclusion does not hold, then for each § > 0, there exist infinitely many
k such that |x;| < 8. Thus there is a subsequence which converges to 0. By Theorem 4.5 .4,
x € N after all. H

357
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Theorem 15.0.5 with the two operations defined above, R is a field. The operations
are well defined.

Proof: Why are these operations well defined? Consider multiplication because it is
fairly obvious that addition is well defined. If x ~ x" and y ~ ¥/, is it true that [x'y’] = [xy]?
Is {x,y;, = Xnyn},_; € N?

X0 = Xy | < XY — x| + X yn — xnyn| < C (|3, = yu| + [, — xa])
where C is a constant which bounds all terms of all four given Cauchy sequences, the con-
stant existing because these are all Cauchy sequences. See Theorem 4.5.2. By assumption,
the last expression converges to 0 as n — oo and so {x},y,, — X,yn},—; € N which verifies
that [x'y’] = [xy] as hoped. The case for addition is similar but easier.

Now it is necessary to verify that the two operations are binary operations on R. This
is obvious for addition. The question for multiplication reduces to whether Xy is a Cauchy
sequence.

X0 Y0 = XmYm| < XnYn = XmYn| + [Xm¥n = Xm¥m| < C (X0 — Xim| + |[Yn — Yiml)

for some constant which is independent of n,m. This follows because x,y Cauchy implies
that these sequences are both bounded. See Theorem 4.5.2.

Commutative and associative laws for addition and multiplication are all obvious be-
cause these hold pointwise for individual terms of the sequence. So is the distributive law.
The existence of an additive identity is clear. You just use [0]. Similarly [1] is a multiplica-
tive identity. For [x] # [0], let y, = 1 if x, = 0 and y, = x; ' if x, # 0. Is y € R? Since
[x] # [0], Lemma 15.0.4 implies that there exists § > 0 and N such that |xz| > 6 for all
k> N.Now for m,n > N,

1 1

Xn  Xm

[ — Xom| 1
=—— < = |x,—x
|xn||xm| - 62| " m|

|Yn _ym| =

which shows that {y, },_, € R. Then clearly [y] = [x] ! because [y] [x] = [yx] and yx is a
Cauchy sequence which equals 1 for all n large enough. Therefore, [xy] = [1] as required,
because xy —1 € N. It is obvious that an additive inverse [—x] = — [x] exists for each
[x] € R. Thus R is a field as claimed. B

It might be of interest to note that with the operations described, R is a commutative
ring and N is a maximal ideal. Thus from algebra R/N is a field. Showing N is maximal is
essentially done above where if [x] # [0], then the multiplicative inverse exists which gets
1 in any ideal containing N making N maximal. You do the same thing with algebraic field
extensions but the argument is harder there.

Of course there are two other properties which need to be considered. Is R ordered? Is
R complete? First recall what it means for R to be ordered. There is a subset of R called
the positive numbers, such that

The sum of positive numbers is positive.

The product of positive numbers is positive.

[x] is either positive [0], or — [X] is positive.
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Definition 15.0.6 Define [x] > [0] means that there exists 8 > 0,8 € Q and a subse-
quence of X {xnk }::1 with the property that x,, > 8 for all k. Since X is a Cauchy sequence,
this requires that for all n large enough, x, > 8 /2. Thus we could also say [x] > [0] means
Xy > 1 for some positive 1| whenever k is large enough. It has already been shown that
[x] = [0] means limy_,cx; = O.

Theorem 15.0.7 7he above definition makes R into an ordered field.

Proof: The first two order axioms are obvious. As to the third, if [x] # [0], it follows
that for all k large enough, x; > & for some & > 0 or —x; < 0 for all k large enough. In
the first case, [x] > [0] and in the second case, — [x] > [0]. The only other case is where
[x] = [0]. Thus R is an ordered field. B

Now that we know this is an ordered field, the usual notions apply to <.

Observation 15.0.8 7o say [x] < € € Q is to say that [€] — [x] = [ —x] > [0] where €
is the constant sequence every term equal to € € Q. Thus € > [x| says that for all k large
enough, x; < €.

Lemma 15.0.9 Q is dense in R in the sense that given € > 0 where € € Q, and x € R,
there is r € Q such that [|x —r|] < € where r is the constant sequence always equal to

reQ.

Proof: Note that |[x —r|€ R from the triangle inequality. It remains to verify Q is
dense in R. I need to verify that if x € R, then there is r € Q such that for large enough k,
r—x; < €€ Qand x; —r < &. It suffices to get an r such that |x; —r| < €. Since x € R,
|xx — xm| < €/4 for all k,m > n for some n. Let r = x,, so k > nimplies |x; — r| < €/4. Then
e—|x—r|>3e/dsox—r|]<e. W

Definition 15.0.10 Define |[x]| = [|x|]. This makes sense because of the triangle
inequality ||xi| — |yk|| < |xk —yi|. Thus |x| = {|x¢|}, € R and if x| = [y] then [|x|] = [|y]] .

Theorem 15.0.11 |-| as just defined satisfies the usual properties of the absolute
value. Also, if [q] > 0 and if [x] € R then there is r € Q such that |[x] —[r]| < [q]. Thus Q
is dense in R. Also R is complete.

Proof: If [x] # [0], then eventually, for large enough k either x; > 0 > 0 or x;, < —6
for some rational 6 > 0. Therefore, |[x]| = [|x|] > 6.

X [yl = [[xyll = [Ixy[] and |[x]|[[y]| = [[x[][Iyl] = [Ixy]

Thus |[x] [y]| = |[x]1[[y]|. Also [x]* = |[x]|* and |[x] [y]| > [x][y]-

X+ = (X)) =&+ ) +2 0] ]
|17+ 1Iy) P 2] 3] = (1) + L Iy] )

and so |[x] + [y]| < [[x]|+|[y]|- The usual properties of absolute value are obtained.

Now since [q] > 0, we have ¢; > 6 > 0 for some 0 € Q whenever k is large enough.
Let n be still larger such that for k,m > n,|q; — qu| < 8/3. Thus k > n implies g; — g, >
—g,qk > gn — g > 26 /3. From Theorem 15.0.7, if [x] € R then there is r € Q such that
[[x—r|]] <8/2<25/3 <|[q]. It follows Q is dense in R.

IN
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To show R is complete, let {[x]"}, be a sequence of elements of R. By definition,
[x]" = [x"] where X" is a representative of [x]". Thus x" is in R. Then we are given that for
every € > 0, € € Q there is ng such that if m,n > ng, then

x]" = [x]"] = [x"] = [x"]| = [x" —x"]| = [|x" —x"[] < ¢
We can therefore, obtain a subsequence, still denoted with » such that

’[X]n_ [X]n-H‘ _ [|Xn_xn+1|] can

It will be this subsequence in what follows. Thus there is an increasing sequence {k, } such
that ‘xz —x;’“| <27 if k,l > k, where k, is increasing in n. Lety = {xz } K Then

n ) p—
yeRandif m >k,

oy —ym| = !Jf,’n—xzu < !x{'n—xzn|+|x’;n_ﬂk;’

m—1 . . e .
< 24y ‘x,in —xiﬂ <2+ Y 2 =g gl
=

Jj=n

Then from the above,
X" —[y]| = [x" —y|] <2772

This says that lim,,_,., [x]" = [y] by definition. The original Cauchy sequence converges to
the same thing thanks to Theorem 4.5.4. B

It follows that you can consider each real number in R as an equivalence class of Cauchy
sequences. One can show that any two ordered, complete, separable, fields are isomorphic
so there is essentially only one of them.

There are other ways to construct the real numbers from the rational numbers. The
technique of Dedekind cuts might be a little shorter and easier to understand. However,
the above technique of the consideration of equivalence classes of Cauchy sequences can
also be used to complete any metric space and this is a common problem. The technique
of Dedekind cuts cannot do this because it depends on the order of Q and there is no order
in a general metric space.

A metric space is a nonempty set X on which is defined a distance function (metric)
which satisfies the following axioms for x,y,z € X.

d(x,y)=d(yx), eo>d(x,y) 20
d(x,y)+d(y,z) > d(x,2)
d(x,y) = 0if and only if x = y.

Its completion is a larger metric space with the property that Cauchy sequences con-
verge. It will also consist of equivalence classes of Cauchy sequences. The idea of a
Cauchy sequence makes sense in a metric space.



Appendix A

Classification of Real Numbers

Dedekind and Cantor constructed the real numbers in 1872. Then in 1882 and 1884 Linder-
mann and Weierstrass were able to classify certain important real numbers like logarithms,
sines and cosines and 7. This was an amazing achievement.

Recall that algebraic numbers are those which are roots of a polynomial with rational
or integer coefficients. (Note that if the coefficients are rational, you could simply multiply
by the product of the denominators and reduce to one which has all integer coefficients.)
This of course includes many complex numbers. For example, x> + 1 has roots 4. The
algebraic numbers include all rational numbers. For example the root of mx—n =01is ..
Numbers which are not algebraic are called transcendental.

Most numbers are transcendental. This follows from Problem 14 on Page 53 and Prob-
lem 16 on Page 53. However, it is very difficult to show that a particular number is tran-
scendental. Lindermann and Weierstrass made some progress on this in 1882 and 1884. In
particular, Lindermann showed that 7 is transcendental. This solved the ancient problem
about whether one could square the circle. If you start with the unit circle, its area is & and
the question was whether you could construct with compass and unmarked straight edge
only, a square of area 7.

You can’t do it because all constructible numbers are algebraic. In fact they all involve
roots of quadratic polynomials and linear polynomials which is essentially why you cannot
trisect an arbitrary angle either, such as a 60° angle. If you could square the circle, then you
would end up needing the sides of the square to be /7 which, if algebraic, would require
7 to also be algebraic. This is explained below. It turns out that doing algebra to algebraic
numbers results in algebraic numbers.

This theorem of Lindermann is a very significant result and it seems to be neglected
these days. This is why I am including a treatment of it which I hope will be somewhat
understandable. It is very technical however. I have not seen the original proof of this the-
orem. I suspect it is not what is about to be presented which depends on work of Steinberg
and Redheffer dating from 1950. However, the use of the symmetric polynomial theorem
used here seems an interesting way to proceed. This symmetric polynomial theorem is very
important for its own sake.

I will use the concept of a vector space and a basis for it in what follows. A beginning
linear algebra course which is not restricted to row operations should contain sufficient
background. However, if you have not seen the notion of an abstract vector space and
basis, it would be better to learn this first. It is in any of my books on linear algebra.

A.1 Algebraic Numbers

a is an algebraic number when there is a polynomial p (x) = x" +a,_1x" ! +--- 4 ag with
each a; rational having a as a root. Out of all such polynomials, the one which has n as
small as possible is called the minimum polynomial for the algebraic number a and 7 is
called the degree of this algebraic number. This minimum polynomial is unique. Indeed, if
p(x) and p (x) are two such, then by the division algorithm,

p(x)=px)g(x)+r(x)

where r (x) has smaller degree than n or is 0. The first case cannot happen because r (a) =0
and so r(x) = 0. Now matching coefficients shows that p (x) is a multiple of p (x) and so

361
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g(x) can only be a scalar. g (x) must be 1 because both p(x), and p(x) have leading
coefficient equal to 1.

If m > n, then by the division algorithm for polynomials, x™ = p (x) g (x) + r (x) where
r(x) is either O or has degree less than n the degree of p(x). Then a™ = r(a) and so this
shows that if ¢ (x) is a polynomial then g (a) can always be written in the form r (a) where
either r (a) = 0 or r (x) has smaller degree than p (x) the minimum polynomial. Incidentally,
this works for linear transformations in place of a for exactly the same reasons. We denote
byk=( ki --- k- )anordered list of nonnegative integers.

Let Qlay, ..., a,] be all finite sums of the form Y aka]l(1 ---a*r where the k; are nonneg-
ative integers, the ax are rational numbers, and the a; are nonzero algebraic numbers. Then
from what was just observed, this is always of the form ¥ such that k;<n;} aka/f‘ .-’ where
the n; are degrees of the algebraic numbers a;. Then Q[ay,...,a,] is a vector space over the
field of scalars Q or more generally, you would have F[ay,...,a,] a vector space over the
field of scalars FF. It follows that Q[ay, ...,a,] has a spanning set

{allq ~~~a],”,0§k,~§n,~—l}

Therefore, the dimension of Q[ay, ...,a,], as such a vector space, is no more than [T/_, n; =
m, the product of the degrees of the algebraic numbers. Letting g (ay, ...,a,) be a polynomial
in which the a; are algebraic, it follows that with m as just defined,

lag(alw-'aar) >g(a17"'7ar)27'-'ag(a17“~7ar)m

cannot be linearly independent. There are too many of them. It follows that there exist
scalars by in Q or the field of scalars, such that by + Y | big (al,...7a,)k =0 and so,
g(ay,...,a,) is an algebraic number. This shows that if you have algebraic numbers, you
can multiply them, add them, raise them to positive integer powers and so forth, and the
result will still be an algebraic number. Sloppily expressed, doing algebra to algebraic
numbers yields algebraic numbers.

In fact, you can exploit the existence of a polynomial of minimum degree for which
a number in Qlay, ...,a,] is a root, to show that Q[ay,...,a,] is actually a field. However,
this is not needed here. It is enough to note that Q|[ay,...,a,] is a commutative ring, dis-
cussed below. Note how this compares with the previous section about extending Q to R.
This extends Q to a larger field Q[ay,...,a,] C C but not anywhere near all the way to the
field C = R +iR. In fact, as shown in an early problem the set of algebraic numbers, is
countable whereas R and C are not. Of course, if you had a which is not a root of any
polynomial having rational coefficients, then Q [a] would not be finite dimensional and the
above process will fail. When this occurs, we say that a is transcendental.

A.2 The Symmetric Polynomial Theorem

First here is a definition of polynomials in many variables which have coefficients in a com-
mutative ring. A commutative ring would be a field except it lacks the axiom which gives
multiplicative inverses for nonzero elements of the ring. A good example of a commutative
ring is the integers. In particular, every field is a commutative ring. Thus, a commutative
ring satisfies the following axioms. They are just the field axioms with one omission just
mentioned. You might not have x~! if x # 0. We will assume that the ring has 1, the
multiplicative identity.
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Axiom A.2.1 Here are the axioms for a commutative ring.
1. x+y=y+x, (commutative law for addition)
2. There exists 0 such that x + 0 = x for all x, (additive identity).

3. For each x € F, there exists —x € F such that x+ (—x) = 0, (existence of additive
inverse).

4. (x+y)+z=x+(y+z),(associative law for addition,).

5. xy = yx, (commutative law for multiplication). You could write this as x X y =y X x.
6. (xy)z=x(yz) (associative law for multiplication).

7. There exists 1 such that 1x = x for all x,(multiplicative identity).

8. x(y+2z) = xy+xz.(distributive law).

The example of most interest here is where the commutative ring is the integers Z or
QJaz,...,ar]. Next is a definition of what is meant by a polynomial.

Definition A.2.2 etk = (k1,ka, - ,ky) where each k; is a nonnegative integer.

Let |k| = Y k;. Polynomials of degree p in the variables x| ,x,,- - - ,x, are expressions of the
form
k
g(_x17_X27... 7xn) — Z akxll ...xﬁn
k|<p
where each ax is in a commutative ring. If all ax = 0, the polynomial has no degree. Such
a polynomial is said to be symmetric if whenever o is a permutation of {1,2,--- ,n},
8 (xc(l)ax6(2)7 T 7x0'(n)) = g()ﬂ,XQ, T 7-xn)

An example of a symmetric polynomial is 51 (x1,X2,--- ,%,) = Y X;. Another one is

Sn (X1,X2,7 7+, Xp) S X1X2 - X

Definition A.2.3 7ne elementary symmetric polynomial
Sk(xlvx%"' 7xn) ak: 17 sh

is the coefficient of (— l)kx”_k in the following polynomial.

(= x1) (1) o+ (x— ) = — sy syt
Thus
S1=X1+x2+ Xy
52 = lex-]’ §3 = Z xixjxk""7sm = Z xi|xi2'“‘xim7 Sp = X1X2 Xy

i<j i<j<k i1 <ip-<ipm

These special elementary polynomials are symmetric because switching two of the
variables x; and x; is equivalent to switching the corresponding factors in the product
(x—x1)(x—x2) -+ (x—x,) and using the same process to collect terms which multiply
x"k_ The polynomial in x does not change.
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Example A.2.4

(x—x1) (x—x2) (x—x3)

= X-x (x1 4+ x2 +x3) +x (X132 + X123 + x2X3) — X1 X2X3.

Thus the symmetric polynomials are x1 + x» 4+ x3,X1X2 + X1X3 + X2Xx3, and x1x2X3.
Note that it follows from the above definition that
k
sy (X1,X2,7 - X)) = s (Qxy, -+, 0xy)

Then the following result is the fundamental theorem in the subject. It is the symmetric
polynomial theorem. This is a very remarkable theorem.

Theorem A.2.5 et g (x1,x2,-++ ,x,) be a symmetric polynomial. Then this sym-
metric polynomial g (x1,x2,-++ ,X,) equals a polynomial in the elementary symmetric poly-
nomials.

k k
g(bez,... 7xn) :Zaksll ...Snn
k
and the ay in the commutative ring are unique.

Proof: The proof is by induction on the number of variables. If n = 1, it is obviously
true because s; = x; and g (x1) can only be a polynomial in x;. Suppose the theorem is true
for n — 1 variables and g (x,xy,--- ,x,) has degree d. Thus in the sum for the polynomial,
|k| <d. By induction, there is a polynomial

~ ~ "k "k)l*
Q1. 8-1) = Y, ad)' -8, =g(x1,x2, ,.%,-1,0) (1.1)
k|<p
where §j is a symmetric polynomial for the variables {x;,x3,- - ,x,—1}. Now let
P(XI;XZ;"' ,)Cn) Eg(x17x27"' ,Xn) _Q(sla"' 7Sn71) (12)
Thus p (x1,x2,---,x,) is a symmetric polynomial because each s; is symmetric and g is
given to be symmetric. Notice how §; was replaced with si.
If x, is set equal to O, the right side reduces to 0 because s (x1,x2, - ,X4—1,0) =
Sg (x1,Xx2,-++ ,Xp—1). This follows from the definition of these symmetric polynomials.

Indeed, the coefficient of x" % in (x —x;) (x —x2)--- (x —x,_1) (x — 0) is the same as the
coefficient of x"~1 =% in (x —x;) (x—x2) --- (x — x,_1 ) . Thus, the right side of 1.2 reduces
to g (x1,x2,+ ,%,—1,0) — Q (81, ,8,—1) = 0 from 1.1 when x, = 0.

Thus x, divides p (x1,xz,- -+ ,X,) so every term in p (xj,xz,--- ,X,) has a factor of x,,.
The same must be true with x; since otherwise, the symmetric polynomial p (x,x2,- - ,X,)
would change if you switched x; and x,. Hence there exists a symmetric polynomial
g1 (x1,x2,+ -+ ,x,) such that

Sn&1 ()C],)Cz,"' ,)Cn) :g(XI,Xz,"' ,X”) _Q(Sl7"' 7Sn*l)
Recall s,, = x1x3 - - - x,,. Thus

g(xl;xZa"' axn) = 81 (x17x27"' 7xn)+Q(S1a"' >Sn71)
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Now if g1 is not constant, do for g; what was just done for g. Obtain

N $ng2 (X1,%2,+++ , Xp)
g (x1,x2, axn)sn< +Q2(sl,"'asn—1) >+Q(Sla ySn—1)

Continue this way, obtaining a sequence of g till the process stops with some g,, being
a constant. This must happen because the degree of g becomes strictly smaller with
each iteration. This yields a polynomial in the elementary symmetric polynomials for

{Xl,XQ," : axn}- .

Example A.2.6 Let g(x,y) = x> +y>. It is clear that g (x,y) = g (y,x) so g is a symmetric
polynomial. Write as a polynomial in the elementary functions.

The above proof tells how to do this. First note that x> = s? where s; is the symmetric
polynomial associated with the single variable x. Thus p (x,y) = x> +y° — s? where this s is
x+y. Then p(x,y) =x> +y3 — (x+y)® = —3x%y —3x)? and this equals (—xy) (3x+3y) =
—3s551. Thus —3s150 = x> +y> fs? and so g (x,y) = s? —3515.

You can see that if you have a symmetric polynomial in more variables, you could use
a process of reducing one variable at a time in g (xy,...,x,—1,0) to eventually obtain this
function as a polynomial in the symmetric polynomials in variables {x1,...,x,—1}.

Note that if you have H’;‘Zl (x—x;) then by definition, it is the sum of terms like
g(xp,- - 7xm)x’""‘ . If you replace x with x; and sum over all i, you would obtain an ex-
pression of the form Y | g (x1, -+ ,xp) xl’»”*k which would also be a symmetric polynomial.
It is of the form

g(xr, X)X R g (g, ) X R g () XK

so when you switch some variables in this, you get the same thing.

Here is a very interesting result which I saw claimed in a paper by Steinberg and Red-
heffer on Lindermannn’s theorem which follows from the above theorem. It is a very useful
property of symmetric polynomials and is the main tool for proving the Lindermann Weier-
strass theorem.

Theorem A.2.7 Let o 1, , 0y be roots of the polynomial equation
p(x)Eanx”—i—an_l)c"*l+---+a1x+a0:O (%)
where each a; is an integer. Then any symmetric polynomial in the quantities
apOiy, -+ ,an0ly

having integer coefficients is also an integer. Also any symmetric polynomial with rational
coefficients in the quantities Q.1,--- , Oy, is a rational number.

Proof: Let f(xi,---,x,) be the symmetric polynomial having integer coefficients.
From Theorem A.2.5 it follows there are integers ay, ..., such that

k
fen )= Y g (1.3)
Ky tky <m
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where the p; are elementary symmetric polynomials defined as the coefficients of p(x) =
[Tj=i (x—x;) with pg (x1,...,x,) of degree k since it is the coefficient of ¥k Earlier we
had them = these coefficients. Thus

k
f(analv"'7anan): Z akl---knpll (analf"vanan)"'pﬁn (analy"' ;anan)
ky4--+kn=d

Now the given polynomial in *, p (x) is of the form

=a"+a, 1 X+t aix+ap

Thus, equating coefficients, a,py (a1, -+ , Q) = a,_i. Multiply both sides by a~!. Thus

k—1
pk(anah'" >anan):an Ap—k
an integer. Therefore,
k £
f(anal7"'7anan): Z ak1~~~k,,P11 (anah"’vanan)'”pnl (anala"' aanan)
Ky -ty =d
and each py (a,Qy,- - ,a,Q,) is an integer. Thus f(a,a1,---,a,0,) is indeed an integer.
From this, it is obvious that f (ay,--- , ;) is rational. Indeed, from 1.3,
k k
f(a17"'7an): Z ak1~-~knp11 (a17"'7an)"'pnn(a17"'7an)
ki +-+hy=d

Now multiply both sides by @, an integer where M is chosen large enough that

alr‘l/lf(alv'“ 7a"l)
h(ky ...y k, k
= Z a,:< e ")ak1~-k,,P11 (analy"' ,anan)"'pﬁ” (anal7"'aanan)
ki 4+ Hh=d

where A (ki,...,k,) is some nonnegative integer. Then the right side is an integer. Thus

f(ay, -, o) is rational. If the f had rational coefficients, then mf would have inte-
ger coefficients for a suitable m and so mf (ay, -, ¢,) would be rational which yields
f(ay,- -, o) is rational. B

A.3 Transcendental Numbers

Most numbers are like this, transcendental. Here the algebraic numbers are those which
are roots of a polynomial equation having rational numbers as coefficients, equivalently
integer coefficients. By the fundamental theorem of algebra, all these numbers are in C
and they constitute a countable collection of numbers in C. Therefore, most numbers in C
are transcendental. Nevertheless, it is very hard to prove that a particular number is tran-
scendental. Probably the most famous theorem about this is the Lindermannn Weierstrass
theorem, 1884.

Theorem A.3.1 Let the Q; be distinct nonzero algebraic numbers and let the a; be
nonzero algebraic numbers. Then Y7, a;e® 0.
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I am following the interesting Wikepedia article on this subject. You can also look at the
book by Baker [5], Transcendental Number Theory, Cambridge University Press. There are
also many other treatments which you can find on the web including an interesting article
by Steinberg and Redheffer which appeared in about 1950.

The proof makes use of the following identity. For f (x) a polynomial,

deg(f) deg(f

I(S)E/OS f(x)dx = ¢* Z £U) Z £U) (1.4)

where f (/) denotes the j derivative. It is like the convolution integral discussed earlier
with Laplace transforms. In this formula, s € C and the integral is defined in the natural
way as

1
/ sf(ts)e* dt (1.5)
0
The identity follows from integration by parts.
fS |0 +/ :l

:se“{ eﬂ‘f()—&- f +/ (st dt}—ef +/ se* I f! (st) dt

s
=e'f(0 +/‘x

Continuing this way establishes the identity since the right end looks just like what we
started with except with a derivative on the f.

1 1
/ sf(ts)edt = se“'/ fts)e ™ dt = se’ [
0 0

Lemma A.3.2 Let (x;,....x,) — g(x,x1,...,X,) be symmetric and let
X — g(xaxla ...,Xn)

be a polynomial. Then ddx—r:l,,g(x,xl,...,xn) is symmetric in the variables {xi,....x,}. If

(X1 ooy Xn) = h(x,X1,...,X,) s symmetric, then for r some nonnegative integer, it fol-
. . . ]

lows that Y _ h(Xg,X1,...,x,) X}, is symmetric. In particular, Y}, %g(~,x1,...,xn) (k) X},

is symmetric in {xy,...,xn }.

Proof: The coefficients of the polynomial x — g (x,xy,...,x,) are symmetric functions
of {xi,...,x, } . Differentiating with respect to x multiple times just gives another polyno-
mial in x having coefficients which are symmetric functions. Thus the first part is proved.
For the second part, the sum is of the form

R(1, X1y ooy X)) X R (X2, X1 ey X ) X5 - B (X, X1 ey X ) X,

You see that this is unchanged from switching two variables. For example, switch x| and
x». By assumption, nothing changes in the terms after the first two. The first term then
becomes

B0, 00, X1 ey X ) X = R (X0, X1, X0, o0y X ) X5

and the second term becomes

R(X1, 200, X1 ey X ) X] = R (X1, X1, X0, 00y X0 ) X]
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which are the same two terms, just added in a different order. The situation works the same
way with any other pair of variables. B
Recall that every algebraic number is a root of a polynomial having integer coefficients.

Lemma A.3.3 Let Q(x) = v + -+ u have integer coefficients with roots B,..., 3,,
listed according to multiplicity. Let

_ V(m+1)ﬂQp (x) P!
fx)= 1) (1.6)

a polynomial of degree n = pm+ p — 1. Then

Y 9 (0) =P Dul oy (p) p (1.7

ZZf my (p) p (1.8)

i=1j=0

where my (p) ,my (p) are integers and p will be a large prime.

S(m+1 —1 .
Proof: First consider 1.7. f(x) = i )p(vf;jl)f“)pxp . Then f7(0) = 0 unless j >

p — 1 because otherwise, that x?~! term will result in some x”, 7 > 0 and everything is zero
when you plug in x = 0. Now say j = p — 1. Then it is clear that you get a (p — 1)! which
cancels the denominator and letting x = 0, you get the integer £~ (0) = uPv("+DP_ So
whatif j > p—1?

d’
d—((vx +tu)P a7t
j j—i

= Z( ) d (™ +-- +u));zcﬁ.xp‘1

and, since eventually x = 0, only j —i = p—1 is of interest, so i = j — p+ 1 where j > p
as just mentioned. Since i > 1, there will be a factor of p and a factor of (p —1)! from
d/~

xP~!. Thus when x = 0, this reduces to m; (p) p ( —1)! and so this yields 1.7.

dxT T
Next consider 1.8 which says that Y3, ¥} Y (B,) = my (p) p. The factorization of
Q(x)isv(x—pB;) - (x—pB,,) - Replace Q (x) Wlth its factorization in 1.6 to get

FE) (p=1)t =P (k= By) (x—B,) -+ (x— B,,)) <! (1.9)
First notice that (p — 1)! () (B,) = 0 unless j > p. Thus all terms in computing

fOB) (=1

for j > p have a factor of p!. If you have

g, By, B,) = vV tIP (k=B ) (x—By) -+ (x—B,,)) ¥,

it is symmetric in the 3; so all derivatives with respect to x are also symmetric in these f3;
by Lemma A.3.2. By the same lemma, for j > p

1 moo
dej< By By )(ﬁi)(f’m):,z{f(‘])(ﬁ)
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is symmetric in the 3,,---,f,,- Thanks to the factor vPy(m 1P and the factor p! coming
from j > p, it is a symmetric polynomial in the vf3; with integer coefficients, each multi-
plied by p with the 8, roots of Q (x) = vx™ 4 --- +u. By Theorem A.2.7 this is an integer.
As noted earlier, it equals O unless j > p when it contains a factor of p. Thus the sum of
these integers is also an integer times p. It follows that

i Xn"f(j) (B;) =ma2(p)p, my(p) an integer. A
i=1j=0

Note that no use was made of p being a large prime number. This will come next.

Lemma A.3.4 IfK and c are nonzero integers, and B, ,B,, are the roots of a single
polynomial with integer coefficients,

O(x)=vx"+---+u

where v,u # 0, then,

K+C(€ﬁl +..._|_eﬁm) 7&0
Letting
v t)P QP (x) xP=1

and I (s) be defined in terms of f (x) as above,

s deg(f) deg(f)
16)= [efwar=e Y 0= Y 196,
/0 j=0 j=0
it follows,
;grgoi;l(ﬁ,-) =0 (1.10)

and for n the degree of f (x),n = pm+ p — 1, where m; (p) is some integer for p a large
prime number.

Proof: The first step is to verify 1.10 for f (x) as given in 1.6 for p large prime numbers.
Let p be a large prime number. Then 1.10 follows right away from the definition of / (ﬁ j>
and the definition of f (x).

w02 o (8 )| -1 |p |7
0= syl [ ROAETPE,

which clearly converges to 0 using considerations involving convergent series which show
the integrand converges uniformly to 0. The degree of f (x) is n = pm+ p — 1 where p will
be a sufficiently large prime number from now on.

From 1.4,

(agE

Y IB) =c G&iﬂwm—iﬂWmo
i=1 =0

Jj=0

Il
—
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= <K+cieﬁi> i‘z)f(j) (0) — (Kzn‘bf(j) (0)+ci if(j) (ﬁ)) (1.11)

i=1 i=1;=0

Here KYj_ f (/) (0) is added and subtracted. From Lemma A.3.3,

vVl fmy (p)p+ma (p) p=K Y, f9(0) +¢
=0 ;

I
™
=N
\K‘_;
=

Thus, if p is very large,

cY 1(B;) = small = KvP" )P 4+ M (p) p+ (K—i—cZeBi) me (0)
. &

i=1 i=1

Let p be prime and larger than max (K,v,u). f K+cY", ePi =0, the above is impossible
because it would require
small = Kv"" P + M (p) p

Now the right side is a nonzero integer because p cannot divide KvPm D) yP o the right
side cannot equal something small. l

Note that this shows 7 is irrational. If & = k/m where k,m are integers, then both ix
and —im are roots of the polynomial with integer coefficients, m>x> +k> which would
require, from what was just shown that 0 # 2 4 ¢/® + =" which is not the case since the
sum on the right equals 0.

The following corollary follows from this. It is like the above lemma except it involves
several polynomials. First is a lemma.

Lemma A.3.5 Let v, uy, my be integers for k =1,2...,m,uy, v nonzero. Then for each

my+2 my+1
Vk

k there exists oy an integer such that o, uy is U for some non zero integer.

my+2 mp+1

2
m . mj+l H’;lzl (m./+2) . .
v =, v, w where ay is an integer

Proof: Let U = ( vy
chosen to make this so.l

Corollary A.3.6 Let K and c; for i =1,--- ,n be nonzero integers. For each k between
1 and n let {B (k);}'*, be the roots of a polynomial with integer coefficients,

O (x) =wx™ + -+ 4y

where vy, uy # 0. Then

my my My
K+c (Z eﬁ“)i) +ey (Z eﬁ(z)_{.) fedey (Zeﬁ(n)/) £0. (%)
4 =

Jj=1 Jj=1

Proof: Let K} be nonzero integers which add to K. It is certainly possible to obtain this
since the Kj are allowed to change sign. They only need to be nonzero. Also let o, be as in
the above lemma such that Ockm"ﬂv?"ﬂ uy = U some integer. Thus, replacing each Qy (x)
with o™ + -+ + oy, it follows that for each large prime p, (akv)p(m"“) (apu)? =

2 p
(a:’” mG+l> = UP. From now on, use the new Oy (x).
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Defining f; (x) and I (s) as in Lemma A.3.4,

V(m+1)pQ£ (x) Pl
(p—1)!

and as before, let p be a very large prime number. It follows from Lemma A.3.4 that for
eachk=1,---,n,

ok M deg(fy)
) I (B(k),) = <Kk+ck2e3<")i> Y 10
i=1

fie(x) =

i=1
deg(fi) P my deg(fx) i
<z<k IRCICETS W )

This is exactly the same computation as in the beginning of that lemma except one adds

and subtracts K}, Zdeg 0 fk( 7 (0) rather than K de:géf K f,fj ) (0) where the K} are chosen such
that their sum equals K and the term on the left converges to 0 as p — oo. By Lemma A.3.4,

my
ckZIk <Kk+ck26 ) (UP +Nyp)

i=1

—K; (UP +Ngp) — ckNyp

my,
= (Kk to Y, eﬁ<k)i> UP — KU? + Myp
i=1

where M}, is some integer. Now add.

k=

chZIk =u’ <K+ch2e )KmUp+Mp

If K+Y" e Yok eP®i = 0, then if p > max (K,m,U) you would have —KmU? +Mp
an integer so it cannot equal the left side which will be small if p is large. Therefore,
follows. l

Next is an even more interesting Lemma which follows from the above corollary.

Lemma A.3.7 If by,b,--- b, are non zero integers, and v,,--- 7, are distinct alge-
braic numbers, then
boe’o +bre’t + ... 4 beln #0

Proof: Assume
boe? +bie"t + -+ bye’n =0 (1.12)

Divide by e’ and letting K = by,
K+b1e®V) . pe® =0 (1.13)

where a (k) = ¥, — 7,. These are still distinct algebraic numbers. Therefore, o (k) is a root
of a polynomial
Qk(x):vkx”“‘+--~+uk (1.14)
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having integer coefficients, v;,u; # 0. Recall algebraic numbers were defined as roots of
polynomial equations having rational coefficients. Just multiply by the denominators to get
one with integer coefficients. Let the roots of this polynomial equation be

{aw), . a),,}

and suppose they are listed in such a way that ¢ (k); = ¢ (k). Thus, by Theorem A.2.7
every symmetric polynomial in these roots is rational.
Letting i; be an integer in {1,--- ,my} it follows from the assumption 1.12 that

(K+b1e°‘“>f1 T hpe®Pin +bne“(”>in) -0 (1.15)

(ilv"' -,in>
i €{1, - my}

This is because one of the factors is the one occurring in 1.13 when i; = 1 for every k. The
product is taken over all distinct ordered lists (i1, ,i,) where iy is as indicated. Expand
this possibly huge product. This will yield something like the following.

K/—l—cl (eﬁ(l)l 4. —|—eB<l>#(l))

teo (eﬁ(2)1 +...+6B(2)u(2)) I

ex (eﬁ(N)1+...+eB(N)u(N)) —0 (1.16)

These integers c; come from products of the b; and K. You group these exponentials ac-
cording to which ¢; they multiply. The 3 (i) ; are the distinct exponents which result, each
being a sum of some of the o (r); . Since the product included all roots for each Oy (x),
interchanging their order does not change the distinct exponents f (i) ;j which result. They
might occur in a different order however, but you would still have the same distinct ex-
ponents associated with each ¢ as shown in the sum. Thus any symmetric polynomial
in the B (s);,B (s)y, B (5)y(s is also a symmetric polynomial in the roots of Qx (x),
a(k),,a(k),, -, o(k),, foreachk.

Doesn’t this contradict Corollary A.3.6? This is not yet clear because we don’t know
that the B (i), ,..., B (i), are roots of a polynomial having rational coefficients. For a

givenr,(r);, -+, B (r), ) are roots of the polynomial

(e=B()) =B () (x=B (i) (1.17)

the coefficients of which are elementary symmetric polynomials in the B (r);,i < p(r).
Thus the coefficients are symmetric polynomials in the
a(k)l ,Ot(k)27-~ ,Ot(k)

iy

for each k. Say the polynomial is of the form

u(r)
anlel (A(l)a ,A(Vl))
=0
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where A (k) signifies the roots of Oy (x), {Oc(k)l yo, O (k)mk}. Thus, by the symmetric

polynomial theorem applied to the commutative ring Q[A(1),---,A(n—1)], the above
polynomial is of the form

u(r) ()1 kl] i
Z;)x %Bk, (A1), A(n=1))sy o5

where the sy is one of the elementary symmetric polynomials in

{a(n)la"' ,(X(I’l)mn}

and By, is symmetric in & (k) , & (k), -~ , ¢t (k),,, foreachk <n—1 and
Bkl GQ[A(l)a ,A(I’l*l)]

Now do to By, what was just done to B; featuring A (n— 1) this time, and continue till
eventually you obtain for the coefficient of XM= g large sum of rational numbers times a
product of symmetric polynomials in A (1),A(2), etc. By Theorem A.2.7 applied repeat-
edly, beginning with A (1) and then to A (2) and so forth, one finds that the coefficient of
x*()~ js a rational number and so the 8 (r) jforj<pu (r) are algebraic numbers and roots
of a polynomial which has rational coefficients, namely the one in 1.17, hence roots of a
polynomial with integer coefficients. Now 1.16 contradicts Corollary A.3.6. B

Note this lemma is sufficient to prove Lindermann’s theorem that 7 is transcendental.
Here is why. If 7 is algebraic, then so is iz and so from this lemma, e 4 /™ # 0 but this is
not the case because e/ = —1.

The next theorem is the main result, the Lindermann Weierstrass theorem. It replaces
the integers b; in the above lemma with algebraic numbers.

Theorem A.3.8 Suppose a(1),---,a(n) are nonzero algebraic numbers and sup-
pose

are distinct algebraic numbers. Then
a(1)e™V +a(2)e*® ...+ a(n)e®™ £0
Proof: Suppose a(j) = a(j), is a root of the polynomial
vix"i 4w

where v;,u; # 0. Let the roots of this polynomial be a(j),, - ,a (j)mj. Suppose to the
contrary that
a(l)lea(l) +a(2)lea<2) +. ..+a(n)1605(n) -0

Then consider the big product

(61(1),.l W +a(2), e+ +a(n), e“<">> (1.18)
(i1, 4in)

i {1, my }
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the product taken over all ordered lists (i1,---,i,). Since one of the factors in this product
equals 0, this product equals
0=>51PW 4byeP@ 4. 1 pyeP) (1.19)

where the f () are the distinct exponents which result and the by result from combining
terms corresponding to a single 8 (k). The B (i) are clearly algebraic because they are the
sum of the o (i). I want to show that the b; are actually rational numbers. Since the
product in 1.18 is taken for all ordered lists as described above, it follows that for a given
k,if a (k); is switched with a (k) ; , that is, two of the roots of vx" + - -~ + uy are switched,
then the product is unchanged and so 1.19 is also unchanged. Thus each b; is a symmetric

polynomial in the a (k) i j=1,--- my for each k. Consider then a particular by. It follows
b= Y Ajejma(m)] -amy
(1> sdmn)
and this is symmetric in the {a n), - ,d (”)m,,} (note n is distinguished) the coefficients

Aji . jn, being in the commutative ring Q[A (1),---,A (n—1)] where A (p) denotes
a(k)l )y 7a(k)m],

and so from Theorem A.2.5,

b = Z BJI ]mnpl ( ( )1"'a(n)mn)'”p’{;ﬁzﬂ (a(n)l'”a(n)m,,)

(15 sJmn)

where the Bj, ... ;.

are symmetric in {a (k) J}]m; for each k < n— 1 and the p} are ele-
mentary symmetri ¢ polynomials. Now doing to Bj, ... ;, ~what was just done to b, and
continuing this way, it follows by is a finite sum of rational numbers times powers of el-
ementary polynomials in the various {a(k)j}:zl for k < n. By Theorem A.2.7 this is a
rational number. Thus by, is a rational number as desired. Multiplying by the product of all

the denominators, it follows there exist integers c¢; such that
0=c1ePM) 4 2P 4o foyeP®

which contradicts Lemma A.3.7. B
This theorem is sufficient to show e is transcendental. If it were algebraic, then

ee '+ (=1’ £0
but this is not the case. If a # 1 is algebraic, then In (a) is transcendental. To see this, note
that
1M 4 (—1)ae® =0
which cannot happen if In (@) is algebraic according to the above theorem. If a is algebraic
and sin (a) # 0, then sin (a) is transcendental because

1 ia 1 —ia . 0
7€ %€ +(=1)sin(a)e” =0
which cannot occur if sin (a) is algebraic. There are doubtless other examples of numbers
which are transcendental by this amazing theorem. For example, 7 is also transcendental.
This is because 14 ¢™ = 0. This couldn’t happen if 7 were algebraic because then so would
be iT.

Of course this marvelous theorem is insufficient to classify an arbitrary real number,
even many which are well specified like 7 + e.



Appendix B

Integration on Rough Paths*

The material on Stieltjes integrals has a very important generalization called integration on
rough functions. This chapter gives an introduction to this topic. In order to show this, we
need a simple inequality called the triangle inequality. First here is a useful lemma.

As in the case of Stieltjes integrals all of this has generalizations to integrator functions
which have values in various normed linear spaces but this is a book on single variable
advanced calculus and so this level of generality is avoided.

Lemma B.0.1 Ifa,b>0,p > 1 and p' is defined by %—i— % =1, then

Proof: Let p’ = g to save on notation and consider the following picture:

) /

x=1P"1
t=x4"1
t
a
ra b 14 bl
abg/ tpfldt—i-/ xqfldxzaf—i-f.
Jo Jo P q

Note equality occurs when a” = b7. R
The following is a case of Holder’s inequality.

Lemma B.0.2 Let a;,b; > 0. Then for p > 1,

1/p / 1/p'
roc(e) (2

Proof: From the above inequality,

n by 1
; (% ,) (Zibf/)l =P

/a1 (e’ 11
<Zla53>+/ L =+ =1
p\Xia; ) P \yp’ p P
. . —_ . m1/p A\
Hence the inequality follows from multiplying both sides by (Z,- a; ) (Z[ b: ) .

Then with this lemma, here is the triangle inequality.

375
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Theorem B.0.3 Leta;.b; € R. Then for p > 1,

n 1/p " 1/p n 1/p
<§:|ar+bﬂp> < ():laip> +'<§:|bdp>
i=1 i=1 i=1

Proof: First note that from the definition, p— 1= p/p’.

n n
Y lai+bil" < Y lai+bil" " (laif + i)
i=1 i=1

< Y lai+ 0" il + Y Jai+ b7 b
i=1 i=1

Now from Lemma B.0.2,

n N v/, 1/p n N v, 1/p
<<Z,(ai+bi”/”)> (;MI”) +<izl(ai+b,-”/”)> <;|bi|”>

i=1
" 1/p n 1/p " 1/p
= <Z|ai+bi|p> <Z |ai|p> + <Z|bz‘|p>
i=1 i=1 i=1

In case Y| |a; + bi|” = 0 there is nothing to show in the inequality. It is obviously true. If

this is nonzero, then divide both sides of the above inequality by (Y |a; + b;|") VP o get

n 1= . 1/p 0 1/p n 1/p
(Z |ai+bi|p) = <Z |ai+bi|p> < (Z |ai|p> + <Z |bip> u
= =1 i= =1

B.1 Finite p Variation

Instead of integrating with respect to a finite variation integrator function F', the function
will be of finite p variation. This is more general than finite variation. Here it is assumed
p > O rather than p > 1.

Definition B.1.1 Define for a function F : 0,T]—R

[F()=F(s)|
le—s[*

follows that |F (t) — F (s)] < C|t —s|*.

1. o Holder continuous if SUpy< < < C < oo. Then from this inequality, it

2. The function F has finite p variation if for some p > 0,

m 1/p
ljor =sp (£ - <
7 \i=l

where & denotes a partition of [0,T], P = {tp,t1,- ,tn} for
O=n<n<---<t,=T

also called a dissection in this subject. It was also called a division when discussing
the generalized Riemann integral. | 22| denotes the largest length in any of the sub
intervals. It will be always assumed that actually p > 1.
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Note that when p = 1 having finite p variation is just the same as saying that it has finite
total variation. Thus this is including more general considerations. Also, to simplify the
notation, for &2 such a dissection, write

Y |F (ti1) — F (1;)|” instead of Y |F (1i41) — F (1;)|"
Z

i=1

Definition B.1.2 Ler ¢ ([0,T];R) denote the o Holder functions and denote by
VP ([0,T],R) the continuous functions F which have finite p variation, V? for short.

It is routine to verify that if o > 1, then any Holder continuous function is a constant. It
is also easy to see that any 1/p Holder is p finite variation. To see this, note that you have
IF (t)—F (s)| < C|t —s|"/? and so

m 1/p m 1/p
<Z|F(li+1)—F(ti)|p> < <Zcp|ti+1 —li|> =cr'/r
oy i=1

From now on p > 1 and define ||F |y 71r) = [IF ||, 0,77 + SUPrefo,r] |F (1)| where as
described above,

1/p 1/p
1Fl 0. = S;P (ZF(tiH) —F(fi)p> = <S;PZ|F(U+1) —F(ti)|p>

To save notation, it is customary to write ||F||,, = sup,cpo 7 |F (¢)]

Definition B.1.3 Suppose you have a set of functions V defined on some interval 1
which satisfies cX € V whenever c is a number and X € V and that X +Y € V whenever
X,Y €V.Then ||-|| : V — [0,0) is a norm if it satisfies.

IX|I > 0,||X|| =0 ifand only if X =0

X +Y [ <[X[+]Y]
cX[| = |ef [1X]]

For ¢ a number,

Proposition B.1.4 For each p > 1,V? is a set of continuous functions. Also |-||,» is a
norm. In addition, if 1 < p < g,

VP ([0, T];R) C V4 ([0,T];R) € C°([0, T];R)

The embeddings are continuous. In fact, ||F|, < ||F|lyq < ||F]ly»-

Note that, although |||y, is a norm, |||, (o 7 is not.

Proof: It is clear that |F||,, equals O if and only if F = 0. This follows from the
inclusion in the definition for the norm, sup,c(o 71 |F (t)|. It only remains to verify the other
axioms of a norm. It suffices to consider |-, ;o 7. Does it satisfy the triangle inequality?

1/p
1Z+YIl, 0.7 = sup <ZI(Z+Y) (tix1) = (Z+Y) (ti)|p>
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1/p
< sup (Z(IZ(ti+1)—Z(fi)+|Y(ti+1)—Y(ti)|)”>

i

1/p 1/p
sup Z|Z tit1) )|p> + <Z|Y(fi+1)y(ti)|p>

<
P
This is by
1/p 1/p
< sup <Z|Z(t,-+1)—z(t,-)”> +51;P <Z|Y(z,»+1)—Y(t,»)|P>

= NZllp o+ Y1507

Thus [|-||y, clearly is a norm. What about those inclusions? Let F € V7. Is it also in V4?
Suppose F € V7 and ||F ||, o 7) = 1. What about [|F|[, 1o ? For any &

1/p I/p
<Z|F(h‘+1) —F(fi)|q> < <Z|F(li+1) —F(fi)|p> <1

a/p . P q/p
and so || F || olo.] < 1. Therefore, if IF N0,y < oo |4 fo.1 <1 andso
F
TF =2 <1, IFllgp0mn < [0.7]

as claimed. Thus V” C V¢ and the inclusion map is continuous. There is nothing to verify
for the uniform norm part of || F ||,,,. How about the embedding into C°?||F |0 < ||F||,»by
definition.

In the above, there is nothing sacred about the interval [0,7]. You could use any other
interval. Then we write ||F ||y, [|F||,; to denote the above with respect to the interval /.

Lemma B.1.5 Supposea=1y <1, <--- <t, =b. Then ¥, HFH,, iy < IF I, b

Proof: It is sufficient to verify this with two intervals. Say @ < b < ¢. Then let &,
be a dissection for [a,b] and &7, a dissection for [b,c]. Then & = P, U P, is clearly a
dissection for [a,c]. Then from definition,

Y F (tier) = F (t)" + Y |F (ti1) = F Z\F tic) = F @) < |FI7 .
G 322

Then taking the sup over all such &2 one gets

HF”,I;[,I,;)]+Z|F(ti+1)_F(ti)|p < ||F||Z7[a ]
P

Now take sup over all such &%,. Note that in finding || F ||p jac] there is no guarantee that b

will be in any of the dissections. That is, although @1 U &2, is a disection of [a, c] it might
not be any of the dissections needed to obtain ||F Hp . Thus we can’t expect to have this

inequality an equation. ll
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B.2 Piecewise Linear Approximation

Definition B.2.1 Let &2 be a dissection of [0,T] and let F € VP ([0,T)). Let F¥
denote the piecewise linear approximation of F. That is, it agrees with F at every point
of & and in [t;,t;41] it is of the form m%tl [(F@))tix1 —t)+F (ti1) (t—1)] = F (t;) +
(t—1,) (F(tiJrl)_F(ti)).

tip1—ti

To get the piecewise linear approximation, you could write

t n—1 i _ X
Fo= (: O,y fe) = (t’)> Py (5)ds

=0 lit1 =1
Note that the formula gives

FZ(t) = F(0)+F(n)—F(t)=F(n),

M(Q—n)zF(Q)

F?(n) = F(n)+ s

etc.

Next is a fundamental approximation lemma which says that when you replace a func-
tion in V? with its piecewise linear approximation the p variation gets smaller. First is a
simple observation. Suppose p > 1 and Y7, r; = r where each r; is positive and less than
1. Then r” > Y | /. To see this is so, note that Y ; = 1andso ¥; (4)" <¥; % =150
the claim follows.

Lemma B.2.2 Let F € VP ([0,T]) and let & be a dissection. Then ||F9(:)Hp'[0 n <
IF Nl j0,7)- Also, if P is a dissection for which

p

P p
> HF]

78,

PN P
;g\F (1)~ F7 (u) on

then this inequality continues to hold for & in which P C .

Proof: Let &, be a dissection of [0, T] such that

p
By 2.1)
p,[0.7]

Y ‘F(] (1) = F7 (u;)

U € Ps

P .
> HF'@

The idea is to show that, deleting some points of &, you can assume every grid point of
P, is also a grid point of & while preserving the above inequality. This might not be too
surprising because the variation of F is determined by the F (t;) where t; € &2. Let the
mesh points of & be denoted by {u;} and those of & are denoted by {t j}.

Let (t_,-,th) be an interval which contains points of &2, say u;,ujt1,...,ux in order.
Modify & if necessary by including ¢;,¢;11. Then corresponding to this interval, the above
sum gives

k=1
Y la(urpr —u)|”+a (tj1 —w) "+ |a (i —1;)|"
I=i
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)

If all the u, were deleted from 22, for i < r < k, this results in |F (th) —F(t)) |p which

F(tj1)—F (1)

where a = _
171

. Then this sum equals

|F (tj51) = F (1)]” (Z

I=i

w —u |7 — g |P Ui —1I;

Liv1—t;

tit1—1j Ljit1—1j

must be at least as large from the above observation because )~/ % t?%
- J J J J
ll’:'l%':k = land p > 1 and all these quotients are positive and smaller than 1. Thus we get
J J

a larger sum on the left in 2.1 by modifying &2, as just described. This shows that it can be
assumed that every point of &7 is in &. Therefore, since each u; € &,

HF”;[O,T] > Y |F (uig1) —F ()" = Y, ‘F‘@(uH])—F@ (u;) "s HF‘”}’

uiE,J}g; M;Ef’]g

p
—€
p[0.7]

Since € is arbitrary, this shows the conclusion of the lemma. W

Next is to show that these piecewise linear functions approximate F in terms of p
variation. In general, when you have a continuous function defined on a closed interval,
the above piecewise continuous approximations always converge to the function uniformly.
This is left to the reader to show. It is an exercise in uniform continuity of F'.

Theorem B.2.3 Let F e v7([0,7)),p > 1. Then lim o |FZ — F ||
every q > p.

a0 = 0 for

Proof: Let € > 0 be given and let &7 be a dissection of [0, T].
Using what was just observed about uniform continuity of piecewise linear approxima-
tions,

Z FZ (tix1) —F (tiv1) — (ng (%) —F(li)) ‘q
LeP
< may (‘F,@ (tis1) — F (ti11) — (F?f“ (t) —F(l‘i)> ’qﬂ) .
Y F7 (tip1) = F (tin1) — (Fy(t") _F(ti)>‘p
LeP
< max (‘FW(IHI) —F (tir1) = (Fy(t") _F(ti)) "H’) HFy _FHi 0.7]
< (7 0=+l -r) )
()
< 2‘1*Ptg[1§>;] F? (t)—F(t)‘H (ZHFH]),[O,T])P

from Lemma B.2.2 since HF@ |p 01] < Il 0,7- Now it follows that if || is small
enough, the above is no more than ¢. il

The method of proof of the above yields the following useful lemma. To save space,
[Fl.. = sup, [F (£)]-
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Lemma B.2.4 Let F,Y € VP ([0,T]) and let ¢ > p > 1. Then

q—r
| —¥llyy <262V [F ¥ |lT [|[F Y| 4 (IF ¥l

Note that 27" < 2.
Proof: Let &2 be a dissection. Then

Z|F(t,~+])—Y(tl-+1)—(F () =Y (1))

< SUBIF (141) =Y (i) = (F () =Y ()17 K IF (00) =¥ 1s1) = (F 1) =¥ ()
<P Y|P LI (t1) — ¥ (1) — (F (1) — ¥ (1))

Then taking the sup over all dissections,

1F=Y1I5 07 < 2P IF =YI*PIF =Y 10 7

[0.7)

IF =Yl 0.7 <290 PV9|F -y [PV F — Y||"/OT]

Hence [|F — ||y, < 20~7)/4||F —y||@=P/aF —y [Pt | 4 ||F —||..m

In all the above, one can replace [0, 7] with [a, b] through simple modifications.

B.3 The Young Integral

This dates from about 1936. Basically, you can do fOT YdF if Y is continuous and F is of
bounded variation or the other way around. This is the old Stieltjes integral. However, this
integral has to do with Y € V9 and F € V? and of course, these functions are not necessarily
of bounded variation although they are continuous. First, here is a simple lemma which is
used a little later.

Lemma B.3.1 Let F be piecewise linear with respect to a dissection & and let Y be
continuous. Then t — [y YdF is continuous.

Proof: Say & is given by {fo,71, - ,tn} where 0 =1y < --- <1, =T. Let G(¢) =
JYdF. Then on [0,1],

W F)=F(0)  F(t)—F(0) [
;)_/OY(S) s = = /OY(s)ds

which is clearly continuous. Then on [¢1,%;] you have

+/ Y (s Flo)=Fn)

lz—ll

which is again continuous. Continuing this way shows the desired conclusion.
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Definition B.3.2 Let & be a dissection of [0,T] and let Y, F be continuous. Then
/ YdF =YY (t;) (F (ti1) — F (1))
Z Z

where &2 = {ty,--- ,t,}. This is like a Riemann Stieltjes sum except that you don’t have a
bounded variation integrator function. fOT YdF is said to exist if there is I € R such that

/ YdF—I‘ —0
>

meaning that for every € > 0 there exists 6 > 0 such that whenever | 2| < 8, it follows that
|[»YdF —I| < . It suffices to show that for every € there exists 8 such that if | 2| ,| 2P| <

0, then
/ YdF*/ YdF‘<£
2 P

This last condition says that the set of all these [, for |Z| sufficiently small has small
diameter.

lim
| 2| =0

Note how this looks just like the Stieltjes integral except here one is considering one
sided sums just like Cauchy did in the 1820’s. The following theorem is from Young.

Theorem B.3.3 et 1<p,q,%+1 > 1. Also suppose that F € VP ((0,T)) and Y €
V4([0,T}]). Then for all sub interval [a,b] of [0,T] there exists I, such that

/ YdF—I‘ —0
4

exists where here & C [a,b] is a dissection of [a,b] . Also there exist estimates of the form

lim
|22|—0

!
’[ YdF' < Cpg ¥ llvaqio,m) I1F 11 s (2.2)

()
/ YdF
0 p,[0.T]

t t S
/s YdF' = /o YdF—/O YdF‘ < Cpq 1Y lvaio.zy) 111 s

0
| var
0

where Cpy depends only on p,q. Also t — fé YdF is continuous.

< Cpg ¥ llvaco.ry) IF 1 p,j0,77 (2.3)

< 2Cpq 1Y llyaqo,m 1E 1l 0.7 (2.4)
ve(o.1)

Proof: Let Z € V4([0,7]),1 < p,q%—ké > 1. Define for s <t

o0 = |F2,, + 2],

~,s~,t]

Here Z will end up being Y —Y (0). From Lemma B.1.5,

O (tiytiv1) F O (tip1,tisn) + -+ O tivr tirrt1) < O (i tivr+1)
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Also let Z be adissection0 =< <---<t,=T.
Claim: Then there exists #; such that @ (;_1,+1) < 2@ (0,T).

Proof of claim: If r = 2 so there are only two intervals in the dissection

5
V4 P P -
I || 07 S < ||p,[07T] HZHIL[(),T] o (0,T) < 2(9(07 T).

So assume r > 2. Then how many disjoint intervals [t;_1,#;+1] are there for either i odd or
even? Certainly fewer than r and at least as many as 5. Then we have

Y oGiun)+ ) o) <20(0,T)

ieven iodd

Now if it is not true that there exists such an i, then for each i, ® (z;_1,%i4+1) > 20 (0,T)

Ew(O,T):f Z (0,T)< Y o(i1,641) <0(0,T)

ieven ieven

l\)\\

%w(O,T) 20(0,7)

N\\

5
Z 7&)(07T)< Z w(ti—17ti+1)§w(O7T)
iodd 7 i odd

Hence 50 (0,T) < 2w (0,T) which is absurd. Therefore, there exists such a ;. This shows
the claim.

Next points of & are deleted beginning with #; where @ (t;_1,t+1) < % (0,7)

/yZdF—L}\{[i}ZdF :Z(l‘i_l) (F (l‘,’) —F(li_l))
+Z (i) (F (tis1) = F (i) = Z(ti-1) (F (tix1) — F (ti-1))

This equals Z (t;—1) F (t;) + Z (t;) F (tix1) = Z () F (i) = Z (ti-1) F (ti41)

Z(t;) (F (ti1) = F (t)) + Z (tiz1) (F (t:) = F (ti+1))
(Z(t:) = Z(ti-1)) (F (tix1) — F (1)

It follows that

|, zar - /j\ {h_}ZdF' < (Z(t) = Z () |F (t01) — F (1)

| | ' | 5 1/p+1/q
<o (ti1,0)" 0 (6,6:1)"7 < 0 (ti1,141) /PHifa < <w(OaT))
r

In particular, this yields

2\{ui}

/, (Y=Y (0)dF — [ (Y—Y(O))dF‘ < <5w(o,r)>l/"“/‘f
P p

1 1
_ <5 (||F||P OT]+|Y|q[OT>) Jpt1/a
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It follows that removing the special point from the claim out of those #; which remain,
denoted as 1,72,£3,- -,

/} vovopar— [ 0-Y©)ar

+ /@\{tl}(Y—Y(O))dF—/ﬂ\{tlJz}(Y—Y(O))dF +

M /ﬂ/\{tl,rz,...;rZ} (¥ =¥ (0)dF - ‘/gﬂ\{tl’ﬂ’...trl} (¥ =¥ (0))dF

1 1/p+1/q 1 1/p+1/q
st e ()7 e () e
r

r—1

1/p+1/q
< 5'/rtl/a (g (0, 1)) /PH1/4 Z < )

The triangle inequality applied to that sum of terms inside || implies

(Y=Y (0)dF - | o (¥ —¥ (0)dF
2 i)
‘/ (Y — Y(O))dF‘ < 5YPH1/a (g (0,T)) /P Z ( )1/p+1/q

since fy\{zl,ﬂ,nzr*l} (Y —Y (0))dF = 0. This is true because by definition it equals

(Y (0) =Y (0)) (Y (T) =Y (0))

Of course all of this works for F replaced with F; = HFHFﬁ’ and Y replaced with ¥ where
P[0,
Y, = HYHYW Then in this case it is very convenient because @ (0,7) < 2. Then the above
9,9,
reduces to

/ (?_)7(0)) dﬁ‘ <51/p+1/q(2)1/p+1/qi (1)1/p+1/q_é
P = =\ r =%pq

Then also,

[, =¥ O)aF| < Cu ¥l oy ¥ 01

Then this implies

[ ¥ar| < Gl o 1Pl + 1Y O~ ol

= CollV o 1F Ip 0,17+ 1Y Ol (IFr = FollP) 7

IN

[0, 0.7]

= (Cpy+1) HYHW([OJ]) HF”p.,[OJ] = Cpq ||Y||vq([0,T]) 1FN 0,79
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Of course there was absolutely nothing special about [0, 7] . We could have used the interval
[s,7] just as well and concluded that for &2 a dissection of [s,?],

[, vdr| < ol o VPl @9
Now it is possible to show the existence of the integral. By Theorem B.2.3 there exists

a sequence of piecewise linear functions {F, } which converge to F in V¥ ([0,T]) where p’
is chosen larger than p but still ﬁ + % > 1. Then letting € > 0 be given, there exists N such

that if n > N,
/ YdF — / YdF,

because F, converges to F in V. Also, there exists & such that if | 2|, |.2'| < 8,

/ YdFy — / YdFy
P P

Then you have, for such &2, &',

/ YdF—/ YdF’g
P '

/ YdFy — / YdFy
4 P!

Showing that the limit of the [, YdF exists as |Z| — 0.
All of the above applies for any sub interval of [0,T]. Also from 2.5, you can take a
limit as || — 0 and conclude that [’ YdF exists and that

€
RGN < Cq ¥ lvalIF = Fully o1y < 5

£
3

/ YdF — / YdFy
P P

€ € €
+ +/ YdFN—/ YdF’<—|—+=£
7 P!

3 3 3

!
’[ YdF‘ < Cpg ¥ llvaqio,ry) 1 11,1 (2.6)

This proves the existence of the integral. Does it have the usual properties of an integral? In
particular, if 0 < a < T, is [§ YdF + [ YdF = [] YdF? This is clearly true for the ordinary
Stieltjes integral coming from F},. Thus from the above estimate, let {F, } be a sequence of
piecewise linear functions converging to F in V? ([0, T]). Then this convergence takes place
in V?([0,qa]) and V? ([a,T]) also. Then

a a

[var= [var| < Gul¥luugom 1P =Bl a
T T

| var— [Tyds] < CoullYlyagoiry IF = Fullpjar
T T

/0 YdF"_/o YdF| < CpgllYllyaory I1F = Fall 0.7

Then letting n be large enough, the right sides of the above are all less than €. Hence, from
the triangle inequality,

J§ YdF — [§var,+ (J] vaF - [ YdF,)

+ (I var,~ J§ var) <
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but that on the inside equals

JoydF + [fyar — [} YdF‘ because this property of the

integral holds for Stieltjes integrals. Thus the claim holds. Other properties of the integral
can also be inferred from this approximation with the Stieltjes integrals for piecewise linear
F,. It follows that

/StYdF’:

What of continuity of # — [ YdF? Letting F,, be the sequence of piecewise linear func-
tions described above, t — fot YdF, is continuous and letting p’ > p

t t
/ YdF — / YdF,
0 0

Thus, as n — oo, one has uniform convergence of the continuous functions ¢ — fé YdF, to
t— fé YdF thanks to Theorem B.2.3 which implies that the right side converges to 0 since
p'>p.

Consider the other estimate 2.4. Let &2 be a dissection 0 =7y <t < ---<t,=T. Let
¥ (t) = [3 YdF. From the definition of the integral in terms of a limit as | 2| — 0, it follows

that, since p > 1,
tit1
/ YdF
fi

t S
/0 YdF—/O YdF) < Cog 1Y lvaio.zy) [1F 11 s

< Ca WY llvago,ry 1F = Fall  jo.17

/OtYd(F—Fn)

n—1 n—1
Y W) -¥@W" <Y
i=0 i=0

P n—l1
p p
S Z()ng ||Y||V¢]([01T]) ||F‘|ps[tivti+l]
i=

IN

n—1 n—1 p
ol Wagory T 1PV < Chul Wy (ZO F||,,_,[tl.,,,.m>
< C§q||y||l\;q([oﬂ) ||FH;[07T]

Recall that since p > 1, if each a; > 0,); af’ < (Y;a;)". Then taking the sup over all such
dissections, it follows that H fo(') YdF ‘

< CullY F . Also, fi th
pl0T] = pa qu([u,r]) [ ||p,[0,T] §0, Irom the

estimate,
1
‘/0 YdF‘ < Cpg 1Y lvago. 7)) 1F 11 o) < Cpa 1Y llvagory 1F 1l jo,7)

Taking sup for all ¢, ’

J§ Y AF|| < Cpu 1Y lyago.ry IF Il 0.1y and so

0
/ YdF
0

< 2Cpq 1Y llvaqo,m IF Nl pjo,ry @
ve(o.)
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N, 13

U, 13

S fine, 303

7 systems, 326
n' term test, 91

absolute convergence, 94
rearrangement, 88
absolute convergence, 87
alternating series, 93
alternating series test, 93
analytic, 258
analytic function, 258
analytic functions, 161
counting zeros, 271
zeros, 270
annuity
ordinary, 24
antiderivative, 189
Archimedian property, 21
Ascoli Arzela, 122
at most countable, 48
axiom of choice, 43, 47
axiom of extension, 43
axiom of specification, 43
axiom of unions, 43

Bair theorem, 81

Bernstein polynomials, 121

Bessel’s inequality, 292

binomial series, 168

binomial theorem, 19, 25
infinite series, 170

Borel sets, 327

bounded, 70

bounded variation, 194

Bromwich integral, 298

Cantor, 357
Cantor diagonal process, 123
Cantor function, 145, 352
Cantor set, 74, 144
continuous image, 128
Casorati Weierstrass, 260
Cauchy, 102
product, 179
Cauchy condensation test, 90
Cauchy criterion for sums, 87
Cauchy Goursat theorem, 255
Cauchy integral formula, 258

Cauchy mean value theorem, 146
Cauchy principal value, 276
Cauchy product, 98
Cauchy Riemann equations, 273
Cauchy sequence
completeness, 76
convergent subsequence, 64
Cauchy sequence, 64
cauchy sequence
bounded, 64
Ceasaro summability, 293
chain, 50
chain rule, 140
change of variables, 209
chi-squared, 248
closed set, 68
closed sets
limit points, 70
closed subset of compact set, 70
closure, 110
commutative ring, 362
compact, 72
compactness
preservation, 108
continuous function, 108
comparison test, 89
comparison test, 87
completely seperable
R, 73
completeness
axiom, 26
equivalent conditions, 76
monotone sequences, 76
completing the square, 30
complex conjugate, 32
complex numbers
sequentially compact sets, 71
complex numbers, 31
conditional convergence, 87
connected, 110
components of open set, 112
continuous image, 111
on the real line, 111
union, 111
connected open set, 270
connected set
preservation, 111
continuity
convergent sequences, 102
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inverse function, 110
limits, 131
litany of properties, 104
on a compact set, 114
one to one, 109
preservation of inequality, 104
uniform, 114
uniform convergence, 117
continuous
at one point, 103
not differentiable anywhere, 138
continuous and one to one
monotone, 109
continuous function, 102
only at irrationals, 106
continuous functions
combinations of, 104
supremum and infimum, 116
continuous image of compact set, 108
contitional convergence, 94
contour integral, 253
convergence
of derivatives, 152
convergent sequences
continuity, 102
convex, 154
convex sets
in C, 256
cosine and sine
periodic, 164
countable, 48
countable basis, 73
countable intersection of dense open sets, 81
counting zeros, 271
critical points, 142
curve
piecewise smooth, 251

Darboux integrability, 200
Darboux theorem, 200
decimal expansion of a number, 77
Dedekind cuts, 357
dense, 21
density of rationals, 21
derivative
chain rule, 140
complex variable, 251
definition, 135

INDEX

equals zero, then function is constant,
146
equivalent difference quotient, 140
higher order derivatives, 141
intermediate value property, 148
inverse function, 150
mean value theorem, 145
product rule, 139
quotient rule, 141
sum, product, quotient, chain rule, 139
well defined, 135
derivative exists
continuous, 136
derivatives
cosine and sine, 162
right and left, 135
derived series, 159
diameter of a set, 80
differentiable
continuous, 136
differential equations
Peano existence theorem, 230
differentiation almost everywhere
monotone function, 349
differentiation rules, 139
Dini condition, 239
Dini derivates, 348
Dirichlet function, 55
Dirichlet integral, 248
Dirichlet kernel, 280
Dirichlet series, 274
Dirichlet test, 93
Dirichlet’s estimate, 37
discriminant, 31
disk of convergence, 158
domain, 55
dominated convergence theorem, 341
double series
absolute convergence, 97
interchange order of summation, 97
double sum
interchange of order, 97
Dynkin’s lemma, 326

elementary symmetric polynomials, 363
entire, 274

epigraph, 116

equicontinuous, 122
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equivalence class, 50
equivalence relation, 49
Euclidean algorithm, 22
Euler’s constant, 229
even, 293
exponential function, 165
properties, 166
exponential growth, 241
exponential sine and cosine functions, 162
extreme value theorem, 108

F sigma, 330
Fatou’s lemma, 339
Fibonacci sequence, 58
field axioms, 10
finite intersection property, 74
first mean value theorem integrals, 215
first order linear differential eugations, 222
Fourier cosine formula, 295
Fourier cosine transform, 297
Fourier series, 279
pointwise convergence, 281
uniform convergence, 293
Fourier sine transform, 297
Fourier transform, 294
Fresnel integrals, 248
contour integration, 275
Fubini’s theorem., 216
function, 46
even, 143
odd, 143
uniformly continuous, 114
function of many variables
continuous, 335
fundamental theorem of algebra, 183, 184
fundamental theorem of arithmetic, 23
fundamental theorem of calculus, 208, 209
Lebesgue, 354
future value of an annuity, 24

G delta, 330

G delta set, 81

gamma function, 322
existence and convergence, 240
properties, 241

gauge function, 303

generalized Riemann integral
Cauchy criterion, 304
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geometric series, 86
geometric series, 86
greatest common divisor, 22
characterization, 22
greatest lower bound, 27
Gronwall’s inequality, 229

Hardy Littlewood maximal function
estimate, 346
Hausdorff
maximal principle, 50
Heine Borel, 67
Heine Borel theorem, 72
Henstock, 303
Henstock’s lemma, 308
Holder condition, 128
Holder continuous, 376
Holder functions, 128
Holder’s inequality, 221, 375
holomorphic, 258

identities
cosine and sine, 162
improper integral, 222
infinite series
raised to a power, 186
infinite sums
properties, 86
integer combinations of irrational numbers,
39
integral
continuous function, 191
continuous functions, 155
decreasing function, 201, 336
finding them, 211
mean value theorem, 239
p variation integrator, 382
piecewise continuous, 192
uniform convergence, 210
integration by parts, 208, 220
integration by parts formula, 205
interest
compounded continuously, 176
interior point, 68
intermediate value theorem, 108, 109
intersection of dense open sets, 81
intervals, 13
connected, 111
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inverse Fourier transform, 294
inverse image, 46, 56
iterated integrals, 216

Jordan condition, 239
jump discontinuity, 133

Kurzweil, 303

L’Hopital’s rule, 172
L’Hopitals rule, 174
Laplace transform
obvious properties, 242
unique, 298
Laplace transforms
justification of method, 246
Laplace transorm
inverse, 298
least upper bound, 27
Lebesgue
fundamental theorem of calculus, 354
Lebesgue integral
desires to be linear, 340
nonnegative function, 337
simple function, 338
lim inf, 78
properties, 79
lim sup, 78
properties, 79
limit comparison test, 89
limit of a sequence
derivative, 152
limit of a subsequence, 63
limit of nth root of n, 157
limit point, 69
limit points, 110
closed sets, 70
limits
continuity, 131
cosine and sine, 163
existence of limits, 79
properties, 130
squeezing theorem, 63, 130
uniqueness, 61, 129
well defined, 129
limits of sequences
preservation of order, 63
properties, 62
Lindemann Weierstrass theorem, 373

INDEX

Lindemannn Weierstrass theorem, 366
Liouville’s theorem, 274
Lipschitz, 201
Lipschitz constant, 201
little o notation, 134
In, 166

derivative, properties, 166
local extrema, 142
local extremum

derivative equals 0, 142
local maximum, 142
local minimum, 142
locally finite, 75

logarithm
analytic, 263
branch, 263

branches, 262
principal branch, 262, 263
logarithms
other bases, 167
properties, 167
lower semicontinuous, 115

mathematical induction, 19
max. min.theorem, 108
maximal chain, 50
maximal function
Hardy Littlewood, 346
mean square convergence, 287
mean value theorem
Cauchy, 146
for integrals, 222
usual version, 146
measurability
limit of simple functions, 334
measurable function, 333
measurable functions
continuous composition, 335
measurable sets, 325
measurable space, 323
measure, 323
properties, 324
measure of intervals, 321
measure space, 323
measures
decreasing sequences of sets, 324
increasing sequences of sets, 324
Merten’s theorem, 98, 185
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modular group, 273
monic
polynomial, 35
monotone convergence theorem, 339
monotone decreasing, 75
monotone function
differentiable, 349
monotone increasing, 75
Morera’s theorem, 256
multinomial expansion, 30

nested closed sets

shrinking diameters, 80
nested interval lemma, 65
nonremovable discontinuity, 101
norms, 377
nowhere differentiable function, 139

odd, 293
open set, 68
connected components, 112
order, 13
ordered
partial, 50
totally ordered, 50
oriented interval, 190
outer measure, 346

p series, 91
p variation, 376
approximation, 379
partial fractions
expansion, 40
theory, 40
partial order, 50
partial summation formula, 93
partially ordered set, 50
partition
ordered, 252
perfect sets, 114
periodic function, 279
permutations, 18
permutations and combinations, 30
pi systems, 326
piecewise continuous, 192, 284
piecewise smooth curve, 251
pointwise convergence
sequence, 116
series, 119
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pole, 260, 264
polynomial, 34
addition, 34
degree, 34
division, 34
equality, 34
leading term, 34
monic, 34, 35
multiplication, 34
root, 34
zero, 34
polynomials
greatest common divisor, 35
relatively prime, 35
power series, 157
exponential sine and cosine, 162
multiplication, 179
of a quotient, 188
raising to a power, 186
power set, 43, 52
present value of an annuity, 25
preservation of compactness, 108
prime number, 22
less than a given number, 100
product rule, 139

quadratic formula, 30
quotient rule, 141

Raabe’s test, 153
Rademacher’s theorem, 353
radius of convergence, 158
raising a number to a power, 167
range, 55
ratio test, 94
rational function, 57
rational numbers, 9
density, 21
real numbers, 9
construction from Rationals, 357
rearranged series
convergence, 88
recurrence relation, 58
recursively defined sequence, 82
recursively defined sequence, 58
region, 270
regular measures, 331
regular Sturm Liouville problem, 225
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relatively closed, 105
relatively open, 105
relatively prime, 22
removable discontinuity, 101
removable singularity, 260
residue, 264
residues
method, 264
Rieman Stieltjes integral
existence, 202
Riemann integral
improper, 231
without using sums, 155
Riemann Lebesgue lemma, 236
Riemann Stieltjes integral
existence, 197
properties, 196
uniqueness, 196
Rolle’s theorem, 146
root test, 94, 95
roots
existence, 28
roots of complex number, 184
Russell’s paradox, 45

Schroder Bernstein theorem, 47
second derivative test, 154
second mean value theorem, 226
integrals, 239
separated, 110
sequence
functions, 116
sequence of partial sums, 85
sequences, 57
terminating, 53
uncountable, 53
sequential compactness, 114
sequentially compact
closed and bounded, 70
in complex numbers, 71
series
absolute convergence, 87
conditional convergence, 87
convergence criterion, 87
double sum, 96
meaning of convergence, 85
multiplication of series, 98
nonnegative terms, 85

INDEX

p series test, 91
ratio test, 94
root test, 95
series of functions
uniform convergence, 119
sets, 43
sigma algebra, 323
simple function, 333
Simpson’s rule, 223, 224
smooth and not analytic, 179
smooth curve, 251
smoothness not analytic, 178
space filling curve, 125
squeezing theorem, 130
squeezing theorem, 63
star shaped, 256
step function, 193
Stirling’s formula, 215, 356
real arguments, 250
sup
increasing sequence, 97
interchange of order, 28
symmetric polynomial theorem, 364
symmetric polynomials, 363

tagged division, 303
Tarski, 53
Taylor series, 157, 258
coefficients, 161
convergence and divergence, 157
differentiation, 159
exponential sine and cosine, 162
multiplication, 179
of quotient, 188
raising to a power, 186
uniqueness, 161
Taylor’s formula, 148, 224
Tietze extension theorem, 126
total variation, 194
totally ordered, 50
trapezoid rule, 224
triangle inequality, 33, 375
trichotomy, 14
trigonometric functions, 165

uncountable
unit interval, 78
uniform convergence, 287
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sequence, 117, 152
series, 119
uniformly bounded, 122
uniformly Cauchy, 118
sequence, 118
uniformly continuous, 114
unit interval
uncountable, 78
upper semicontinuous, 115

variation of constants formula, 302
Vitali covering, 347
Vitali covering theorem, 345

vitali covers, 347

Wallis formula, 214
Weierstrass, 102
Weierstrass approximation
estimate, 120
Weierstrass approximation theorem, 121
Weierstrass Bolzano theorem, 184
Weierstrass M test, 119, 292
well ordered, 19
winding number, 277

Young’s integral, 382
estimates, 382

Zermelo, 53
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