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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 completeness
is of preeminent importance. Silly gimmicks are of no significance at all. Routine skills
involving elementary functions and integration techniques are supposed to be mastered and
have no place in advanced calculus 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.

An orderly development of the elementary functions is included but it is assumed the
reader is familiar enough with these functions to use them in problems which illustrate some
of the ideas presented.



INTRODUCTION



The Real And Complex
Numbers

2.1 The Number Line And Algebra Of The Real Num-
bers

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
Z={--—1,0,1,---},

the natural numbers,
N={1,2,---}

and the rational numbers, defined as the numbers which are the quotient of two integers.
m
QE{— such that m,n € Z,n # O}
n

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

A

-4 -3 -2-10 1 2 3 4
|
I

Y

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 theorems. 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.
Axiom 2.1.1 z +y =y + x, (commutative law for addition)
Axiom 2.1.2 z+ 0=z, (additive identity).

Axiom 2.1.3 For each x € R, there exists —x € R such that x + (—x) = 0, (existence of
additive inverse).
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Axiom 2.1.4 (z+vy)+z=z+ (y+ 2), (associative law for addition).
Axiom 2.1.5 zy = yx, (commutative law for multiplication).

Axiom 2.1.6 (zy) z = z (yz) , (associative law for multiplication).
Axiom 2.1.7 lx = z, (multiplicative identity).

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

Axiom 2.1.9 z (y + 2) = zy + zz.(distributive law).

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 z—y = z+(—y) and 2 /y =« (y_l) . 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 z/y, think = (yfl) and when you see x —y, think z + (—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=—-1lor6—(3—4)=6—(—-1) =177
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.

In doing algebra, the following theorem is important and follows from the above axioms.
The reasoning which demonstrates this assertion is called a proof. Proofs and definitions
are very important in mathematics because they are the means by which “truth” is deter-
mined. In mathematics, something is “true” if it follows from axioms using a correct logical
argument. Truth is not determined on the basis of experiment or opinions and it is this
which makes mathematics useful as a language for describing certain kinds of reality in a
precise manner.t It is also the definitions and proofs which make the subject of mathemat-
ics intellectually worth while. Take these away and it becomes a gray wasteland filled with
endless tedium and meaningless manipulations.

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 The above azioms imply the following.

1. The multiplicative inverse and additive inverses are unique.

IThere are certainly real and important things which should not be described using mathematics because
it has nothing to do with these things. For example, feelings and emotions have nothing to do with math.
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2. 0x =0, —(—x) ==,
3 (-)(-1)=1,(-z=—z
4. If xy = 0 then either x =0 or y = 0.

Proof: Suppose then that z is a real number and that x +y = 0 = x + 2. It is necessary
to verify y = z. From the above axioms, there exists an additive inverse, —x for x. Therefore,

—2+0=(—2)+(@+y) =(—2)+(z+2)
and so by the associative law for addition,
(=2)+2)+y=((-2)+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

0z = (0+0) z = 0z 4 Oz.
From the existence of the additive inverse and the associative law it follows

0= (—0z) + 0z = (—0x) + (0z + Ox)
= ((—=0z) + 0z) + 0x = 0 + Oz = Oz
To verify the second claim in 2., it suffices to show x acts like the additive inverse of —z

in order to conclude that — (—z) = x. This is because it has just been shown that additive
inverses are unique. By the definition of additive inverse,

x4+ (—2)=0

and so x = — (—x) as claimed.
To demonstrate 3.,
(1)1 +(-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
z+(-)z=2(1+(-1)) =20=0.

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

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

Y= (33_11‘) y=a '(zy)=2"10=0.
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This proves 4. and completes the proof of this theorem.

Recall the notion of something raised to an integer power. Thus y? = y xy and b2 = b%,
etc.

Also, there are a few conventions related to the order in which operations are performed.
Exponents are always done before multiplication. Thus zy? = z (y?) and is not equal

to (a:y)2 Division or multiplication is always done before addition or subtraction. Thus
z—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. If you have not seen this, the following is a short review
of this topic.

Definition 2.1.11 ret T1,Ta,- -, Ty be numbers. Then

m
Zarjza:1+x2+---+xm.
j=1

Thus this symbol, Z;”:l x; means to take all the numbers, 1,22, - -, Tm and add them all
up. 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 Y0 _ (2k + 1) = 48.

Be sure you understand why

m—+1 m

E xkzg Tr + Tm41-
k=1 k

=1

As a slight generalization of this notation,

m
ijzxk+~~+xm.
j=k

It is also possible to change the variable of summation.

Z:vj:x1+x2+--~+xm

=1
while if r is an integer, the notation requires

m—+r
> wie=aitaat+ T,
j=14r

and so 327" @; = Y7, 4o

Summation notation will be used throughout the book whenever it is convenient to do
S0.

Another thing to keep in mind is that you often use letters to represent numbers. Since
they represent numbers, you manipulate expressions involving letters in the same manner
as you would if they were specific numbers.



2.2. EXERCISES 13

Example 2.1.13 Add the fractions

g Y
) x4y +>x—l'

1)

You add these just like they were numbers. Write the first expression as % and

the second as

y(a?+v)

————+—. Then since these have the same common denominator, you add
(z—1)(z2+y)

them as follows.

Ty z(z—1) y (22 +y)
2ty z-1 @ +y)(@-1) (z-1)(@*+y)
22—z + ya? + o2

(2* +y)(x—1)

2.2 Exercises

10.

11.

12.
13.

14.

Consider the expression z +y (x +y) —z (y —x) = f (z,y). Find f(-1,2).
Show — (ab) = (—a)b.
Show on the number line the effect of adding two positive numbers, z and y.

Show on the number line the effect of subtracting a positive number from another
positive number.

Show on the number line the effect of multiplying a number by —1.

. -1
Add the fractions > + £75.

Find a formula for (z +y)?, (x 4+ ), and (z +y)*. Based on what you observe for
these, give a formula for (z 4+ y)" .

When is it true that (x +y)" = 2™ + y™?

Find the error in the following argument. Let 2 = y = 1. Then zy = y? and so
ry — 2% = y? — 22, Therefore, x (y —x) = (y — ) (y + ). 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/z2+1 = z + 1 and so letting x = 2,
V5 = 3. Therefore, 5 = 9.

Find the error in the following. Let x = 1 and y = 2. Then % = xiy = % +

< =

1+ % = % Then cross multiplying, yields 2 = 9.

2?ytz =0
z2y—1lz°

Simplify

Simplify the following expressions using correct algebra. In these expressions the
variables represent real numbers.
2?y+zy’+a
(a) ===
?yt+ry’+a
(b) =y —
31942 5 9
() etterzes?

Find the error in the following argument. Let x = 3 and y = 1. Then 1 =3 -2 =
3-@B-D=z-y-y=@-y -y =22=4
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15. Verify the following formulas.
(a) (z—y)(x+y) =a®—y?
(b) (z—y) (2® +ay+y?) =2® —y?
(©) (x+y) (2 —ay+y?) = 2® +¢°
16. Find the error in the following.

Ty +y
x

Now let z = 2 and y = 2 to obtain
3=4

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

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 > 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,
{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} 2 {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={z:x € Aor z € 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€ Aand z € B}.

When with real numbers, [a,b] denotes the set of real numbers, z, such that a <z <b
and [a,b) denotes the set of real numbers such that a < z < b. (a,b) consists of the set of
real numbers, x such that a < < b and (a, ] indicates the set of numbers, = such that
a <z <b. [a,00) means the set of all numbers, = such that © > a and (—o0,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 (—oo, 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 oo or —oo is that these are not real numbers. Therefore, they
cannot be included in any set of real numbers.
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A special set which needs to be given a name is the empty set also called the null set,
denoted by (). Thus ) 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, () has nothing in it and so the least intellectual discomfort is achieved by saying
0 C A

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 reference
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.

The sum of two positive real numbers is positive. (2.1)
The product of two positive real numbers is positive. (2.2)
For a given real number, z, one and only

one of the following alternatives

holds. Either x is positive, x equals 0 or — x is positive. (2.3)
Definition 2.4.1 2 < y exactly when y + (—z) =y — z € RT. In the usual way,
x <y is the same as y > = and x < y means either x <y or x = y. The symbol > is defined
similarly.

Theorem 2.4.2 The following hold for the order defined as above.

1. Ifx <y and y < z then x < z (Transitive law).

IS

. Ifx <y then x4+ z < y+ z (addition to an inequality).

3. If t <0 andy <0, then zy > 0.

4. If >0 then 2= > 0.

5. If v <0 then =1 <.

6. If x <y then xz < yz if z > 0, (multiplication of an inequality).
7. If x <y and z < 0, then xz > zy (multiplication of an inequality).

8. FEach of the above holds with > and < replaced by > and < respectively except for 4
and |3 in which we must also stipulate that x # 0.

9. For any x and vy, exactly one of the following must hold. Fitherxz =y, x <y, orxz >y
(trichotomy).
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Proof: First consider [1, the transitive law. Suppose = < y and y < z. Why is z < 27
In other words, why is z — 2 € R*? It is because z — 2z = (2 —y) + (y — ) and both
z—y,y —x € RT. Thus by 2.1l above, z — z € Rt and so z > z.

Next consider 2, addition to an inequality. If z < y why is  + z < y + 27 it is because

Wtz +—(@+2) = W+2)+(=)(@+2)
= y+(-Da+z+(-1)z
= y—zeR,
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 2.3 —z > 0 and —y > 0. Therefore,
by 2.2| and what was proved about —z = (—1) z,

(-2)(-y) = (-1)*zy e R*.
Is (—1)* = 17 If so the claim is proved. But — (—1) = (=1)* and — (—1) = 1 because
—-14+1=0.

Next consider 4. If z > 0 why is 27! > 0? By 2.3 either 27! = 0 or —z~7! € RT. It
can’t happen that =1 = 0 because then you would have to have 1 = 0x and as was shown
earlier, 0z = 0. Therefore, consider the possibility that —z~! € R*. This can’t work either
because then you would have

and it would follow from 2.2 that —1 € R*. But this is impossible because if z € RT, then
(—1)z = —z € R" and contradicts 2.3/ which states that either —z or z is in R* but not
both.
Next consider 5. If z < 0, why is 27! < 0?7 As before, 27! # 0. If z=! > 0, then as
before,
—z(z7")=-1€eR"

which was just shown not to occur.
Next consider 6. If x < y why is xz < yz if z > 07 This follows because

yz—zz=2(y—xz) e RT

since both z and y — z € RT.
Next consider [7. If x < y and z < 0, why is 2z > zy? This follows because

zx—z2y=z(z—y) €ERT

by what was proved in (3.
The last two claims are obvious and left for you. This proves the theorem.
Note that trichotomy could be stated by saying x <y or y < z.

Definition 2.4.3 |z| = { zifz >0,

—x if x < 0.
Note that |z| can be thought of as the distance between x and 0.

Theorem 2.4.4 |zy| = |z||y|.
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Proof: You can verify this by checking all available cases. Do so.
Theorem 2.4.5 The following inequalities hold.
lz+y| < o] +yl, |lz]—|yll < |z—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) € RT U {0}. Next suppose a? < b2. If both a,b = 0 there is
nothing to show. Assume then they are not both 0. Then

b —a®>=(b+a)(b—a) e RT.
By the above theorem on order, (a + b)f1 € Rt and so using the associative law,

(a+b) "' ((b+a)(b—a))=(b—a) e R"

Now
ety = (e+y)’ =2+ 2y +y’
2 2 2
< =[P+ lyl” + 22l lyl = (2] +1y])
and so the first of the inequalities follows. Note I used zy < |zy| = |z||y| which follows from

the definition.
To verify the other form of the triangle inequality,

T=z-y+y

SO
lz| < |z —y| + [yl

and so
2] =yl <[z -yl =y — |
Now repeat the argument replacing the roles of x and y to conclude

ly| — |z < |y — .

Therefore,
lyl = lzl] < |y — |
This proves the triangle inequality.

Example 2.4.6 Solve the inequality 2z +4 < x — 8

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

Example 2.4.7 Solve the inequality (x + 1) (2o — 3) > 0.
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If this is to hold, either both of the factors, x + 1 and 2z — 3 are nonnegative or they
are both non-positive. The first case yields x +1>0and 2x —3>0soxz > —1 and = > %
yielding x > % The second case yields x +1 < 0 and 2x — 3 < 0 which implies x < —1 and
r < % Therefore, the solution to this inequality is z < —1 or = > %

Example 2.4.8 Solve the inequality (x) (x +2) > —4

Here the problem is to find 2 such that 22 + 2z + 4 > 0. However, 2% + 22 + 4 =
(x + 1)2 + 3 > 0 for all z. Therefore, the solution to this problem is all z € R.

Example 2.4.9 Solve the inequality 2x +4 <z — 8
This is written as (—oo, —12].
Example 2.4.10 Solve the inequality (z + 1) (22 — 3) > 0.

This was worked earlier and z < —1 or z > % was the answer. In terms of set notation
this is denoted by (—oo, —1] U [2,00).

Example 2.4.11 Solve the equation |z — 1| = 2

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

Example 2.4.12 Solve the inequality |22 — 1| < 2

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

Example 2.4.13 Solve the inequality |2z — 1] > 2.

This happens if 2 —1 > 2 or if 2z — 1 < —2. Thus the solution is z > 3/2 or z < —1/2.
Written in terms of intervals this is (%, oo) U (foo, f%) .

Example 2.4.14 Solve |x + 1| = |2z — 2|

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

Example 2.4.15 Solve |z + 1| < |22 — 2|

In order to keep track of what is happening, it is a very good idea to graph the two
relations, y = |z + 1| and y = |2z — 2| on the same set of coordinate axes. This is not a
hard job. |z + 1] =2+ 1 when x > —1 and |z + 1| = —1 — 2 when x < —1. Therefore, it is
not hard to draw its graph. Similar considerations apply to the other relation. The result is

y=|z+1]
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Equality holds exactly when = 3 or z = % as in the preceding example. Consider

between % and 3. You can see these values of ; 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 |z + 1| < |2z — 2| for these points or |2z — 2| < |z + 1| for
these points. Checking examples, you see the first of the two cases is the one which holds.
Therefore, [3,00) is included. Similar reasoning obtains (—oo, 3]. It follows the solution set

to this inequality is (—oo, $] U [3, 00).

Example 2.4.16 Suppose € > 0 is a given positive number. Obtain a number, § > 0, such
that if |x — 1| < 8, then |2* — 1| <e.

First of all, note |2 — 1| = [z — 1|z + 1] < (Jz|+ 1) |z — 1]. Now if [z — 1| < 1, it
follows |z| < 2 and so for |z — 1] < 1,

|o* — 1| <3z —1].

Now let § = min (17 %) . This notation means to take the minimum of the two numbers, 1

and . Then if [z — 1] <4,

|x2—1]<3|x—1|<3§:6.

2.5 Exercises
1. Solve (3z +2) (z — 3) <O0.
2. Solve (3z +2) (x — 3) > 0.
3. Solve 3”2:[22 < 0.

+1
4. SOIVeii_,’_3 < 1.

5. Solve (z —1) (2z+1) < 2.
Solve (x — 1) 2z + 1) > 2.

Solve 22 — 2z < 0.

2

Solve (z +2) (x —2)” <0.

L »®» N>

3x—4
SOIVe 212512 2 0.

3x+9
10. Solve e > 1.

11. Solve £224L < 1,

12. Solve |z + 1| = |2z — 3|.

13. Solve |3z + 1| < 8. Give your answer in terms of intervals on the real line.
14. Sketch on the number line the solution to the inequality |z — 3| > 2.

15. Sketch on the number line the solution to the inequality |« — 3| < 2.

16. Show |z| = V2.

17. Solve |z + 2| < |3z — 3|.
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18. Tell when equality holds in the triangle inequality.
19. Solve |z +2| < 8+ |2z —4].
20. Solve (z+1) (2z —2)x > 0.

21. Solve 55 > 1.

r+2
22. Solve 3orT 2.

23. Describe the set of numbers, a such that there is no solution to |z + 1| =4 — |z + al .
24. Suppose 0 < a < b. Show a~! > b~ 1.

25. Show that if |z — 6] < 1, then |z| < 7.

26. Suppose |z — 8| < 2. How large can |z — 5| be?

27. Obtain a number, § > 0, such that if |z — 1| < 4, then |2? — 1| < 1/10.

28. Obtain a number, § > 0, such that if |z — 4| < §, then |/z — 2| < 1/10.

29. Suppose € > 0 is a given positive number. Obtain a number, § > 0, such that if
|z — 1| < 4, then |\/z — 1| < e. Hint: This ¢ will depend in some way on €. You need
to 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 £ 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

e e e IR

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)=nn—1)(n—-2)---(n—k+1)

ways to do this.
Now define for k a positive integer,

Kl=k(k-1)(k-2)---1, 0 =1.
This is called k factorial. Thus P (k,k) = k! and you should verify that

n!

P(mk):m

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,
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n

& the number of ways of selecting a set of k numbers from S, it must be

denoting by (
the case that

How many ways are there to select no numbers from 5,7 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 n is a positive integer.
Imagine writing it like this:

Therefore,

n times

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

Then you know the result will be sums of terms of the form ajz*y™*. What is az,? In other
words, how many ways can you pick z 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

n

e
Therefore, ay, is the above formula and so this proves the following important theorem known
as the binomial theorem.

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

(z+y)" = zn: ( Z ) gk,

k=0
2.7 Well Ordering Principle And Archimedian Prop-
erty

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

Axiom 2.7.2 Any set of integers larger than a given number is well ordered.
In particular, the natural numbers defined as
N= {17 27 o }

is well ordered.
The above axiom implies the principle of mathematical induction.

Theorem 2.7.3 (Mathematical induction) A set S C 7, having the property that
a €S andn+ 1€ S whenever n € S contains all integers x € Z such that x > a.
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Proof: Let T' = ([a,00) NZ)\ S. Thus T consists of all integers larger than or equal
to @ which are not in S. The theorem will be proved if T = (). If T' # ) 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 ¢ T. Then the integer, b—1 >aand b—1¢ S
because if b —1 € S, then b—1+4+1 = b € S by the assumed property of S. Therefore,
b—1¢€ ([a,00)NZ)\ S =T which contradicts the choice of b as the smallest element of T.
(b—1 is smaller.) Since a contradiction is obtained by assuming T # (), it must be the case
that T'= @ and this says that everything in [a,00) NZ is also in S.

Mathematical induction is a very useful device for proving theorems about the integers.

. . n n(n+1)(2n+1
Example 2.7.4 Prove by induction that ), _, k2 = %.

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
Yo=Y K+ (n+1)?
k=1 k=1

:n(n+1)6(2n—|—1) bt 12

The step going from the first to the second line is based on the assumption that the formula
is true for m. This is called the induction hypothesis. Now simplify the expression in the
second line,

n(n+1)(2n+1)
6

+(n+1)>%.

This equals

(n+1) (n(27;+1)+(n+1)>
and
n(2n+1) _6(n+1)+2n°+n
T‘F(ﬂ‘f—l)— 5
_ (n+2)(2n+3)
B —
Therefore,
n+1
(n+1)(n+2)(2n+3)
k* =
2 G
m+)((n+1)+1)(2(n+1)+1)

6 )
showing the formula holds for n + 1 whenever it holds for n. This proves the formula by

mathematical induction.

Example 2.7.5 Show that for alln € N, % . % e 22;1 < st

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 - 1 2n+1
2 4 2n 2n+ 2 V2n+12n+2

Vvan +1
2n+2
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The theorem will be proved if this last expression is less than \/ﬁ This happens if and

only if

< 1 )2 L 2+l

V2n+3 2n+3 7 (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 € S. Therefore, by the principle of mathematical induction, S contains [1,00) 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.

Definition 2.7.6 The Archimedian property states that whenever x € R, and a > 0,
there exists n € N such that na > x.

Axiom 2.7.7 R has the Archimedian property.

This is not hard to believe. Just look at the number line. This Archimedian property
is quite important because it shows every real number is smaller than some integer. It also
can be used to verify a very important property of the rational numbers.

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, z = 1 but this can be
proved. If < 1 then z? < z contradicting the assertion that x is the smallest natural
number. Therefore, 1 is the smallest natural number. This shows there is no integer, vy,
satisfying © < 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

S={weN:w>y}.

The set S is nonempty by the Archimedian property. Let k& be the smallest element of S.
Therefore, k — 1 < y. Either k —1 <z ork—1>xz. If k —1 <z, then

<0

~
y—rx<y—(k—-1)=y—k+1<1

contrary to the assumption that y —x > 1. Therefore, z < 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—z)>1.
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Thus (y — =) added to itself n times is larger than 1. Therefore,
n(y—z)=ny+n(—z)=ny —nz>1.
It follows from Theorem [2.7.8| there exists m € Z such that
nr <m < ny
and so take r = m/n.

Definition 2.7.10 4 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.

79
— = 3 with remainder 13.
22
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 Archimedian property
of the real numbers.

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 < a and b =pa + 7.

Proof: Let S={n & N:an > b}. By the Archimedian 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;, ¢ = 1,2, both work and o > 71. Then

a little algebra shows
To —T1

p1—p2 = €(0,1).

Thus p; — p2 is an integer between 0 and 1, contradicting Theorem [2.7.8. The case that
r1 > ro cannot occur either by similar reasoning. Thus r; = r9 and it follows that p; = ps.
This theorem is called the Euclidean algorithm when a and b are integers.

2.8 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

k
a<2—m<b.
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10.

11.

12.

. If r # 0, show by induction that Y°,'_, ar® = aZ
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. 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.

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

. Show that if S C R and S is well ordered with respect to the usual order on R then S

cannot be dense in R.

. Prove by induction that Y _; k% = 1n? + 1n3 + 1n2.

. 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
> h_, k* in the following way. Look for a formula in the form An® + Bn* + Cn® +
Dn? + 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)

—An® + 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 > 2,7, ﬁ > /n.

n+1
_r_
r—1 ar—l .

. Prove by induction that Y }_ k= @

Let a and d be real numbers. Find a formula for >";'_, (a + kd) and then prove your
result by induction.

Consider the geometric series, > ;'_, ar®*~1. Prove by induction that if r # 1, then

n
k—1 a—ar”
E ar’ " =— .
-
k=1

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 4 ) = 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. How much will you have at the end of the second month? By
analogy to what was just done it would equal

100 (1+7) 4100 (1 +7)r =100 (1 + 7).

In general, the amount you would have at the end of n months would be 100 (1 +7)" .
(When a bank says they offer 6% compounded monthly, this means r, 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 +7)" 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
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13.

14.

15.

16.

17.
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period. Thus there are n payments in all. Each accrue interest at the rate of r 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)n_l . The second sits in the bank for n — 2 payment
periods so it grows to P (14 7)""2, etc.

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
Q=P+ r)_k . Thus this payment of P at the end of n payment periods, is worth
P(1+ r)fk 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,

n
A=>"Pa+n"
k=1

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 (z + y)l =la+ly, (z+ y)2 = 224+ 22y+y2,
and (z + y)3 = 23 + 32%y + 32y® + y3. Give a conjecture about that (z + y)s.

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

(g), (’11), . (Z) in reading from left to right, there is a relation between the numbers

on the (n + 1)* row and those on the n'" row, the relation being (") = () + (,”,)-
This is used in the inductive step.

Let (}) = (71_"7,;)%, where 0! = 1 and (n+1)! = (n+ 1) n! for all n > 0. Prove that

whenever k > 1 and k < n, then (") = (}) + (,",). Are these numbers, (}) the

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

?Blaise Pascal lived in the 1600’s and is responsible for the beginnings of the study of probability.
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18.

19.

20.

21.
22.
23.
24.

25.

26.

The binomial theorem states (a + b)" = Y"1 _, (¥)a"~*b". Prove the binomial theorem
by induction. Hint: You might try using the preceding problem.

Show that for p € (0,1),> 7_, (})kp* (1 — )" = np.

n n+1
Using the binomial theorem prove that for all n € N, (1 + %) < (1 + ﬁ) .
Hint: Show first that (}) = W By the binomial theorem,
k factors

() EQ) Q- ET

k=0

% and note that a similar term occurs in the

n+1

binomial expansion for (1 + n%rl) except that n is replaced with n + 1 whereever

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

Now consider the term

n+1
for (1 + %_H) , there are more terms.

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

Use the Problems 21] and 20! to verify for all n € N, (1 + l)n <3.

Prove by induction that 1+ Y"1 ;4 (i!) = (n + 1)L

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 4+ 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 ( & ]? 1 > denote the number of ways of selecting a set of k; things, a set of
1, 2, 3

ko things, and a set of k3 things from a set of n things such that Zle k; = n. Find

a formula for < "

kla k27 k3
expands (z +y + 2)" . Could you continue this way and get a multinomial formula?

) . Now give a formula for a trinomial theorem, one which

2.9 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
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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
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. 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 2.9.1 4 non empty set, S C R is bounded above (below) if there exists
x € R such that x > (<)s for all s € S. If S is a nonempty set in R which is bounded
above, then a number, I 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 (9).
If S is a nonempty set bounded below, define the greatest lower bound, g.l.b.(S) or inf (S)
similarly. Thus g is the g.l.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 (S) = —oo.

Every existence theorem in calculus depends on some form of the completeness axiom.

Axiom 2.9.2 (completeness) Every nonempty set of real numbers which is 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 2.9.3 Let S be a nonempty set and suppose sup (S) exists. Then for every
60 >0,
SN (sup (S) — d,sup ()] # 0.

If inf (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 (5), contrary to the definition of sup (5) as
the 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 (.5).

2.10 Exercises

1. Let S = [2,5]. Find sup S. Now let S = [2,5). Find sup S. Is sup S always a number
in S? Give conditions under which sup S € S and then give conditions under which
infSeS.
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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 13.57 What about any other number?

Let S be a set which is bounded above and let —S denote the set {—z : z € S} . How
are inf (—S5) and sup (9) related? Hint: Draw some pictures on a number line. What
about sup (—S5) and inf S where S is a set which is bounded below?

Solve the following equations which involve absolute values.

(a) [ +1] = |22 + 3]
(b) |z + 1|~ |z +4]=6

Solve the following inequalities which involve absolute values.

(a) |2z —6] <4
(b) |z —2| < |22+ 2|

Which of the field axioms is being abused in the following argument that 0 = 27 Let
x =9y = 1. Then
2

0=2’-y’=(z—y)(z+y)

and so
0=(z—y)(z+y).

Now divide both sides by = — y to obtain

O=xz+y=14+1=2.

Give conditions under which equality holds in the triangle inequality.

Let £ < 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

n!

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 9. Hint: When you take (z + )", note
that the result will be a sum of terms of the form, a2z *y* and you need to determine
what aj should be. Imagine writing (z + y)" = (z +y) (z +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 9 that the number of subsets of a given
finite set containing n elements is 2™.
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Let n be a natural number and let k1 4+ ko + - - -k, = n where k; is a non negative

integer. The symbol
n
kiks -k,

denotes the number of ways of selecting r subsets of {1, - - -, n} which contain k1, ko---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/a2 + b2 = a + b for a and b positive real numbers?

Is it ever the case that ﬁ = % + % for z and y positive real numbers?
Derive a formula for the multinomial expansion, (>_7_, aj)" which is analogous to the

binomial expansion. Hint: See Problem [10.

Suppose a > 0 and that x is a real number which satisfies the quadratic equation,
az? +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

b
i —
a a
Then add and subtract the quantity b%/4a?. Verify that

x2+éx+ﬁ— .%‘—l—i ’
a 4a2 2a )

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?,
—b+Vb% — 4ac
r=—"" """
2a

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.

Suppose f(z) = 322 + 7z — 17. Find the value of x at which f (z) is smallest by
completing the square. Also determine f (R) and sketch the graph of f. Hint:

3 $2+zz,H — $2+Zx+@,§fg
3 3/) 3

s (o 7Y %917
6 36 3/

Suppose f(x) = —52% + 8z — 7. Find f (R). In particular, find the largest value of
f (z) and the value of = 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?

f(x)

3The ancient Babylonians knew how to solve these quadratic equations sometime before 1700 B.C. It
seems they used pretty much the same process outlined in this exercise.
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21. Show that if it is assumed R is complete, then the Archimedian property can be proved.
Hint: Suppose completeness and let a > 0. If there exists z € R such that na <
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?

2.11 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 = coordinate is a and whose
y coordinate is b. In dealing with complex numbers, such a point is written as a + ¢b. 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).

3+ 2

Multiplication and addition are defined in the most obvious way subject to the convention
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)+1i(bc+ ad).
Every non zero complex number, a+ib, with a®+b% # 0, has a unique multiplicative inverse.
1 a—1ib a . b
= = —1 .
a+ib a?2+b2  a?+0b2 a? + b2

You should prove the following theorem.

Theorem 2.11.1 The 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 following
formula is easy to obtain.
(a+1ib) (a+ib) = a® + b*.

Definition 2.11.2 Define the absolute value of a complex number as follows.
la +ib| = Va2 + b2.
Thus, denoting by z the complex number, z = a + b,

2] = (22)"/%.
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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 2.11.3 : Let z = a + ib and w = ¢+ id. Then |z —w| = \/(a — o)’ + (b—d)*.
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 of calculus, this distance is defined as

\/(2—1)2+(5—8)2:\/ﬁ.

On the other hand, letting z =2 445 and w=1418, z — w =1 — 43 and so

(z—w)(z—w)=(1-143)(141:3) =10
so |z — w| = /10, the same thing obtained with the distance formula.

Notation 2.11.4 From now on I will 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 2.11.5 rLet z,w € C. Then
w+ 2| < fwl + 2], [[z] = [w]| < |z — w].
Proof: First note |zw| = |z| |w|. Here is why: If z = 2 + iy and w = u + iv, then
jzwl* = |(@ + iy) (u + iv)[* = |zu = yo + i (20 + yu)|®
= (zu —yv)* + (2v 4+ yu)® = 22u? + y?0® + 2%0% + y*u?
Now look at the right side.
12 Jw]® = (z + iy) (z — iy) (u+ ) (u—iv) = 220 + y*v? + 220 + y?u?,

the same thing. Thus the rest of the proof goes just as before with real numbers. Using the
results of Problem [6 on Page 33, the following holds.

lz4+w]® = (z4w) (Z+W) =27+ 20 + Wz + ww
= |2+ |’ + 2w + Wz

2] + |w|* + 2 Re 2w

|2° + [w]* + 2 |20] = |21 + [w|* + 2] [w]

(2] + [w])?

IA

and so |z + w| < |z] + |w| as claimed. The other inequality follows as before.
2| < [z — w| + [wl

and so
2] — [w] < |z —w] = [w— 2|

Now do the same argument switching the roles of z and w to conclude
2l = lwl < |z —wl, |w| = 2] < [z —w]

which implies the desired inequality. This proves the theorem.
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2.12 Exercises

1.
2.

10.

11.

12.

Let z =5+ 9. Find z~ 1.
Let 2 = 2+ i7 and let w = 3 —i8. Find 2w, z + w, 22, and w/z.

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

For those who know about the trigonometric functions from calculus or trigonometry?,
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 (5z) and one for
cos (5z). Hint: Use Problem [18 on Page 27 and if you like, you might use Pascal’s
triangle to construct the binomial coefficients.

If z, w are complex numbers prove Zw = Zw and then show by induction that z7 -~ z,,, =
Z1 - Zm. Also verify that >,z = > /- Zr. 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 conjugates.

Suppose p () = apx™ + ap_12" "L+ -+ a1z + ag where all the aj, are real numbers.
Suppose also that p(z) = 0 for some z € C. Show it follows that p (Z) = 0 also.

I claim that 1 = —1. Here is why.

=i = VIV = ()P = Vi=t

This is clearly a remarkable result but is there something wrong with it? If so, what
is wrong?

De Moivre’s theorem of Problem 4! is really a grand thing. I plan to use it now for
rational exponents, not just integers.

1=10/% = (cos 2 + isin 27)"/* = cos (7/2) + i sin (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?

Review Problem 4] at this point. Now here is another question: If n is an integer, is it
always true that (cos — isin6)" = cos (nf) — isin (nf)? Explain.

Suppose you have any polynomial in cosf and siné. By this I mean an expression of
the form 7", ZZ:O aqp COSY 0 sin” § where aqp € C. Can this always be written in
the form ;n:tn(n ) by cOS YO + ZZZTM ) Cr SIn 707 Explain.

Does there exist a subset of C, C™ which satisfies 2.1/ - [2.37 Hint: You might review
the theorem about order. Show —1 cannot be in CT. Now ask questions about —i
and ¢. 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?

4] will present a treatment of the trig functions which is independent of plane geometry a little later.
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Set Theory

3.1 Basic Definitions

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 z is an element of a set S, is written as € S. Thus, 1 € {-1,0,1,2,3}. Here
are some axioms about sets. Axioms are statements which are accepted, not proved.

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

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

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.

4. The Cartesian product of a nonempty family of nonempty sets is nonempty.

5. If A is a set there exists a set, P (A) such that P (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.

{z €Z:x =2y for some y € Z}.

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

35
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because something is grammatically correct does not mean it makes any sense.
For example consider the following nonsense.

S = {z € set of 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 the
elements in each of the sets in the collection. Of course this is also open to further con-
sideration. 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 S is such a set whose elements are sets,

U{A: A€ S} or US

signify 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 S is a set whose
elements are sets,

I14

Aes

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 S. 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 O A. A is a proper subset of B, written A C Bor BD Aif Ais a
subset of B but A is not equal to B, A # 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 ). 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 which is 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

A°={rzeX:x¢ A}

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
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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 VV3d could mean for every upside down A there
exists a backwards F.

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

U{A®:4e8S=(n{A:4e8)°

and

N{A°:AeS8S}=U{a:A4e8})°.

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

BUU{A: AeS}=U{BUA:AecS}.
and: Let S be a set of sets show
BNnu{A:AeS}=U{BNA:AcS}.

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 this is so, 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.

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 concept of a function.

Definition 3.2.1 Let X and Y be sets.
XxY={(z,y):z€X andy €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 the property that if (x,y) and (x,y1) are both elements of the f, then
y =y1. The domain of f is defined as

D(f)={z:(z,y) € [},

written as f : D (f) =Y.
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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,  and makes them into a unique output, f (z). Of course, that is what the
above definition says with more precision. An ordered pair, (z,y) which is an element of
the function or mapping has an input,  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 7. 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.

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

AUB=X,CUD=Y, AnB=0,CnD=40,
f(A)=0C, g(D) =B.
The following picture illustrates the conclusion of this theorem.

X - - Y

B=g(D)| ~— D

Proof: Consider the empty set, § C X. If y € Y \ f((), then g (y) ¢ () because () 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 Ay C X
satisfies P if whenever y € Y\ f(Ao), g (y) ¢ Ao.

A={Ag C X : Aj satisfies P}.

Let A=UA. If y € Y\ f (A), then for each Ag € A,y € Y\ f (Ap) and so ¢ (y) ¢ Ag. Since
g (y) ¢ Ap for all Ay € A, it follows g (y) ¢ A. Hence A satisfies P 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.

Suppose z € B = X \ A. Then A U {z} does not satisfy P and so there exists y €
Y\ f(AU{z}) C D such that g(y) € AU{x}. But y ¢ f (A) and so since A satisfies P, it
follows g (y) ¢ A. Hence g (y) = x and so x € g (D) and this proves the theorem.

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.
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Proof: Let A, B,C, D be the sets of Theorem3.2.2l and define

| f(x) ifzeA
h(a:)—{ g l(z)ifreB

Then h is the desired one to one and onto mapping.
Recall that the Cartesian product may be considered as the collection of choice functions.

Definition 3.2.4 Let I be a set and let X; be a set for each i € I. f is a choice
function written as
fe HXi

el

if f (i) € X; for eachi € I.

The axiom of choice says that if X; # ) for each i € I, for I a set, then

iel

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 If f : X — Y is onto and g : Y — X is onto, then there eists
h: X — Y which is one to one and onto.

Proof: Foreachy € Y, f~t(y)={x € X : f (z) =y} # 0. Therefore, by the axiom of
choice, there exists fo_1 € Her f~!(y) which is the same as saying that for each y € Y,
fot(y) € £~ (y). Similarly, there exists gy ' (z) € g~' (z) for all z € X. Then f; ' is one
to one because if f; ' (y1) = f5 ' (y2), then

yi=rf(fo " () =F(f5" (2) = vo.

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

Definition 3.2.6 4 set S, is finite if there exists a natural number n and a map 0
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 6 mapping N one to one and onto S.(When 0 maps a
set A to a set B, this will be 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 XY is also at most
countable. If either X orY is countable, then X XY is also countable.
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Proof: It is given that there exists a mapping n : N — X which is onto. Define n (i) = z;
and consider X as the set {1, 29,3, --}. Similarly, consider Y as the set {y1,y2,ys, - -}
It follows the elements of X x Y are included in the following rectangular array.

(z1,11) (x1,92) (z1,y3) --- <« Those which have z; in first slot.
(x2,y1) (x2,y2) (x2,y3) --- <« Those which have x5 in first slot.
(x3,y1) (x3,92) (x3,y3) - - <« Those which have z3 in first slot. -

Follow a path through this array as follows.

(xz1,91) — (z1,92) (r1,y3) —
/ /!
(z2,91) (w2,92)
! /!
(x3,91)

Thus the first element of X x Y is (x1,y1), the second element of X x Y is (x1,y2), the third
element of X x Y is (x2,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 a : N — X which is one to one and onto. Let 8: X x Y — N be defined
by B((z,y)) = a~!(x). Thus § is onto N. By the first part there exists a function from
N onto X x Y. Therefore, by Corollary [3.2.5, there exists a one to one and onto mapping
from X x Y to N. This proves the theorem.

Theorem 3.2.8 If X andY are at most countable, then X UY is at most countable.
If either X orY are countable, then X UY is countable.

Proof: As in the preceding theorem,
X = {$1,$2,$3, t }

and
Y = {y17y27?/37' : } .
Consider the following array consisting of X UY and path through it.

ry — X2 xr3 —
. /
Yy — Y2

Thus the first element of X UY is x1, the second is x5 the third is y; the fourth is ys etc.

Consider the second claim. By the first part, there is a map from N onto X XY . Suppose
without loss of generality that X is countable and « : N — X is one to one and onto. Then
define 3(y) =1, for all 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. This proves the theorem.

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
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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 Let S be a set. ~ is an equivalence relation on S if it satisfies the
following axioms.

1. x~x forallzeS. (Reflexive)
2. If x ~y then y ~ x. (Symmetric)

3. Ifx~y andy ~ z, then v ~ z. (Transitive)

Definition 3.3.2 [x] denotes the set of all elements of S which are equivalent to x
and [z] 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 class defined on a set, S and let H 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 [z] N [y] = 0.

3.4 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? Do people
often use quantifiers this way?

3. President Bush, when he found there were no weapons of mass destruction said we
would give the Iraqi’s “freedom”. He is protecting our “freedom”. What is freedom?
Is there an implied quantifier involved? Is there a set mentioned? What is the meaning
of the statement? Could it mean different things to different people?

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

U{AC:AeS)=(n{A: AeS)°

and
N{A°:AeS}=U{a:A4e8})°.

5. Let S be a set of sets show
BUU{A: AeS}=U{BUA:AecS}.
6. Let S be a set of sets show

BNU{A:AeS8}=U{BnA:AcS}.
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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?

We say a number is an algebraic number if it is the solution of an equation of the form
a2+ +ax+as=0

where all the a; are integers and all exponents are also integers. Thus V2 is an algebraic
number because it is a solution of the equation z? —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 set and let P (A) be its power set, the set of all subsets of A. Show there
does not exist any function f, which maps A onto P (A). Thus the power set is always
strictly larger than the set from which it came. Hint: Suppose f is onto. Consider
S={rxecA:x¢ f(z)}. If fisonto, then f(y) =5 for some y € A. Isy € 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?

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

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 N7

Prove Theorem 13.3.3.

Let S be a set and consider a function f which maps P (S) to P (S) which satisfies the
following. If A C B, then f(A) C f(B). Show there exists A such that f(A) = A.
Hint: You might consider the following subset of P (.5).

C={BecP(S):BC f(B)}

Then consider A = UC. Argue A is the “largest” set in C which implies A cannot be
a proper subset of f (A).



Functions And Sequences

4.1 General Considerations

The concept of a function is that of something which gives a unique output for a given input.

Definition 4.1.1 cConsider 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
f (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 (z) =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
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 z € R define

Loife= ot in lowest terms for m,n € Z

ro={3

0 «f = is not rational (4.1)

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, 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.

43
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Definition 4.1.6 Let f,g be functions with values in F. Let a,b be points of F.
Then af + by is the name of a function whose domain is D (f) N D (g) which is defined as

(af +bg) (x) = af (x) + by (x).
The function, fg is the name of a function which is defined on D (f) N D (g) given by
(fg)(z) = f(z)g(x).

Similarly for k an integer, f* is the name of a function defined as

The function, f/g is the name of a function whose domain is

D(f)n{z e D(g):g(x)# 0}
defined as
(f/9)(x) = f(x) /g (x).
Iff:D(f) = X andg: D (g) — Y, then go f is the name of a function whose domain is
{zeD(f): f(z) € D(9)}
which is defined as
gof(x)=g(f(z)).

This is called the composition of the two functions.

You should note that f(x) is not a function. It is the value of the function at the
point, . 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, = 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.

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

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

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

fort > —1. If t < —1 the inside of the square root sign is negative so makes no sense.
Therefore, go f: {t e R: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 following
definition.
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Definition 4.1.9 rFor any function, f : D(f) C X — Y, define the following set
known as the inverse image of y.

') ={zeD(f): f(z)=y}.

There may be many elements in this set, but when there is always only one element in this
set for all y € 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=! is defined on f (D (f)) and f=1(y) = x where f (x) = y. Thus from

the definition, f=' (f (z)) =z for allz € D(f) and f (f~* (y)) =y for ally € f(D([)).
Defining id by id (z) = 2 this says fo f~! =id and f~'o f =id.

Polynomials and rational functions are particularly easy functions to understand because
they do come from a simple formula.

Definition 4.1.10 4 function f is a polynomial if
f(x) = ana”™ + an_12" 1+ a1z + ag

where 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

where h and g are polynomials.
For example, f (z) = 3x® + 922 + Tz + 5 is a polynomial of degree 5 and

32 + 922+ Tz +5
4+ 3x+z+1

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 ,

=+ 8
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={(z,y):zeX andyeY}.
F? 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 rLet f:D(f) — R(f) be a function. The graph of f consists of
the set,

{(z,9) :y = f(z) forz e D(f)}.

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

of y equals f (z).
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4.2 Sequences

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

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

for k an integer is known as a sequence. Thus you can consider f (k), 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 f1, fa,
ete. instead of f (1), f(2), f (3) ete. when referring to sequences. In the above context, fy, is
called the first term, fr+1 the second and so forth. It is also common to write the sequence,
not as f but as {fi};=, or just {f;} for short.

Example 4.2.2 Let {ay},-, be defined by a, = k* + 1.

This gives a sequence. In fact, a; = 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 determines
Gn+1 from knowledge of aq, - - -, 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 andas = 1. Assuming ay, -+, Gpy1 are known, anio = Gp+an41.

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 reproducing 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 Let {an} be a sequence and let n1 < ng < ng,--- 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 = an,, {br} is called a subsequence of {an} .

For example, suppose a, = (n2 + 1) . Thus a1 = 2, ag = 10, etc. If
np=1ny=3,n3=25,---,np =2k —1,

then letting by = ay, , it follows

by, = ((2k—1)2+1) — 4% — 4k + 2.

4.3 Exercises

1. Let g(t) = v2—t and let f(t) = 1. Find g o f. Include the domain of g o f. You can
believe for now that the square root of any positive number exists. This will be shown
later.

2. Give the domains of the following functions.
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(a) f(z) =555
(b) f(z) =Va*—4
(¢) f(z)=vd—=?
(d) f(x) = 332::_15
() fa)= /55
3. Let f: R — R be defined by f(t) =t + 1. Is f one to one? Can you find a formula
for =17
4. Suppose a1 = 1,a2 = 3, and a3 = —1. Suppose also that for n > 4 it is known that

(n = Q-1+ 2an_2 + 3a,_3. Find a7. Are you able to guess a formula for the k" term
of this sequence?

ot

. Let f:{teR:t+# —1} — R be defined by f (t) = t+71 Find f~! if possible.

6. A function, f : R — R is a strictly increasing function if whenever x < v, it follows that
f(x) < f(y).If fis a strictly increasing function, does f~! always exist? Explain
yOUr answer.

=~

Let f (t) be defined by

[ 241ift <1
f(t)_{ tift>1

Find f~! if possible.

*®

Suppose f: D (f) — R(f) is one to one, R(f) C D(g), and g : D(g) — R(g) is one
to one. Does it follow that g o f is one to one?

9. If f:R— R and 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.

(a) f+

(b) fg
(c) f?
(d) f/g

10. Draw the graph of the function f(z) = z3 + 1.

11. Draw the graph of the function f (z) = 2% + 2x + 2.

12. Draw the graph of the function f (z) = ;.

13. Suppose a,, = % and let ny = 2%. Find by, where by, = a,, .

14. If X; are sets and for some j, X; = 0, the empty set. Verify carefully that [T, X; = 0.
1

ot

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

16. Does there exist a function f, satisfying f (z) — f (%) = 3z which has both x and %
in the domain of f?
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In the situation of the Fibonacci sequence show that the formula for the nt" term can
be found and is given by

) _5<1+\/5>n\/3<1—\/5>n

5 2 5 2

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, 42 = a, + a,41 of the form r”. You will
be able to show that there are two values of r which work, one of which is r = 1+T‘/5
Next you can observe that if 7 and r% both satisfy the recurrence relation then so
does cry + dry for any choice of constants ¢, d. Then you try to pick ¢ and d such that

the conditions, a; = 1 and as = 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 7P in interest so at the beginning of the second payment
period, you would have rP + P + P = Ay. Thus Ay = A; (1 + ) + P. Then at the
beginning of the third payment period you would have As (1 4+ r)+P = As. 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 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' = g, z=(14r),and s = —%.

A well known puzzle consists of three pegs and several disks each of a different diam-
eter, 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 decreas-
ing 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, _1 moves. Explain why A, =2A4,_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.t' The following is
the precise definition of what is meant by the limit of a sequence.

1Bernhard Bolzano lived from 1781 to 1848. He was a Catholic priest and held a position in philosophy
at the University of Prague. He had strong views about the absurdity of war, educational reform, and the
need for individual concience. His convictions got him in trouble with Emporer Franz I of Austria and
when he refused to recant, was forced out of the university. He understood the need for absolute rigor in
mathematics. He also did work on physics.
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Definition 4.4.1 4 sequence {an} ., converges to a,

lim a, =a or a, — a
n—oo

if and only if for every € > 0 there exists n. such that whenever n > n. ,
lan, —al <e.

Here a and a, are assumed to be complex numbers but the same definition holds more
generally.

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. If the a, are complex numbers or later on, vectors the definition remains the

same. If a,, = x,, + iy, and a = z + iy, |a, —a|] = \/(xn —2)° + (yn — y)*. Recall the way
you measure distance between two complex numbers.

Theorem 4.4.2 If lim, . a, = a and lim,, ., a,, = a1 then a1 = a.

Proof: Suppose a1 # a. Then let 0 < & < |a; — a| /2 in the definition of the limit. It
follows there exists n. such that if n > n., then |a, —a| < € and |a,, — a1] < €. Therefore,
for such n,

lax —al < ay = an| +|an — al
< e4+e<|ai—al/24+ a1 —a|/2=]a1 —al,

a contradiction.

_ 1
Example 4.4.3 Let ap = 5557

Then it seems clear that

lim —— =0.

In fact, this is true from the definition. Let € > 0 be given. Let n. > ve~1. Then if

n>n. > Vel

it follows that n? +1 > ¢! and so

1

0< ——
n?+1

=a, <E€.
Thus |a, — 0] < & whenever n is this large.

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.

Example 4.4.4 Let a, = n?

Then in this case lim,,_. o a,, does not exist.

Example 4.4.5 Let a, = (—-1)".
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In this case, lim,, o (—1)" does not exist. This follows from the definition. Let ¢ = 1/2.
If there exists a limit, I, then eventually, for all n large enough, |a, —I| < 1/2. However,
|an — ant1] = 2 and so,

2=\an — ant1] <lan =+l —any1| <1/24+1/2=1
which cannot hold. Therefore, there can be no limit for this sequence.
Theorem 4.4.6 Suppose {a,} and {b,} are sequences and that

lim a,, = a and lim b, = b.

n—oo n—0o0

Also suppose x and y are in F. Then

lim za, + yb, = za + yb (4.2)
lim a,b, = ab (4.3)

Ifb#0,
(4.4)

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 > ny then

la, —al < 1.
Then for such n, the triangle inequality implies

|anby, — abl |anbn — anb| + lanb — ab)

|lan| |bn — b + [b] |an — a]
(la] + 1) |b,, — b] + |b] |an, — al .

IANIAIA

Now let ny be large enough that for n > no,

|bn—b|<2

and | | < ©
——, and |ay, — a
(la] + 1) " 2

(ol +1)°
Such a number exists because of the definition of limit. Therefore, let
ne > max (N, na) .
For n > n,,
|lanbn —abl < (la| +1)[bn — b + [b] |an — a

3
< (al+1) bl 5

(o] +1

£ <e
2(lal +1) )~

This proves 4.3. Next consider 4.4l
Let € > 0 be given and let n; be so large that whenever n > n;,

|b]
b, —b| < —.
Thus for such n,
a, a a,b — ab, 2
— — = |——— < — [lanb—ab b — aby,
by b bbn |7 || lanb = abl + fab = ab]]
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2]al

< 2 lan —al +
< —la, —a
0

Now choose ns so large that if n > ny, then

e || e b’
|anfa\ < T, and ‘bn7b| < m
Letting n. > max (n1,n2), it follows that for n > n.,
an a 2 2al
Gn 81 o 2 a2,

2¢lp| | 2la] e

< —_— S S S—
bl 4 |p® 4(lal+1)
Another very useful theorem for finding limits is the squeezing theorem.

Theorem 4.4.7 Suppose limy, o0 an = a = limy, o b, and a, < ¢, < by, for alln
large enough. Then lim,, .. ¢, = a.

Proof: Let € > 0 be given and let n; be large enough that if n > nq,
la, —a| < e/2 and |b, —a| < /2.

Then for such n,
len —a] < |ap, —a| + |bp — al < e.

The reason for this is that if ¢, > a, then

len —al=cn —a<b, —a<la, —a|l+ |b, —q]
because b, > ¢,. On the other hand, if ¢,, < a, then

len —al=a—cp, <a—ap <|a—ay|+|b—byl.

This proves the theorem.
As an example, consider the following.

Example 4.4.8 Let

1
cn = (—=1)" -
and let b, = %, and a, = —%. Then you may easily show that
lim a, = lim b, = 0.
n—oo n—oo

Since an < ¢ < by, it follows lim,, .o ¢, = 0 also.
Theorem 4.4.9 lim,_... 7" = 0. Whenever |r| < 1.

Proof:If 0 < r < 1 if follows »—! > 1. Why? Letting o = % — 1, it follows
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Therefore, by the binomial theorem,

1 1

0<r” = = < .
g (I14+a)" ~1+an

Therefore, lim,, o ™ = 0 if 0 < r < 1. Now in general, if |r| < 1, |r"| = |r|" — 0 by the
first part. This proves the theorem.

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 |46| at this point.

Theorem 4.4.10 Let {x,} be a sequence with lim, o0 x,, = = and let {x,,} be a
subsequence. Then limy_,o0 Ty, = .

Proof: Let € > 0 be given. Then there exists n. such that if n > n., then |z, —z| < e.
Suppose k > n.. Then ni > k > n,. and so

|, — x| <e
showing limy_.o Zp, = z as claimed.

Theorem 4.4.11 Let {zn} be a sequence of real numbers and suppose each x, <1
(> Dand lim,, oo 2, = x. Then © < 1 (>1). More generally, suppose {x,} and {y,} are
two sequences such that limy, .z, = x and lim,, .oy, = y. Then if z, < y, for all n
sufficiently large, then x < y.

Proof: Let € > 0 be given. Then for n large enough,
l>x,>x—¢
and so
l4+e>ux.

Since € > 0 is arbitrary, this requires [ > x. The other case is entirely similar or else you
could consider —! and {—=z,} and apply the case just considered.
Consider the last claim. There exists N such that if n > N then z,, <y, and

|x_xn‘+|y_yn| <€/2'
Then considering n > N in what follows,
x—y<zp+e/2—(yp—€/2)=2p —yYn+e<e.

Since € was arbitrary, it follows
z—1y <0.

This proves the theorem.

4.5 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.
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Lemma 4.5.1 Let I, = [a*,bF] and suppose that for all k =1,2,- - -,
Iy 2 Iy
Then there exists a point, ¢ € R which is an element of every Iy,.
Proof: Since Iy O Ij41, this implies
a® < Mtk > p L (4.5)
Consequently, if k& <,
at <al <b < (4.6)

Now define
czsup{al = 1,2,~~~}

By the first inequality in 4.5, and 4.6
akgc:sup{al:l:k,k+1,"~}§bk (4.7)

for each K = 1,2 - ... Thus ¢ € I} for every k and this proves the lemma. If this went
too fast, the reason for the last inequality in [4.7 is that from 4.6, b* is an upper bound to
{al =k k+1,-- } . Therefore, it is at least as large as the least upper bound.

This is really quite a remarkable result and may not seem so obvious. Consider the
intervals I, = (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 k is large enough. Thus the only candidate for being in all the intervals is 0 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.

4.6 Exercises

3n*+7n+1000

2. Find lim,, pe

2" +7(5™)
(5

4. Find lim,_,o v/(n? + 6n) — n. Hint: Multiply and divide by +/(n? + 6n) + n.

5. Find lim,,_, ZZ=1 ﬁ'

3. Find lim,,_,

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

1
r—1

7. For |r| < 1, find lim, o > p_or*. Hint: First show > ,_,r* =
recall Theorem 14.4.9.

— ﬁ Then

n n+1
8. Using the binomial theorem prove that for all n € N, (1 + %) < (1 + ni1> .
Hint: Show first that (}) = W By the binomial theorem,

k factors
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% and note that a similar term occurs in the

n+1

binomial expansion for (1 + n%rl) except you replace n with n + 1 whereever this

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

Now consider the term

n+1
1
(1 + H—H) , there are more terms.

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

Use the Problems 21 on Page 27 and I8 to verify for all n € N, (1 + %)n <3.

Prove lim,,_. o (1 + %)n exists and equals a number less than 3.
Using Problem [10, prove n™*1 > (n + 1)" for all integers, n > 3.
Find lim,,_. o, 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 + €] .

Let A, = ZZ:2 ﬁ for n > 2. Show lim,,_. o 4,, exists and find the limit. Hint:
Show there exists an upper bound to the A,, as follows.

Let H,, = ZZ:1 /%2 for n > 2. Show lim,, ., H,, exists. Hint: Use the above problem
to obtain the existence of an upper bound.

Let I,, = (—1/n,1/n) and let J, = (0,2/n). The intervals, I, and J, are open
intervals of length 2/n. Find NS, I, and N2 ,.J,. Repeat the same problem for
I, =(—1/n,1/n] and J, = [0,2/n).

4.7 Sequential Compactness

4.7.1 Sequential Compactness

First T 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 4.7.1 4 set, K CF is sequentially compact if whenever {a,} C K is a
sequence, there exists a subsequence, {an,} such that this subsequence converges to a point

of K.

The following theorem is part of the Heine Borel theorem.

Theorem 4.7.2 Every closed interval, [a,b] is sequentially compact.
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Proof: Let {z,} C [a,b] = Iy. Consider the two intervals [a, 22] and [%E2, 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 Iy. Now do for Iy what was done for Iy. Split it in half and
let I3 be the interval which contains x,, for infinitely many values of n. Continue this way
obtaining a sequence of nested intervals Iy O I; O Iy D I35 - -- where the length of I, is
(b —a) /2™. Now pick ny such that x,, € I;, ny such that no > n; and x,, € I3, ng such
that ng > no and x,, € I3, etc. (This can be done because in each case the intervals
contained z,, for infinitely many values of n.) By the nested interval lemma there exists a

point, ¢ contained in all these intervals. Furthermore,
|2, —c| < (b—a)27"

and so limy_, o @y, = ¢ € [a,b]. This proves the theorem.

4.7.2 Closed And Open Sets

I have been using the terminology [a, ] 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 4.7.3 Let U be a set of points. 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,d)={ze€F:|z—p| <d}.

This symbol, B (p,0) is called an open ball of radius 6. Thus a point, p is an interior point
of U if there exists 6 > 0 such that p € B (p,d) 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 H is open.

Definition 4.7.4 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.

Example 4.7.5 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 4.7.6 Consider A = (a,b), an open interval. If x € (a,b), let
r=min (| —al, |z —b|).
Then B (x,r) C A because if |y — x| < r, then

y—a = y—zxt+r—a>z—a—|y—z
= lz—al-|ly—z|>|x—a|—-7r>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.

Theorem 4.7.7 Let Abea nonempty set. A point a is a limit point of A if and only
if there exists a sequence of distinct points of A, {an} which converges to a. Also a nonempty
set, A is closed if and only if it contains all its limit points.
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Proof: Suppose first it is a limit point of A. There exists a; € B (a,1) N A such that
a1 # a. Now supposing distinct points, a1, - - -, a,, have been chosen such that none are equal
to a and for each k <mn, a;, € B(a,1/k), let

. 1
0<Tn+1<mln{n_i_17|aal?"'7|aan}'

Then there exists a1 € B(a,7p+1) N A with a,41 # a. Because of the definition of r,, 11,
an+1 1s not equal to any of the other ay, for & < n+ 1. Also since |a — a,,| < 1/m, it follows
lim,;, o0 a;m = a. Conversely, if there exists a sequence of distinct points of A converging to
a, then B (a,r) contains all a,, for n large enough. Thus B (a,r) contains infinitely many
points of A since all are distinct. Thus at least one of them is not equal to a. This establishes
the first part of the theorem.

Now consider the second claim. If A is closed then it is the complement of an open set.
Since A is open, it follows that if a € A, then there exists § > 0 such that B (a,d) C AY
and so no point of A® can be a limit point of A. In other words, every limit point of A must
be in A. Conversely, suppose A contains all its limit points. Then A® does not contain any
limit points of A. It also contains no points of A. Therefore, if a € A®, since it is not a
limit point of A, there exists 6 > 0 such that B (a,d) contains no points of A different than
a. However, a itself is not in A because a € A®. Therefore, B (a,d) is entirely contained in
AC. Since a € A® was arbitrary, this shows every point of A® is an interior point and so
A€ is open. This proves the theorem.

Theorem 4.7.8 If K is sequentially compact and if H is a closed subset of K then
H is sequentially compact.

Proof: Let {z,} C H. Then since K is sequentially compact, there is a subsequence,
{zn,} which converges to a point, x € K. If © ¢ H, then by Theorem 4.7.7, which says
H€ is open, it follows there exists B (x,7) such that this open ball contains no points of H.
However, this is a contradiction to having z,, — = which requires x,, € B (z,r) for all k
large enough. Thus # € H and this has shown H is sequentially compact.

Thus every closed subset of a closed interval is sequentially compact. This is equivalent
to the following corollary.

Corollary 4.7.9 Every closed and bounded set in R is sequentially compact.

Proof: Let H be a closed and bounded set in R. Then H is a closed subset of some
interval of the form [a, b] . Therefore, it is sequentially compact.
What about the sequentially compact sets in C?

Definition 4.7.10 A set S C C is bounded if there is some r > 0 such that S C
B(0,7).

Theorem 4.7.11 FEvery closed and bounded set in C is sequentially compact.

Proof: Let H be a closed and bounded set in C. Then H C B(0,r) for some r.
Therefore,
HC{z+iwy:xze€[-rr]andyec[-rr}=Q

because if z + iy € B(0,7), then v/22 4+ y? < r and so both |z|,|y| < r which is the same
as saying « € [—r,r] and y € [—r,r]. Now let {z,, + iy, }.., be a sequence of points in H.
Then {z,} is a sequence of points in [—r,7] and {y,} is a sequence of points in [—r,r]. It
follows from Theorem [4.7.2] there exists a subsequence of {x,},{z,,} which converges to a
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point z in [—r,7]. Then {y,, } is a sequence of points in [—r,r] and so it has a subsequence,
o0

o0
{ynkl }l which converges to a point y € [—r,r]. Thus {xnkl }l converges to x € [—r, 7]
-1 =1
oo

by Theorem /4.4.10 and as just noted, {ynkl} converges to y € [—r,r]. It follows from
=1
the definition of distance in C that

Ty, + iYny, — T +1iY € Q.

However, H is closed and so x + iy € H. This proves the theorem.
What are some examples of closed and bounded sets in F?

Proposition 4.7.12 Let D (z,7) denote the set of points,
{weF:|w-=z <r}
Then D (z,r) is closed and bounded. Also any set of the form
[a,b] +i[c, d]
is closed and bounded. Thus sets D (z,r) and [a,b] +i[c,d] are sequentially compact.
Proof: First note the set is bounded because
D (z,7) € B(0,|z] + 2r)
Here is why. Let 2 € D (2,7). Then |z — z| < r and so
lz| < |z — 2]+ 2| <r+ 2| < 2r +|z2].

It remains to verify it is closed. Suppose then that y ¢ D (z,r). This means |y — z| > r.
Consider the open ball B (y,|ly — 2| — 7). lf x € B(y,|y — 2| — ), then

-yl <ly—=zl—r
and so by the triangle inequality,
lz—z|zlz—yl—ly—a| > e —y[+r—fz—yl=r

Thus the complement of D (z,) is open and so D (z,r) is closed.
For the second type of set, if  + iy € [a,b] + i [c,d] , then

@ +iyl” = ® + y* < (la| + [b]) + (e] + [d])* = 7/2.

Then [a,b] + i[c,d] € B(0,r). Thus the set is bounded. It remains to verify it is closed.
Suppose then that x + iy ¢ [a,b] + i [c,d] . Then either = ¢ [a,b] or y ¢ [c,d] . Say y ¢ [c,d].
Then either y > d or y < c¢. Say y > d. Consider

B(x +iy,y —d).

If u+ive B(x+iy,y —d), then

\/(Jc—u)2+(y—v)2<y—d.

In particular, |y —v| <y—dandsov—y >d—ysov > d. Thus u+iv ¢ [a,b] + i[c,d]
which shows the complement of [a,b] + i[c,d] is open. The other cases are similar. This
proves the proposition.
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4.8 Exercises

1.

© » N>

10.

11.

12.

13.

14.

15.

16.

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

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}g:1 is a finite collection of sets and suppose z is a limit point of UY_; H,,.
Show z 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 closed sets whose union is open.

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

Explain why F and () 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
AU A’ is closed. Hint: You must show the limit points of AU A’ are in AU A'.

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,, D K, 41 for all n. Show there exists a point in the intersection of all
these sets, denoted by NS, 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 NS, K.

Start with the unit interval, Iy = [0, 1] . Delete the middle third open interval, (1/3,2/3)
resulting in the two closed intervals, Iy = [0,1/3] U [2/3,1]. Next delete the middle
third of each of these intervals resulting in I, = [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, 1, 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 process 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.

In Problem [15/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.
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Suppose {H,} is a sequence of sets with the property that for every point, z, there
exists 7 > 0 such that B (z,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.

A set, K is called compact if whenever K C UC for C a set whose elements are open
sets, then there are finitely many of the open sets in C, Uy, - - -, U, such that

K C Uy Ug.

Show every closed interval, [a,b] is compact. Next show every closed subset of [a, b]
is compact. Hint: For the first part, use the nested interval theorem in a manner
similar to what was done to show [a, b] is sequentially compact.

Show every closed and bounded subset of F is compact. Hint: You might first show
every set of the form [a,b] + i[c,d] is compact by considering sequences of nested
intervals in both [a, b] and [c, d] where the nested intervals are obtained as in Problem
18l

Show a set, K is compact if and only if whenever K C UB where B is a set whose
elements are open balls, it follows there are finitely many of these sets, B, - -, By
such that

K C U]szl By,
In words, every open cover of open balls admits a finite subcover.

Show every sequentially compact set in F is a closed subset of some disc D (0, 7) where
this notation is explained in Proposition [4.7.12. From Problem [19, what does this say
about sequentially compact sets being compact? Explain.

Now suppose K is a compact subset of F as explained in Problem [18. Show that K
must be contained in some set of the form [—r,r] + ¢ [—r,7]. When you have done
this, show K must be sequentially compact. Hint: If the first part were not so,
{(=n,n)} 2, would be an open cover but, does it have a finite subcover? For the
second part, you know K C [—r,7] +i[—r,7] for some 7. Now if {z,, + iy, } -, is a
sequence which has no subsequence which converges to a point in K, you know from
Proposition 4.7.12] and Theorem [19), since [—r,r] + i [—r,r] is sequentially compact,
there is a subsequence, {2, + @Y, }ro; Which converges to some z + iy € [—r,r] +
i[—r,r]. Suppose x + iy ¢ K and consider the open cover of K given by {O,}
where
On=Ay:ly—a|>1/n}.

You need to verify the O, are open sets and that they are an open cover of K which
admits no finite subcover. From this you get a contradiction.

Show that every uncountable set of points in IF has a limit point. This is not necessarily
true if you replace the word, uncountable with the word, infinite. Explain why.

4.9 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
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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 which
will be discussed soon.

Definition 4.9.1 {an} is a Cauchy sequence if for all € > 0, there exists n. such
that whenever n,m > n.,
lan — am| < €.

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

Theorem 4.9.2 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 > ny. Then from the
definition,
|an — an, | < 1.

It follows that for all n > nq,
lan| <1+ |an,]-

Therefore, for all n,
ni

] < 1+ Jan, |+ lax.
k=1

This proves the theorem.

Theorem 4.9.3 If a sequence {a,} in F converges, then the sequence is a Cauchy
sequence.

Proof: Let € > 0 be given and suppose a,, — a. Then from the definition of convergence,
there exists n. such that if n > n., it follows that

€
\anfa|<§

Therefore, if m,n > n. 4+ 1, it follows that

e ¢
|an—am|§|an—a|+|a—am|<§+§=£

showing that, since € > 0 is arbitrary, {a,} is a Cauchy sequence.
The following theorem is very useful.

Theorem 4.9.4 Suppose {an} is a Cauchy sequence in F and there exists a subse-
quence, {an, } which converges to a. Then {a,} also converges to a.

Proof: Let € > 0 be given. There exists IV such that if m,n > N, then
|am — an| < /2.
Also there exists K such that if £ > K, then
la —an,| <e/2.
Then let k& > max (K, N). Then for such k,

ok —al < ag — an, | + an, —a
< g/24+¢/2=¢.

This proves the theorem.
The next definition has to do with sequences which are real numbers.



4.9. CAUCHY SEQUENCES AND COMPLETENESS 61

Definition 4.9.5 The sequence of real numbers, {a,}, is monotone increasing if for
alln, a, < apy1. The sequence is monotone decreasing if for alln, a, > a,41. 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 of-
ten 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
2.9.1 on Page 28 does not make sense, C for example because by Problem 12/ on Page 133
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.

Theorem 4.9.6 Every Cauchy sequence in R converges if and only if every nonempty
set of real numbers which is bounded above has a least upper bound and every nonempty set
of real numbers which is bounded below has a greatest lower bound.

Proof: First suppose every Cauchy sequence converges and let S be a nonempty set
which is bounded above. Let by be an upper bound. Pick s; € S. If s; = b1, the upper least
upper bound has been found and equals by. If (s1 + b1) /2 is an upper bound to S, let this
equal bs. If not, there exists by > so > (s1 + b1) /2 so let by = by and s5 be as just described.
Now let by and sy 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

|Sn — bn| S 27n+1 (bl — 81)
Therefore, if m > n
|bn - bm' S bn — Sm S bn — Sn S 2in+1 (bl - 51)

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>s5—-b

which would prevent {b,} from converging to b. The claim that every nonempty set of
numbers bounded below has a greatest lower bound follows similarly. Alternatively, you
could consider —S = {—z : € S} and apply what was just shown.

Now suppose the condition about existence of least upper bounds and greatest lower
bounds. Let {a,} be a Cauchy sequence. Then by Theorem 4.9.2 {a,,} C [a,b] for some
numbers a, b. By Theorem 4.7.2| there is a subsequence, {a,, } which converges to x € [a,}].
By Theorem 14.9.4] the original sequence converges to x also. This proves the theorem.

Theorem 4.9.7 If either of the above conditions for completeness holds, then when-
ever {an} is a monotone increasing sequence which is bounded above, it converges and when-
ever {b,} is a monotone sequence which is bounded below, it converges.
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Proof: Let a = sup{a, :n > 1} and let € > 0 be given. Then from Proposition 2.9.3
on Page 28| there exists m such that a — ¢ < a,, < a. Since the sequence is increasing, it
follows that for all m > m, a — ¢ < a,, < a. Thus a = lim,,_,, a,,. The case of a decreasing
sequence is similar. Alternatively, you could consider the sequence {—a,} and apply what
was just shown to this decreasing sequence. This proves the theorem.

By Theorem 4.9.6/ the following definition of completeness is equivalent to the original
definition when both apply.

Definition 4.9.8 Whenever every Cauchy sequence in some set converges, the set
is called complete.

Theorem 4.9.9 F s complete.

Proof: Suppose {z, + iy, },., be a Cauchy sequence. This happens if and only if {z,}
and {y,} are Cauchy sequences because

|zm - zn‘ S |xm + iyvrz - (xn + Zyn)|

and the right hand side is assumed to be small whenever m, n are large enough. Thus there
exists « such that x, — = and y such that y — y. Hence, x,, + iy, — = + iy.

4.9.1 Decimals

You are all familiar with decimals. In the United States these are written in the form
.a1aza3--- where the a; are integers between 0 and 9.2 Thus .23417432 is a number written as
a decimal. You also recall the meaning of such notation in the case of a terminating decimal.
For example, .234 is defined as 75 + 102 + Now what is meant by a nonterminating
decimal?

103

Definition 4.9.10 ret .aias - - be a decimal. Define

adz = nlinéoz 10~

Proposition 4.9.11 The above definition makes sense.

Proof: Note the sequence {E k=1 107 }:11 is an increasing sequence. Therefore, if there
exists an upper bound, it follows from Theorem 14.9.7 that this sequence converges and so

the definition is well defined.

Now

0 10% B 10’“ 10 108 100 10’C
k=1 k=1 k=1 =1
1 1

10 107+!

2In 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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"1 10 /1 1 10 /1 1

L (L)< ()

= 10 9 \10 10~* 9 \ 10 9
Therefore, since this holds for all n, it follows the above sequence is bounded above. It
follows the limit exists.

and so

4.9.2 limsup and lim inf

Sometimes the limit of a sequence does not exist. For example, if a,, = (—1)", then
lim,, .o a, 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 28| along with the simple properties of these things.

Definition 4.9.12 Denote by [—o00, o] the real line along with symbols oo and —oc.
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 [—o0,00], limy, oo An equals
oo if the only upper bound of the set {A,} is o0o. If {A,} is bounded above by a real number,
then lim,, .o A, is defined in the usual way and equals the least upper bound of {A,}. If
{A,} is a decreasing sequence of points of [—o00,00], lim, e An equals —co if the only
lower bound of the sequence {An} is —oo. If {An} is bounded below by a real number, then
lim,, o0 Ay, is defined in the usual way and equals the greatest lower bound of {Ay}. More
simply, if {A,} is increasing,
nlLH;O A, =sup{A,}

and if {A,} is decreasing then
lim A, =inf{A,}.

Lemma 4.9.13 Let {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, o L, and lim, .., U, both exist.

Proof: Let W, be an upper bound for {ax : k > n}. Then since these sets are getting
smaller, it follows that for m < n, W, is an upper bound for {aj : k > n}. In particular if
Wy = Up, then U, is an upper bound for {a; : kK > n} and so U, is at least as large as
U,, the least upper bound for {ay : K > n}. The claim that {L,} is decreasing is similar.
This proves the lemma.

From the lemma, the following definition makes sense.

Definition 4.9.14 Le {an} be any sequence of points of [—o0, ]

lim sup a, = lim sup{ax : k > n}
n—oo

n—oo
lim inf a, = lim inf{ay: k> n}.
n—oo n—o0
Theorem 4.9.15 Suppose {a,} is a sequence of real numbers and that limsup,,_, . an
and liminf,, . a, are both real numbers. Then lim,,_, . a, ezists if and only ifliminf,, . a, =
limsup,,_, ., @n and in this case,

lim a, =lim inf a, = lim sup a,.
n—oo n—oo n—oo
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Proof: First note that
sup{ay : k> n} >inf {ax : k > n}

and so from Theorem 4.4.11),

lim sup a, = lim sup{ax:k>n}
n—oo n—00
> lim inf {ay : k > n}
n—oo
= lim inf a,.
n—oo

Suppose first that lim,_, a, exists and is a real number. Then by Theorem 4.9.3 {a,} is
a Cauchy sequence. Therefore, if € > 0 is given, there exists N such that if m,n > N, then

lan — am| < /3.
From the definition of sup {ay, : kK > N}, there exists n; > N such that
sup{ay : k> N} <a,, +¢/3.
Similarly, there exists no > N such that
inf{ag: k> N} > an, — /3.
It follows that

2
Sup{ak:kZN}—inf{ak:kZN}g|an1_an2|+§<€'

Since the sequence, {sup{ay : k> N}}3_, is decreasing and {inf {ay : k > N}}_, is in-
creasing, it follows from Theorem 4.4.11

0< I\}iinmsup{ak :k> N} —Nliinooinf{a;€ ck>N}<e
Since ¢ is arbitrary, this shows
J\}Enwsup {ag : k> N} = J\}Enoo inf {ay : k > N} (4.8)
Next suppose 4.8. Then
lim (sup{ag:k> N} —inf{ar:k>N})=0

N —oc0
Since sup{ay : K > N} > inf {ay : k > N} it follows that for every ¢ > 0, there exists N
such that
sup{ag: k> N} —inf{ar : k> N} <e
Thus if m,n > N, then
lam — an| < €

which means {a,} is a Cauchy sequence. Since R is complete, it follows from Theorem 4.9.6
that lim,, .o a, = a exists. By Theorem 14.4.7, the squeezing theorem, it follows

a = lim inf a, =lim sup a,
n—oo n— 00
and this proves the theorem.
With the above theorem, here is how to define the limit of a sequence of points in
[—o0, 0]
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Definition 4.9.16 Let {an} be a sequence of points of [—oco, 00]. Then lim, o ay,
erists exactly when

lim inf a, =lim sup a,
n—00 n— 00

and in this case
lim a, =lim inf a, =lim sup a,.

n—oo n—oo — 00

The significance of lim sup and lim inf, in addition to what was just discussed, is contained
in the following theorem which follows quickly from the definition.

Theorem 4.9.17 Suppose {an} is a sequence of points of [—o0,00]. Let

A =lim sup a,.

n—oo

Then if b > A, it follows there exists N such that whenever n > N,
a, <b.
If ¢ < A, then a,, > ¢ for infinitely many values of n. Let
v =lim inf a,.
n—oo
Then if d < 7y, it follows there exists N such that whenever n > N,
ay > d.

If e > ~, 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.

Proposition 4.9.18 Letlim, .o a, =a > 0. Then

lim sup apb, = alim sup b,.

n—oo n—00

Proof: This follows from the definition. Let A, = sup {axby : kK > n}. For all n large
enough, a, > a — ¢ where ¢ is small enough that a — e > 0. Therefore,

An > sup{by : k >n}(a—e¢)

for all n large enough. Then

lim sup ap,b, = lim A, =lim sup a,b,
> lim (sup{br: &k >n}(a—¢))

= (a—¢)lim sup b,

n—oo

Similar reasoning shows

lim sup apb, < (a+¢)lim sup by,

n— oo n—00

Now since € > 0 is arbitrary, the conclusion follows.
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4.9.3 Shrinking Diameters

It is useful to consider another version of the nested interval lemma. This involves a sequence
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.

Definition 4.9.19 Let S be a nonempty set. Then diam (S) is defined as
diam (S) =sup {|x — y| : x,y € S}.
This is called the diameter of S.

Theorem 4.9.20 Let {F,},2_, be a sequence of closed sets in F such that

lim diam (F,) =0

n—00

and F,, O F, 41 for each n. Then there exists a unique p € N2, Fy,.

Proof: Pick py € Fj. This is always possible because by assumption each set is
nonempty. Then {py};., C F,, and since the diameters converge to 0 it follows {ps}
is a Cauchy sequence. Therefore, it converges to a point, p by completeness of F. Since each
F}, is closed, it must be that p € Fj, for all k. Therefore, p € N2, Fy,. If ¢ € N2, F}, then
since both p,q € F,

|p — g| < diam (Fy,) .

It follows since these diameters converge to 0, |p — g| < € for every €. Hence p = ¢. This
proves the theorem.

A sequence of sets, {G,} which satisfies G,, 2 G,,41 for all n is called a nested sequence
of sets.

4.10 Exercises

1. Suppose z = .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 100z =
34.34343434 and then subtract to get 99z = 34. From this you conclude that z =
34/99. Fully justify this procedure. Hint: .34343434 = lim,,_.» 34 ;_; (
use Problem [7.

k
155) mow

2. Let a € [0, 1]. Show a = .ajasas -+ for some choice of integers, ay, aq, --- if it is possible
to do this. Give an example where there may be more than one way to do this.

3. Show every rational number between 0 and 1 has a decimal expansion which either
repeats or terminates.

4. Consider the number whose decimal expansion is .010010001000010000010000001- - -.
Show this is an irrational number.

5. Show that between any two integers there exists an irrational number. Next show that
between any two numbers there exists an irrational number.
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6.

10.

11.

12.

13.

14.

Let a be a positive number and let 2; = b > 0 where b?> > a. Explain why there exists

such a number, b. Now having defined x,,, define z,,1 = % (mn + %) . Verify that

x
{x,} is a decreasing sequence and that it satisfies 2 > a for all n and is therefore,
bounded below. Explain why lim,,_ . &, exists. If = is this limit, show that 22 = 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 z,,,
just a rule which tells how to define x, if x,, is known.

Let a; = 0 and suppose that a,+1 = ﬁ. Write as, asz, ay. Now prove that for all n,
it follows that a,, < % + %\/5 (By Problem [6 there exists \/5) and so the sequence is

bounded above. Next show that the sequence is increasing and so it converges. 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
_ 9

a = 9—a-

Prove /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. Use this to show that between any
two real numbers there is an irrational number. That is, the irrational numbers are

dense.

If lim,,— o0 an, = a, does it follow that lim,_ . |a,| = |a|? Prove or else give a counter
example.

Show the following converge to 0.

5
(@) Tom

(b) %r

Suppose lim,, ., ©, = x. Show that then lim,, . %Zzzl rr = x. Give an example
where lim,,_, o, ,, does not exist but lim,,_. o, % 22:1 xy, does.

Suppose r € (0,1). Show that lim, ., 7™ = 0. Hint: Use the binomial theorem.
r= %H where § > 0. Therefore, 1" = ﬁ < ﬁ, etc.
Let pe Nand a > 0 and let 1 > 0 and

p—1

@
Tpal = T, + —x}f”.

Show lim,, oo T, = & Where x is a positive number such that P = «. This shows the
existence of a p'” root for any positive number. Hint: It will help if you first use the

binomial theorem to show that for all x,y > 0
Yy’ = af +pa T (y — @)

This little inequality can be used to show each z,, satisfies 22 > a. Put z,, for x and
y replaced with x,, 1. Then it is easy to show the sequence is decreasing.

Prove lim,, o {/n = 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,, + %e% < n. This
nice approach to establishing this limit using only elementary algebra is in Rudin [30].
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15

16.
17.
18.

19.

20.

21.

22.

23.

24.

25.

26.
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Find lim,,_, (2™ + 5)1/" for x > 0. There are two cases here, z < 1 and x > 1. Show

that if x > 1, the limit is « while if < 1 the limit equals 1. Hint: Use the argument
of Problem [14. This interesting example is in [9].

Find limsup,, ., (—1)" and liminf, . (—1)" . Explain your conclusions.
Give a careful proof of Theorem 4.9.17.

Let A = limsup,,_, ., a,. Show there exists a subsequence, {a,, } such that limy_ an, =
A. Now consider the set, S of all points in [—o0, 00| such that for s € S, some sub-
sequence of {a,} converges to s. Show that S has a largest point and this point is
limsup,,_,~ Gn-

Let A = liminf, o a,. Show there exists a subsequence, {a, } such that limy_, an, =
A. Now consider the set, S of all points in [—o00, 00| such that for s € S, some sub-
sequence of {a,} converges to s. Show that S has a smallest point and this point is
liminf,, o ay.

Prove that if a,, < b, for all n sufficiently large that

lim inf a, < lim inf b,,
n—oo n—oo

lim sup a, < lim sup b,.

n—oo n—oo
Prove that
lim sup (—a,) = —lm inf a,.
n—o00 n—oo
Prove that if a > 0, then

lim sup aa, = alim sup a,
n—oo n—oo
while if a < 0,
lim sup aa, = alim inf a,.
n—oo n—oo

Prove that if lim,, ., b, = b, then

lim sup (b, + a,) = b+ lim sup a,.

n—oo n—oo

Conjecture and prove a similar result for liminf .
Give conditions under which the following inequalities hold.

lim sup (an, +b,) < lim sup a, + lim sup b,

n—00 n— oo n—o0

lim inf (a, +b,) > lim inf a, +lim inf b,.

n—oo n—oo n—o0

Hint: You need to consider whether the right hand sides make sense. Thus you can’t
consider —oo + o0.

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 whose intersection has more
than one point. Next give an example of a nested sequence of nonempty sets which
has 2 points in their intersection.



Infinite Series Of Numbers

5.1 Basic Considerations

Earlier in Definition [4.4.1 on Page 49/ 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
Z ay = nh—>Holo Z ak
k=m k=m

whenever the limit exists and is finite. In this case the series is said to converge. If it does
not converge, it is said to diverge. The sequence {3y ,_, ak}n _,, n the above is called the
sequence of partial sums.

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 Y ;- (—1)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 -, n(n1+1)
N
Note n(n1+1) = %—n— and so Zn 17 n+1) =D =1 (% - %H) = N+1+1 Therefore,

1

N
I . im (—— — 1.
Ngnoonzln(n+1) Ngnoo< N+1+ )

Proposition 5.1.3 Leta, > 0. Then {3)_,, ar} . is an increasing sequence. If this
sequence is bounded above, then Y ;- ai converges and its value equals

n
sup{Zak:nzm,m—i—l,--}.

k=m
When the sequence is not bounded above, E;ozm ay diverges.

Proof: It follows {d>;_, ax} . is an increasing sequence because

n=m

n+1 n
Zak— g ak = ap4+1 > 0.
k=m k=m

69
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If it is bounded above, then by the form of completeness found in Theorem 14.9.6/ on Page
61 it follows the sequence of partial sums converges to sup{> ,_, ax:n=m,m+1,---}.
If the sequence of partial sums is not bounded, then it is not a Cauchy sequence and so it
does not converge. See Theorem 14.9.3/ on Page [60. This proves the proposition.

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.
In the first case convergence occurs and in the second case, the infinite series diverges. For
this reason, people will sometimes write Y ,- ay < oo to denote the case where convergence
occurs and Y ;- aj = 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 ax > 0. For example, the partial
sums of 3277, (—1)" 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 Z:;O:O r™. The study of this series depends on simple high school algebra and The-
orem 4.4.9/on Page 51. Let S, = >, _, r*. Then

n n n+1
Sp = Zrk, rS, = Zr’““ = Zrk.

k=0 k=0 k=1
Therefore, subtracting the second equation from the first yields

(1—=7r)S, =1—p"t!

and so a formula for .S, is available. In fact, if r # 1,

1— n+1
5 ="
1—r

By Theorem 4.4.9, lim,, .o S, = 1 in the case when |r| < 1. Now if |[r| > 1, the limit

clearly does not exist because S, fails to be a Cauchy sequence (Why?). This shows the
following.

Theorem 5.1.4 The geometric series, S o™ converges and equals T if |r| <1
and diverges if |r| > 1.

If the series do converge, the following holds.

Theorem 5.1.5 IfF S0 ak and Y oo by both converge and x,y are numbers, then

Z ap = Z Qp—j (51)
k=m

k=m+j

Zxak+ybk:x2ak+y2bk (5.2)
k=m k=m k=m

Z ag § Z |ak| (53)
k=m k=m

where in the last inequality, the last sum equals +oo if the partial sums are not bounded
above.
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Proof: The above theorem is really only a restatement of Theorem 4.4.6/ on Page [50
and the above definitions of infinite series. Thus

oo n n+j [e's)
D o= lim } a=lm >, am;= Y, ay
k=m k=m k=m+j k=m+j
To establish 5.2, use Theorem 4.4.6! on Page |50 to write
oo n
Z rag + yby = nango Z xag + yby
k=m k=m

= nli_{rgo (ffiak“v‘yibk)
k=m k=m
= =z Z ar +vy Z b.
k=m k=m

Formula 5.3| follows from the observation that, from the triangle inequality,

n [eS)
IED I
k=m k=m

and so
o n oo
E ar| = lim E ap| < E |ak|
n—oo
k=m k=m k=m

Example 5.1.6 Find > " (& + ).
From the above theorem and Theorem 5.1.4,
oo e} oo
5 6 1 1
2oy = = 5 — 46 —
S(3t3) - ST F g
n=0 n=0 n=0
1

1
gy (1/2) 0T (1/3) 19-

The following criterion is useful in checking convergence.

Theorem 5.1.7 Let {ay} be a sequence of points in F. The sum > e, Gk converges
if and only if for all € > 0, there exists n. such that if ¢ > p > n., then

q
> a| <e. (5.4)
k=p

Proof: Suppose first that the series converges. Then {};_, ax} -  is a Cauchy
sequence by Theorem 14.9.3 on Page 60. Therefore, there exists n. > m such that if
q 2 b= 1 Z Ne > m,

q p—1 q
Zak—Zak = Zak <e. (5.5)
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 {3°_,, ar} . is a Cauchy sequence and so, by Theorem 4.9.9, it converges. By the
definition of infinite series, this shows the infinite sum converges as claimed.
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Definition 5.1.8 4 series .
S
k=m

is said to converge absolutely if
o0

> lax]

k=m
converges. If the series does converge but does not converge absolutely, then it is said to
converge conditionally.

Theorem 5.1.9 If Y02, ai converges absolutely, then it converges.

Proof: Let € > 0 be given. Then by assumption and Theorem [5.1.7, there exists n.
such that whenever ¢ > p > n.,
q
Z lax| < e.
k=p

Therefore, from the triangle inequality,

By Theorem [5.1.7, Y72 aj converges and this proves the theorem.
In fact, the above theorem is really another version of the completeness axiom. Thus its
validity implies completeness. You might try to show this.

Theorem 5.1.10 (comparison test) Suppose {an} and {b,} are sequences of non
negative real numbers and suppose for all n sufficiently large, a, < b,. Then

1. If 307, by, converges, then Y >~ a, converges.
2. If 307 . ay, diverges, then Y > 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 n* k
Z ap < Z apn + Z bn
n=m

n=m n=n*41
n* oo

< Z an + Z bn.
n=m n==k

Thus the sequence,{>*_ an};im is bounded above and increasing. Therefore, it converges
by completeness. The second claim is left as an exercise.

Example 5.1.11 Determine the convergence of Zzozl %
For n > 1,
1

I

1
n?
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Now

1
1 n

1

n=2

1

|
—_

p
1
n(n—1)

A convenient way to implement the comparison test is to use the limit comparison test.
This is considered next.

Therefore, letting a,, = % and b, =

Theorem 5.1.12 Let Gy by > 0 and suppose for all n large enough,

a a
0<a<b—”§—”<b<oo.

n b’ﬂ

Then > a, and > b, converge or diverge together.

Proof: Let n* be such that n > n*, then

a a
l>aandb—"<b

b’ﬂ n

and so for all such n,
ab, < a, < bby,

and so the conclusion follows from the comparison test.
The following corollary follows right away from the definition of the limit.
Corollary 5.1.13 Let a,,b, > 0 and suppose

lim &:/\E(O,oo).

n—oo bn
Then > a, and > b, converge or diverge together.

Example 5.1.14 Determine the convergence of Ziozl ﬁ

This series converges by the limit comparison test above. Compare with the series of
Example 5.1.11.

(%) vnt4+2n+7

lim "/ = lim -
n—oo 1 n—oo n
(\/n4+2n+7)
2 7
= lim/1+—=+—=1
n—oo n?’ ’[’L4

Therefore, the series converges with the series of Example [5.1.11. How did I know what to
compare with? I noticed that v/n® + 2n + 7 is essentially like vn* = n2 for large enough
n. You see, the higher order term, n* dominates the other terms in n* + 2n 4 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.
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Theorem 5.1.15 Let an > 0 and suppose the terms of the sequence {a,} are de-
creasing. Thus an > an41 for all n. Then

o0 o0
E an, and g 2" agn
n=1 n=0

converge or diverge together.

Proof: This follows from the inequality of the following claim.
Claim:

n 2mn n
E 2ka2k—1 > E ap > E 2k_1a2k.
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 27! — 2" = 27 and the terms, a,,, are decreasing,

on

n+1 n
Z 2ka2k—1 = 2" lgon + Z 2ka2k—1 > 2" lggn + Zak
k=1 k=1 k=1
2ntt 2" n n+1
> ag > 2"agn+1 + Z ap > 2" agnt1 + ZQk_chQk = Z Qk_lazk.
k=1 k=1 k=0 k=0

Example 5.1.16 Determine the convergence of Z;ozl kip where p is a positive number.
These are called the p series.
Let a,, = # Then agn = (2%)n. From the Cauchy condensation test the two series
o0 o0 n o0
1 n(l - a-n)"
> o (5] =3 (207)
n=1 n=0 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, Y -, n~! diverges
while >°>° , n=2 converges.

. oo 1
Example 5.1.17 Determine the convergence of >~ | NoEEsTITR
Use the limit comparison test.
1
lim 7(”) =1
n—00 1
( v/ n2+100n)
and so this series diverges with > 77 7.
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 5.1.18 If Z;’O:m an converges, then lim,_ . a, = 0.
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Proof: Apply Theorem 5.1.7/ to conclude that

n
nh_)n;@ ap = nh_)rr;o Z ar = 0.
k=n
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,, .o, n~! = 0 but > n~! diverges. The
following picture is descriptive of the situation.

lima, =0

> a, converges

ap = n~t

5.2 Exercises

1. Determine whether the following series converge and give reasons for your answers.

[’} n!)?
ZnZI EQTL))I
0o 2n)!
S e
e fozl ﬁ

n ()

& Yo (7))

2. Determine whether the following series converge and give reasons for your answers.

3. Find the exact values of the following infinite series if they converge.
(@) YXils wrg
(b) X3y s
(©) X%s e
N 1 1
@ 2 (4 - 729)
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Suppose > p-, ai converges and each aj > 0. Does it follow that Y -, ai also con-
verges?

Find a series which diverges using one test but converges using another if possible. If
this is not possible, tell why.

If > a, and > 2 | b, both converge and a,, b, are nonnegative, can you conclude
the sum, > °° | a,b,, converges?

If Zzozl an converges and a, > 0 for all n and b, is bounded, can you conclude
o7, anby, converges?

Determine the convergence of the series > o, (3°,_; %)_n/ 2

Is it possible there could exist a decreasing sequence of positive numbers, {a,} such
that lim, oo a, = 0 but > 7, (1 — %) converges? (This seems to be a fairly
difficult problem.)

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.

If " a, converges absolutely, show that adding the terms in any order always gives
the same answer.

5.3 More Tests For Convergence

5.3.1 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

Anzzn:ak, A_1=A,=0.

k=1
Then if p < ¢
q q q q
D by = bp(An—Ap1) =D bpAn = > bpAn
n=p n=p n=p n=p
q q—1 q—1
= bndn— > bps1An =bgAg —bpA,_ 1+ > A (by — bnta) (5.6)
n=p n=p—1 n=p

This formula is called the partial summation formula.

Theorem 5.3.1 (Dirichlet’s test) Suppose A, is bounded and lim,_ . by, = 0, with
by, > bpy1 for all n. Then

oo
E anby
n=1

CONVETGES.
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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 q—1
D anbn| = [bgAg = bpAp_1 + > A (b — bni1)
n=p n=p

q—1
< C(|bgl + b)) +C Y (b = batr)
=p

= C(|bq| + |bp|) + O(bp - bq)

and by assumption, this last expression is small whenever p and ¢ are sufficiently large. This
proves the theorem.

Definition 5.3.2 1fb, > 0 for alln, a series of the form >k (=1)* by or >k (1) b,
s known as an alternating series.

The following corollary is known as the alternating series test.

Corollary 5.3.3 (alternating series test) If lim, ..o b, = 0, with b, > byi1, then
oo (=1)" b, converges.

Proof: Let a, = (—1)". Then the partial sums of >, a, are bounded and so Theorem
5.3.1 applies.

In the situation of Corollary 5.3.3| there is a convenient error estimate available.

Theorem 5.3.4 Let b, > 0 for alln such that b, > by, for alln andlim, o b, =0
and consider either Y (—=1)" b, or Yo7, (=1)"" ' b,. Then

Z(_l)n bn — Z(_l)nbn < |bN+1‘,
n=1 n=1
o0 N
DD T o =Y (1) ha| < (bl
n=1 n=1

See Problem 10/ on Page 86/ for an outline of the proof of this theorem along with another
way to prove the alternating series test.

Example 5.3.5 How many terms must I take in the sum, > -, (—1)" n%ﬂ to be closer
o0 n
than % to > -, (—1) n%ﬂ?
From Theorem [5.3.4, I need to find n such that n%ﬂ < % and then n — 1 is the desired
value. Thus n = 3 and so

> 1 1 1
1) - 1" <=
(=1) n2+1 Z( ) n2+1| = 10

n=1 n=1

Definition 5.3.6 4 series S ay, is said to converge absolutely if S |an| converges.
It is said to converge conditionally if Y |ay| fails to converge but > a, converges.

Thus the alternating series or more general Dirichlet test can determine convergence of
series which converge conditionally.
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5.3.2 Ratio And Root Tests

A favorite test for convergence is the ratio test. This is discussed next. It is at the other ex-
treme from the alternating series test, being completely oblivious to any sort of cancellation.
It only gives absolute convergence or spectacular divergence.

Theorem 5.3.7 Suppose lan| > 0 for all n and suppose

lim Ln—H‘ =

n—00 ‘an‘

Then
diverges if r > 1

oo
Z an {  converges absolutely if r < 1
n=1 test fails if r =1

Proof: Suppose r < 1. Then there exists ny such that if n > n;, then

An 41

0< <R

an

where r < R < 1. Then
lant1] < Rlan]

for all such n. Therefore,
@, +p| < Rlan,+p-1| < B |an, 4p—2| < -+ < RP |an,| (5.7)

and so if m > n, then |ay,| < R™™ " |a,,|. By the comparison test and the theorem on
geometric series, Y |a,| converges. This proves the convergence part of the theorem.

To verify the divergence part, note that if r > 1, then 5.7/ can be turned around for some
R > 1. Showing lim,, . |a,| = co. 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 unsatisfactory
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.

Lemma 5.3.8 Let o > 0 be any nonnegative number and let p € N. Then o'/ ezists.
This is the unique positive number which when raised to the pt" power gives a.

Proof: If o = 0 there is nothing to show. Assume then that a > 0. First of all it follows
by the binomial theorem that for x and y positive numbers,

p
P _ _ \P — PN p—k PR
y (@+y—2) Z<k>w (y— =)
k=0
> a4 pa’ (y—x). (5.8)
Now let z1 > 0 and define
Tpi1 = ——an + gm}l_p. (5.9)
p
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(In case you wonder where this strange formula comes from, it is just the Newton Raphson
method applied to the function y = 2P — «. Of course this has not been discussed yet but
you likely saw it in calculus. It is not important where it comes from, however.) In /5.8 let
x =z, and let y = x,, 11 where x,,+1 comes from [5.9. Then the right side of [5.8 equals

-1 Q
ab + pab ! (pp xn+px; p—xn> =«

and so 2} | > « for all n > 1. Thus for n > 1,

p—1 a 4
Tpi1 » :anr;x}lp
p—1 & Tn
p " pan
—1 ax
p P«

showing the sequence is decreasing. It is also bounded below by 0 and so by Theorem 4.9.7
and [4.4.11 the sequence converges to x > 0. I claim x cannot equal 0. If it did, you could
pass to the limit in

p—1_P—1 «
Tpt1dy, = » + »
and conclude
g_P-1 a
p p
which is obviously false. Then passing to the limit yields a positive number, x such that
_p—1 a T
p  par

which can hold if and only if 2 = «. This proves the existence part of the lemma.

If 2 = af, then
0=2a —2b = (21 — z2) (lexg )

and so x1 = xo. This proves the lemma.

Theorem 5.3.9 Suppose |an|1/" < R < 1 for all n sufficiently large. Then

Z an converges absolutely.

n=1

1/n

If there are infinitely many values of n such that |an|™" > 1, then

o0
E an diverges.

n=1

Proof: Suppose first that |an|1/n

for all n > ng. Then for such n,

< R < 1 for all n sufficiently large. Say this holds
Van| < R.

lan| < R™

Therefore, for such n,
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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,
lan| > 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

r=lim sup |a,|"/"

n—oo

then
converges absolutely if r < 1

Z ap & test failsif r =1
k=m diverges if r > 1

A special case occurs when the limit exists.

Corollary 5.3.10 Suppose limy o0 |an|"/™ ezists and equals r. Then

converges absolutely if r < 1

o0
Z ap { test fails if r =1
k=m diverges if r > 1

Proof: The first and last alternatives follow from Theorem 5.3.9. To see the test fails if
r = 1, consider the two series >_.°° 1 and > °° . 1 both of which have r = 1 but having

n=1n n=1 n?
different convergence properties.

5.4 Double Series

Sometimes it is required to consider double series which are of the form

0o oo 0o 0o
DIDILTEDIADILT
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

o0 o0 o0 oo
DD k=D ) ik
k=m j=m j=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
DD k=D )
k=m j=m j=m k=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.
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Example 5.4.1 Consider the following picture which depicts some of the ordered pairs
(m,n) where m,n are positive integers.

0o 0 0 0o 04 Ce 0o -Ce
Oe IR 0o Oe Ce 0o -Co IR
0o 0 O Ce 0 -Ceo 0o 0
0o 0 Ce 0o -Ce O 0o 04
0o Ce 04 -Ce 0 O 0o 0
be O -Ce O 0 O 0 0.
0o Qe 0 0o 04 0o 0o 0

The numbers next to the point are the values of apyn. You see an, =0 for all n, as; =
a,a1z = b, amp = ¢ for (m,n) on the line y = 1 4+ x whenever m > 1, and a,y = —c for all
(m,n) on the line y = x — 1 whenever m > 2.

Then Y °_amn =aifn=1,3 " an, =b—cifn=2and ifn>2,>>_ am, =0.
Therefore,

iiamn:a+b—c.

n=1m=1

Next observe that > " | amp =bifm =1, am,=a+cifm=2,and Y~ | apn =0
if m > 2. Therefore,

oo oo

ZZamn:bJraJrc

m=1n=1

and so the two sums are different. Moreover, you can see that by assigning different values
of a,b, and ¢, 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. However, it turns out that if a;; > 0 for all
1,7, then you can always interchange the order of summation. This is shown next and is
based on the following lemma. First, some notation should be discussed.
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Definition 5.4.2 Let f(a,b) € [—00,00] for a € A and b € B where A, B are sets
which means that f (a,b) is either a number, co, or —oco. The symbol, +o00 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 co. The symbol, —oo is interpreted
similarly. Then sup,c 4 f (a,b) means sup (Sy) where Sy, = {f (a,b) : a € A}.

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

Lemma 5.4.3 Let f(a,b) € [~00,00] for a € A and b € B where A, B are sets. Then

sup sup f (a,b) = supsup f (a,b).
acAbeB beEBacA

Proof: Note that for all a,b, f(a,b) < supycpsup,eca f(a,b) and therefore, for all a,
supyep f (a,b) < supycpsup,ca f(a,b). Therefore,

sup sup f (a,b) < supsup f (a,b).
acAbeB beBacA

Repeat the same argument interchanging a and b, to get the conclusion of the lemma.
Lemma 5.4.4 If {A,} is an increasing sequence in [—oo,d], then
sup{A4,} = lim A,.
n—oo

Proof: Let sup ({A, : n € N}) = r. In the first case, suppose r < co. Then letting ¢ > 0
be given, there exists n such that A, € (r —¢,r]. Since {A,} is increasing, it follows if
m >n, thenr —e < A, < A,, <r and so lim,,_,,, A, = r as claimed. In the case where
r = 00, then if a is a real number, there exists n such that A,, > a. Since { Ay} is increasing,
it follows that if m > n, A,, > a. But this is what is meant by lim,,_. . A, = 0o. The other
case is that r = —oo. But in this case, A, = —oo for all n and so lim,, .., A, = —00.

Theorem 5.4.5 Let a;; > 0. Then

[ee] (oo}
DD e =) ai
i=1 j=1 j=1i=1

Proof: First note there is no trouble in defining these sums because the a;; are all
nonnegative. If a sum diverges, it only diverges to oo and so oo is the value of the sum.
Next note that

g au>sup2 E Qij
Jj=r i=r " j=r i=r
because for all j,
(o] n
E Qi Z § A5
1=r i=r
Therefore,
o0 o0 o0 n m n
E E ajj > sup E E a;; = sup lim E E aij
m—0Q0
J=roa=r j=r i=r j=r i=r
n m n m
= sup lim g E a;; = sup E lim g ai;
n M—00 2 : n Mmoo~
i=r j=r i=r j=r

n

n o0 (oo} oo oo
spd D ey = lim 313 ey =323 ay

i=r j=r i=r j=r i=r j=r
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Interchanging the ¢ and j in the above argument proves the theorem.
The following is the fundamental result on double sums.

Theorem 5.4.6 Let a;; € F and suppose
DD layl < oo
i=r j=r

Then

i=r j=r Jj=r i=r

and every infinite sum encountered in the above equation converges.

Proof: By Theorem 5.4.5

o0 oo o0 o
D> aisl =D laijl < oo
j=

ri=r i=r j=r

Therefore, for each j, 3777 [ai;| < oo and for each i, 3777 [ai;| < co. By Theorem [5.1.9
on Page (72, Z;’ir Qij, Z;’O:r a;; both converge, the first one for every j and the second for
every 4. Also,

o | oo S Se)
E E ;5 < E E |aij| < o0
j=r li=r Jj=r i=r

and
o [ o© oo o0
Z Zaij SZZ|aij|<OO
i=r |j=r i=r j=r
so by Theorem 5.1.9] again,
oo o0 oo oo
Z Z @ij> Z Z @ij
j=r i=r i=r j=r

both exist. It only remains to verify they are equal. By similar reasoning you can replace
a;; with Rea;; or with Im a;; 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

SIS oo o0
Re E E Q5 = E E Re Qi
j=r i=r Jj=r i=r

and similarly,

oo oo [e e S
ImZZaij = ZZIH’ICL”‘

i=r j=r i=r j=r
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Note 0 < (|a;j| + Rea;j) < 2|a;j|. Therefore, by Theorem [5.4.5 and Theorem [5.1.5/ on Page
70

M8
M8

ZZM@H"‘ZZRGCL”' =

(laij| + Re aij)

j=r i=r j=r i=r j=r i=r

[SSINe'S)

= (Jaij| + Reas;)
i=r j=r
eSS} [SSINe'S)

SIS 2=
i=r j=r i=r j=r
[SSINe'S) [SSIN'S)

= 2.2 lagl+ ) > Reay
Jj=r i=r i=r j=r

and so

o0 o0 o0 o0 o0 o0 oo o0
ReZZaij = ZZRBGZ‘]‘ = ZZRGCI,Z‘J‘ = ReZZaij
Jj=r i=r j=r i=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. This proves the theorem.
One of the most important applications of this theorem is to the problem of multiplication
of series.

Definition 5.4.7 Let Y2° a; and Y2 b; be two series. For n > r, define

n
Cn = E akbn—k4r-
k=r

The series Y - cy 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:
(a0 + a1 +az+agz--)(bo+ by +b2+b3- )
and start multiplying in the usual way. This yields
apbg + (apb1 + boar) + (agbs + a1by + agbg) + - - -

and you see the expressions in parentheses above are just the ¢, forn =0,1,2,---. Therefore,
it is reasonable to conjecture that

o0 oo o0
D ai by=) cn
i=r Jj=r n=r

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 5.4.8 Suppose Y .o a; and Z;ir bj both converge absolutely. Then

(o) (20)-Xe
i=r j=r n=r

1 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.
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where

n
Cn = § ak:bnkarr-
k=r

Proof: Let p,p, = 1if r <k <n and p,x =0 if £ > n. Then

oo
Cp = E pnkakbnkaﬂ“
k=r

Also,

0o o0
Z ank |ak‘ |bn—k+7“|

k=r n=r

S oo
Z |ak| ank |bn—k+r|
k=r n=r
00 oo
= Z |ak| Z Ibn—k+r|

k=r n=~k
= > larl Y baep—n)|
k=r n=~k

oo oo
= > larl > bm| < 0.
k=r m=r

Therefore, by Theorem 5.4.6

o 0o n oo oo
E Cp = E E apbp—ktr = E E Pk Qkbn—k+r
n=r n=r k=r n=r k=r
) e} S >
= E ag E pnkbn—k+r = E Qg bn—k+7‘
k=r n= k=r n==k

and this proves the theorem.

5.5 Exercises

1. Determine whether the following series converge absolutely, conditionally, or not at
all and give reasons for your answers.

(a) Y0, (1) s

(b) X0, (1) (Va1 i)
(¢) Yoo, (1" e

(d) S5z, (-1 28

(&) Yoy Sl

() S 0" ()

@ T (" ()"
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2.

3.

10.

11.
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Determine whether the following series converge absolutely, conditionally, or not at
all and give reasons for your answers.

(a) Yoz, (—1)" 2t
(b) Sl (—1)" 252
() Yoy (-1 52
(d) 3n2, (=)™ X7
() 302, (~1)"
() S0, ()" %5
(&) Yoo, (-1 &
(h) 302, ()" 2
(i) Yoy (—1)" 4

Find the exact values of the following infinite series if they converge.
(a) >hls ﬁ
(b) 225y k(k-l-s-l)
(©) s e
N 1 1
(d) 2k= (ﬁ N \/m)

Suppose > o7, a,, converges absolutely. Can the same thing be said about Y -, a2?
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 statement
is total nonsense.

Find a series which diverges using one test but converges using another if possible. If
this is not possible, tell why.

If >, a, and > 77 | b, both converge, can you conclude the sum, Y7, a,b, con-
verges?

If >, a, converges absolutely, and b, is bounded, can you conclude > 7, a,b,
converges? What if it is only the case that >~ a, converges?

Prove Theorem 5.3.4. Hint: For Y ;- , (—1)" b,,, show the odd partial sums are all at
least as small as -, (—1)" b, and are increasing while the even partial sums are at
least as large as Y ;o ; (—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.

Use Theorem [5.3.4 in the following alternating series to tell how large n must be so
that |> 2, (-1)"ay, — Sohey (=1)" ay,| is no larger than the given number.

(a) Y52, (~D)" £, 001
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12.

13.
14.

15.
16.

(b) 52, (—1)" L, 001
(¢) o2y (=1 &, 001

Consider the series ;= (—1)" —2=. Show this series converges and so it makes sense

) Vn+1"
to write (ZZO:O (-1)" ﬁ) . 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 [5.4.8 on the two series > po ;27" and Y po 37%.

You can define infinite series of complex numbers in exactly the same way as infinite
series of real numbers. That is w = ), | z; means: For every £ > 0 there exists
N such that if n > N, then |w — Z;@V::L zk| < €. Here the absolute value is the one

which applies to complex numbers. That is, |a + ib| = v a? + b2. Show that if {a,} is
a decreasing sequence of nonnegative numbers with the property that lim, .. a, =0
and if w is any complex number which is not equal to 1 but which satisfies |w| = 1,
then > 77, w"a, must converge. Note a sequence of complex numbers, {a, + ib,}
converges to a + b if and only if a, — a and b, — b. See Problem 6/ on Page |53l
There are quite a few things in this problem you should think about.

Suppose limg_, o S = §. Show it follows lim,,_, % ZZ:1 S = S.
Using Problem [15 show that if 2;11 aj—’ converges, then it follows

1 n
li 75 i =0.
nlmn,laj 0
=
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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 (). 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 zg.

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 (xg) 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

89



90 CONTINUOUS FUNCTIONS

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 Cauchy! and 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.

Definition 6.0.1 4 function f : D(f) CF — F is continuous at x € D (f) if for
each € > 0 there exists 6 > 0 such that whenever y € D (f) and

ly —x| <o
it follows that

If (@) = f )l <e

A function, [ is continuous if it is continuous at every point of D (f).

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 (z) provided y is taken close
enough to z. In fact this statement in words is pretty much the way Cauchy described it.
The completely rigorous definition above is due to Weierstrass. This definition does indeed
rule out the sorts of graphs drawn above. Consider the second nonremovable discontinuity.

1 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. He was also a good Catholic.

After the reign of terror, the family returned to Paris and Cauchy studied at the university to be an engi-
neer 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 definition of continuity.

He married in 1818 and lived for 12 years with his wife and two daughters in Paris till the revolution of
1830. Cauchy refused to take the oath of allegience to the new ruler and ended up leaving his family and
going into exile for 8 years.

Notwithstanding his great achievments he was not known as 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 space filling
curves. Cauchy gave the definition in words and Weierstrass, somewhat later produced the totally rigorous
€ ¢ definition presented here. The need for rigor in the subject of calculus was only realized over a long
period of time.
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The removable discontinuity case is similar.

24¢ |

xo+ 0

For the € shown you can see from the picture that no matter how small you take 4,
there will be points, x, between z¢g — § and xy where f () < 2 — e. In particular, for these
values of z, | f (x) — f (x0)| > €. Therefore, the definition of continuity given above excludes
the situation in which there is a jump in the function. Similar reasoning shows it excludes
the removable discontinuity case as well. There are many ways a function can fail to be
continuous and it is impossible to list them all by drawing pictures. This is why it is so
important to use the definition. The other thing to notice is 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 6.0.2 Let
x if x is rational
f @)= { /

0 if x is irrational

This function is continuous at x = 0 and nowhere else.

To verify the assertion about the above function, first show it is not continuous at x if
x # 0. Take such an x and let € = |z| /2. Now let § > 0 be completely arbitrary. In the
interval, (x — d,x + 0) there are rational numbers, y; such that |y;| > |x| and irrational
numbers, yo. Thus |f (y1) — f (y2)| = |y1| > |z|. If f were continuous at z, there would exist
d > 0 such that for every point, y € (x — 6,2+ 0), |f (y) — f ()| < . But then, letting y;
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and yo be as just described,

|z < fyal = [f (y2) = f (12)]
<) = f @)+ [f (@) = £ (y2)] < 22 = [a],

which is a contradiction. Since a contradiction is obtained by assuming that f is continuous
at x, it must be concluded that f is not continuous there. To see f is continuous at 0, let
e > 0 be given and let § = &. Then if |y — 0] < § = &, Then

|f (y) — f£(0)] =0if y is irrational

|f (y) — f(0)] =|y| < e if y is rational.
either way, whenever |y — 0] < 4, it follows |f (y) — f(0)] < € and so f is continuous at
x = 0. How did T know to let 6 = £? That is a very good question. The choice of § for a

particular € is usually arrived at by using intuition, the actual € § argument reduces to a
verification that the intuition was correct. Here is another example.

Example 6.0.3 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.

|—52 + 10 — (25)| = 5|z — (—3)].

This allows one to find a suitable §. If ¢ > 0 is given, let 0 < § < %5. Thenif 0 < |z — (-3)| <
d, it follows from this inequality that

1
=52 +10 = (25)] = 5o — (~3)| < 5zc = .

Sometimes the determination of § in the verification of continuity can be a little more
involved. Here is another example.

Example 6.0.4 Show the function, f(x) = +/2x + 12 is continuous at © = 5.

First note f (5) = v/22. Now consider:

20 +12 - 22
V2z +1 —\/22‘: —_——
V2x +12 4+ /22

2 1
L p—5|<—VR|r—5
TR AR TR

whenever |z — 5| < 1 because for such x,v/2x + 12 > 0. Now let ¢ > 0 be given. Choose §
such that 0 < § < min (1, @) . Then if |z — 5] < ¢, all the inequalities above hold and

2 5\/22_5
N

Exercise 6.0.5 Show f (r) = —32% + 7 is continuous at x = 7.

2
‘\/2x+ 12— \/22‘ L
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First observe f (7) = —140. Now

|-32% + 7 — (=140)| = 3|z + ||z — 7| < 3 (|z| + 7) |z — 7).

If |z — 7| < 1, it follows from the version of the triangle inequality which states ||s| — |t]| <
|s — t| that |z| < 1+ 7. Therefore, if |z — 7| < 1, it follows that

|-32% +7— (=140)| <3((1+7)+7) |z — 7|
=3(1+27) |z -7 =84]z—7].
Now let € > 0 be given. Choose § such that 0 < § < min (1, &) . Then for [z — 7| < §, it
follows
2
— — (- < - =e.
|—322 + 7 — (~140)| < 84|z 7|<84(84> e

The following is a useful theorem which can remove the need to constantly use the €, ¢
definition given above.

Theorem 6.0.6 The 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 and f and g 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) CF, and g is continuous at f (x),then go f is
continuous at x.

4. The function f:F — R, given by f (z) = |x| is continuous.

Proof: First consider 1.) Let ¢ > 0 be given. By assumption, there exist d; > 0

such that whenever |x —y| < 01, it follows |f (z) — f (y)] < Sarer and there exists
d2 > 0 such that whenever |z — y| < J9, it follows that |g (x) — g (y)| < SarerD - Lhen
let 0 < § < min(d1,0d2). If |x — y| < d, then everything happens at once. Therefore, using

the triangle inequality

laf (z) +bf () — (ag (y) + bg (v))|
<lal|f (z) = f ()| +1b|lg (x) — g (v)|
E g
<l <2<|a|+|b|+1>) 1 (2<|a|+|b|+1>> <&

Now consider 2.) There exists d; > 0 such that if |y — x| < 0y, then |f (z) — f (v)] < 1.
Therefore, for such y,

lF Wl <1+]f(2)].
It follows that for such y,

Ifg(x) = fa@)| <|f(@)g(x)—g (@) fWl+lg@)fy)—f(y) gl

<lg@If (@)= f W+ fWllg (@) —g )l
<A+lg@)|+1f WD [lg @) —g@l+I[f (@)= f W]
<@2Hlg @)+ @)D lg @) =gl +I1f (@) — f @)l
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Now let € > 0 be given. There exists d2 such that if |z — y| < do, then

9

< )
2(1+lg (@) +1f @)
and there exists d3 such that if |x—y| < 03, then

3

2+ 1g @) +[f (@)])
Now let 0 < & < min (d1,02,d3). Then if [x—y| < 4, all the above hold at once and so

Ifg(z) — fg(y)| <

@)= )l < 5

C+lg@+1f @)Dy @) —g@l+1f (=) - f @)l

€ € —
< (249 @)+ |f (@) (2(2+ @I+ f @) 22+l @]+ |f(a:)|)> -

This proves the first part of 2.) To obtain the second part, let §; be as described above and
let 6o > 0 be such that for |[z—y| < do,

lg(x) =g (y)l <lg(x)/2
and so by the triangle inequality,
—lg (@) /2 <19 (W) =g (x)] < g (z)] /2

which implies |g (y)| > |g (z)] /2, and |g (y)| < 3|g (x)] /2.
Then if |z—y| < min (6o, d71) ,

'f(x) _ f(y)’ _ ‘f(x)g(y)_f(y)g(x)
g(x) 9 9() g ()

< @) g(y) = Fy) g (@)

- (|g<z>\2)

2
_2[f@) g - fy)g @)
lg (x)I”

< 7 (i)z I (@) gw)—FWaw)+Fwaw) —fwg @)
< bW @ £l + U Wlls ) s 0]
: |g(2x)2 g“’(‘”)”f(fﬂ) —fWI+A+1f@))]g ) —g (@)
< T @P (T4 2[f (@) +2|g @D [f (@) = F W) +1lg () —g (@)

=M[f (@)= f W]+l () —g@)]
where M is defined by

2

M =
g ()]

(14 2[f (@) +2]g («)])
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Now let 02 be such that if [x—y| < d2, then

F (@)= f ()] < SM!

and let 03 be such that if |x—y| < d3, then
€1
lg(y) —g (@)l <5M™.
Then if 0 < § < min (g, d1,02,03) , and |[x—y| < §, everything holds and

f@) [ o s
’Mm—g@JSNMfU F Wl +19 () — g @)

13 19
M{fol Svt] =
< 5 -+ 3 €

This completes the proof of the second part of 2.)

Note that in these proofs no effort is made to find some sort of “best” §. The problem
is one which has a yes or a no answer. Either it is or it is not continuous.

Now consider 3.). If f is continuous at x, f(x) € D(g) C FF, and ¢ is continuous at
f (z) ;then g o f is continuous at z. Let € > 0 be given. Then there exists 7 > 0 such that if
ly—f (z)] <nand y € D(g), it follows that |g (y) — g (f (2))| < . From continuity of f at
x, there exists § > 0 such that if [x—z|] < § and z € D (f), then |f (z) — f ()| <n. Then if
|t—z] < dand z € D(go f) C D(f), all the above hold and so

g (f (2)) =g (f (@) <e.

This proves part 3.)
To verify part 4.), let € > 0 be given and let § = e. Then if |x—y| < J, the triangle
inequality implies

|f (@) = ()l = [l=] = ly]|

<l|z—y| <d=¢.

This proves part 4.) and completes the proof of the theorem.

6.1 Continuity And The Limit Of A Sequence

There is a very useful way of thinking of continuity in terms of limits of sequences found
in the following theorem. In words, it says a function is continuous if it takes convergent
sequences to convergent sequences whenever possible.

Theorem 6.1.1 4 function f: D (f)— F is continuous at x € D (f) if and only if,
whenever x,, — x with x, € D (f), it follows f (x,) — f (x).

Proof: Suppose first that f is continuous at « and let x,, — x. Let € > 0 be given. By
continuity, there exists § > 0 such that if |y — x| < §, then |f (z) — f (y)| < . However,
there exists ns such that if n > ng, then |x,, — 2| < d and so for all n this large,

|f (@) = f (zn)| <2
which shows f (z,) — f ().



96 CONTINUOUS FUNCTIONS

Now suppose the condition about taking convergent sequences to convergent sequences
holds at z. Suppose f fails to be continuous at z. Then there exists € > 0 and z,, € D (f)
such that [z — z,| < L, yet

[f (@) = f (zn)| Z &

But this is clearly a contradiction because, although x, — z, f(x,) fails to converge to
f (z). It follows f must be continuous after all. This proves the theorem.

Theorem 6.1.2 Suppose f : D(f) — R is continuous at x € D (f) and suppose
fxn) <1 (>1) where {x,} is a sequence of points of D (f) which converges to x. Then
f@) <1(=1).

Proof: Since f (z,) <1 and f is continuous at z, it follows from Theorem 4.4.11] and
Theorem 16.1.1,

f @)= lm f () <L

The other case is entirely similar. This proves the theorem.

6.2 Exercises

1. Let f(z) = 2z + 7. Show f is continuous at every point x. Hint: You need to let
g > 0 be given. In this case, you should try ¢ < e/2. Note that if one § works in the
definition, then so does any smaller §.

2. Suppose D (f) =10,1]U{9} and f () = « on [0, 1] while f (9) = 5. Is f continuous at
the point, 97 Use whichever definition of continuity you like.

3. Let f(z) = 2% + 1. Show f is continuous at x = 3. Hint:

[f(2) = F @)= [z +1 - (9+1)]
=|z+3||x — 3.

Thus if | — 3| < 1, it follows from the triangle inequality, |x| < 1+ 3 =4 and so
[f (x) = F(3)| <4z —3].

Now try to complete the argument by letting § < min (1,e/4) . The symbol, min means
to take the minimum of the two numbers in the parenthesis.

4. Let f(z) = 222 4+ 1. Show f is continuous at z = 1.

5. Let f(x) = 2? + 2z. Show f is continuous at x = 2. Then show it is continuous at
every point.

6. Let f(x) = |2¢ 4 3|. Show f is continuous at every point. Hint: Review the two
versions of the triangle inequality for absolute values.

7. Let f () %Jrl Show f is continuous at every value of z.

xT
8. If z € R, show there exists a sequence of rational numbers, {z,} such that z,, — = and
a sequence of irrational numbers, {2/} such that =/, — x. Now consider the following
function.
f2) = { 1 if z is rational
0 if x is irrational

Show using the sequential version of continuity in Theorem|6.1.1/that f is discontinuous
at every point.
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. If x € R, show there exists a sequence of rational numbers, {z, } such that x,, — x and

a sequence of irrational numbers, {2/} such that =/, — 2. Now consider the following
function.
f2) = { x if x is rational
0 if x is irrational
Show using the sequential version of continuity in Theorem 6.1.1/ that f is continuous
at 0 and nowhere else.

Use the sequential definition of continuity described above to give an easy proof of
Theorem 16.0.6.

Let f (z) = v/z show f is continuous at every value of z in its domain. For now, assume
\/x exists for all positive z. Hint: You might want to make use of the identity,

VT —

at some point in your argument.

__ Ty
=T i

Using Theorem 6.0.6, show all polynomials are continuous and that a rational function
is continuous at every point of its domain. Hint: First show the function given as
f (x) = z is continuous and then use the Theorem [6.0.6. What about the case where
x can be in F? Does the same conclusion hold?

Let f (z) = { (1) ii ; 8 and consider g (z) = f (z) (z — 23) . 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 6 = %? 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 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

fle=) = lim f(y) < [f(z) < fat) = lim f(y)

Yy—r— y—z+

with f(z+) > f(xz—). Now each of these intervals (f (z—), f (z+)) at a point, =
where a discontinuity happens has positive length and they are disjoint. Furthermore,
they have to all fit in [f (a), f (b)] . How many of them can there be which have length
at least 1/n?

Suppose f is a function defined on R and f is continuous at 0. Suppose also that
fl@+y)=f(z)+ f(y). Show that if this is so, then f must be continuous at every
value of € 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.
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6.3 The Extreme Values Theorem

The extreme values theorem says continuous functions achieve their maximum and minimum
provided they are defined on a sequentially compact set.

Lemma 6.3.1 Let K C F be sequentially compact and let f : K — R be continuous.
Then f is bounded. That is there exist numbers, m and M such that for all x € [a,b],

m < f(z) < M.

Proof: Suppose f is not bounded above. Then there exists {x,}, a sequence of points
in K such that f (z,) > n. Since K is sequentially compact, there is a subsequence {z,, }
and a point in K, z such that x,, — x. Then by Theorem [6.1.1, f (z,,) — f(z) € R and
this is a contradiction to f (z,,) > nk. Thus f must be bounded above. Similarly, f must
be bounded below. This proves the lemma.

Example 6.3.2 Let f (x) =1/z for x € (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
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 6.3.3 etk C F be sequentially compact and let f : K — R be continuous.
Then f achieves its mazimum and its minimum on K. This means there exist, v1,x2 € K
such that for all z € K,

fx1) < f(z) < fxz).

Proof: By Lemmal6.3.1 f (K) has a least upper bound, M. If for all z € K| f (z) # M,
then by Theorem [6.0.6, the function, g (z) = (M — f (z)) ' = M%f(x) is continuous on K.
Since M is the least upper bound of f (K) there exist points, z € K such that (M — f (z))
is as small as desired. Consequently, g is not bounded above, contrary to Lemma 6.3.1.
Therefore, there must exist some x € K such that f (z) = M. This proves f achieves its
maximum. The argument for the minimum is similar. Alternatively, you could consider
the function h (z) = M — f (x). Then use what was just proved to conclude h achieves its
maximum at some point, z1. Thus h (1) > h(x) for allz € T and so M — f (x1) > M — f (x)
for all x € I which implies f (z1) < f (x) for all € I. This proves the theorem.

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.
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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 ¢ at point . 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 ¢. 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.

Next here is a proof of the intermediate value theorem.

Theorem 6.4.1 Suppose | : [a,b] — R is continuous and suppose f(a) < c < f(b).
Then there exists x € (a,b) such that f (z) = c.

Proof: Let d = %% and consider the intervals [a, d] and [d, ] . If f (d) > ¢, then on [a, d],
the function is < ¢ at one end point and > ¢ at the other. On the other hand, if f (d) < ¢,
then on [d,b], f > 0 at one end point and < 0 at the other. Pick the interval on which f
has values which are at least as large as ¢ and values no larger than ¢. Now consider that
interval, divide it in half as was done for the original interval and argue that on one of these
smaller intervals, the function has values at least as large as ¢ and values no larger than c.
Continue in this way. Next apply the nested interval lemma to get = in all these intervals.
In the n'" interval, let x,,, %, be points of this interval such that f (x,) < ¢, f (yn) > c. Now
|z, — 2| < (b—a)2™™ and |y, — x| < (b—a)2™" and so x,, — = and y,, — x. Therefore,

F@)—c= lim (f(za) =) 0

n—oo

while
f @)= = lm (£ (g) = ) 2 0.

Consequently f () = ¢ and this proves the theorem. The last step follows from Theorem
6.1.1.
Here is another proof of the intermediate value theorem.

Theorem 6.4.2 Suppose f : [a,b] — R is continuous and suppose f (a) < c < f(b).
Then there exists x € (a,b) such that f (z) = c.

Proof: Since f (a) < ¢, the set, S defined as
S={yelab]: f(t) <cforallt<y}

is nonempty. In particular a € S. Also, since S C [a,b], S is bounded above and so there
exists a least upper bound, z < b. I claim f(z) < c. Suppose f (z) > c. Then letting
e = f (z) — ¢, there exists § > 0 such that if |y — 2| < ¢ and y € [a, b] then

f) =) <f@)-flyl<e=[flr)—c

which implies that for such y, f (y) > ¢. Therefore, z > a and for all y € [a,b] N (x — J,x),
it follows f (y) > ¢ and this violates the definition of z as the least upper bound of S. In
particular those y € [a,b] N (x — §,x) are upper bounds to S and these are smaller than z.
Thus f (z) < ¢. Next suppose f (z) < ¢ which implies < b. Then letting ¢ = ¢ — f (2)
there exists 0 > 0 such that for |y — x| < § and y € [a,b],

fly) = f) <[f(@) - flyl<e=c—[f(2)

and so for y € (z,z + d) N [a,b], it follows f (y) < ¢. But for y < z, f (y) < c and so x fails
to be an upper bound for S. Therefore, it must be the case that f (z) = ¢ and z is not equal
to either a or b. This proves the theorem.
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Lemma 6.4.3 Let ¢ : [a,b] — R be a continuous function and suppose ¢ is 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 x1 < y1, x1,y1 € (a,b) such that

(¢ (y1) — ¢ (1)) (y1 — 1) > 0.

If for some other pair of points, zo < yo with 2, y2 € (a,b), the above inequality does not
hold, then since ¢ is 1 — 1,

(¢ (y2) — ¢ (22)) (y2 — x2) < 0.
Let xy = taxy + (1 —t) x9 and yr =ty + (1 — t) y2. Then z; < y; for all ¢ € [0, 1] because
try <typ and (1 —t)ze < (1 —1)ys

with strict inequality holding for at least one of these inequalities since not both ¢ and (1 — )
can equal zero. Now define

h(t)= (o (ye) — ¢ (x4)) (ye — @) -

Since h is continuous and h (0) < 0, while A (1) > 0, there exists ¢t € (0,1) such that
h (t) = 0. Therefore, both x; and y; are points of (a,b) and ¢ (y;) — ¢ (z;) = 0 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 holding for ¢ strictly decreasing on (a,b) . If x > a, then pick y € (a,z) and from
the above, ¢ (y) < ¢ (z). Now by continuity of ¢ at a,

dla) = lim 6() <o (y) <6 (x).

Therefore, ¢ (a) < ¢ () whenever x € (a,b) . Similarly ¢ (b) > ¢ (z) for all z € (a,b). This
proves the lemma.

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 f=': (c,d) — (a,b) is continuous.

Proof: Since f is either strictly increasing or strictly decreasing, it follows that f (a,b) is
an open interval, (c,d) . Assume f is decreasing. Now let x € (a,b). Why is f~! is continuous
at f (x)? Since f is decreasing, if f (z) < f(y), theny = f~' (f(y)) <z = f~' (f(z)) and
so f~!is also decreasing. Let ¢ > 0 be given. Let ¢ > n > 0 and (z —n,z +n) C (a,b).

Then f (z) € (f (x+n), f (x —n)). Let § = min (f (z) — f(z +n), f(x —n) = f(x)) . Then

if
|f () — f(2)] <9,
it follows
c=f(f() €@—na+n) C(x—ecx+e)
S0

FTHE) —a = [T (2) = T (F ()] <e
This proves the theorem in the case where f is strictly decreasing. The case where f is
increasing is similar.
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6.5 Exercises

1.

10.

11.

12.

13.

14.

Suppose f: K — R is continuous where K is sequentially compact subset of F. Show
f achieves its minimum on K in the following way: Let A = inf {f (z) : « € [a,b]}.
Explain why there exists a sequence, {z,} such that A = lim,_, f (2,). Adapt in
an appropriate manner if A = —oco. Then since K is sequentially compact, there is a
subsequence, {z,, } such that it converges to z € K. Then by continuity, f () = A so
A # —oo and f achieves its minimum. Next show that f achieves its maximum on K.

Give an example of a continuous function defined on (0, 1) which does not achieve its
maximum on (0,1).

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.

Give an example of a discontinuous function defined on [0, 1] which is bounded but
does not achieve either its maximum or its minimum.

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 .

Let f(x) = 2° 4+ ax? + ba® + ca® + dx + e where a,b, ¢, d, and e are numbers. Show
there exists real = such that f (x) = 0.

Give an example of a function which is one to one but neither strictly increasing nor
strictly decreasing.

Show that the function, f () = 2™ —a, where n is a positive integer and a is a number,
is continuous.

Use the intermediate value theorem on the function, f (z) = 27 — 8 to show /8 must
exist. State and prove a general theorem about n!” roots of positive numbers.

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.

Let f (z) = x — /2 for € Q, the rational numbers. Show that even though f (0) < 0
and f(2) > 0, there is no point in Q where f(z) = 0. Does this contradict the
intermediate value theorem? Explain.

It has been known since the time of Pythagoras that v/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 (z) = 22 — 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 (6) be the temperature in the
hoop, T (8 + 2m) = T (#) . You need to have T () = T (8 + ) for some 0. 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.
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15. Suppose f is a continuous function defined on [0, 1] which maps [0, 1] into [0, 1]. Show
there exists « € [0, 1] such that z = f (x). Hint: Consider h (z) = z — f (z) and the
intermediate value theorem.

6.6 Uniform Continuity

There is a theorem about the integral of a continuous function which requires the notion of
uniform continuity. This is discussed in this section. Consider the function f (x) = % for
2 € (0,1) . This is a continuous function because, by Theorem 6.0.6, it is continuous at every
point of (0,1). However, for a given € > 0, the § needed in the £, 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 6.6.1 rLet f be a function. Then f is uniformly continuous if for every
e > 0, there exists a 0 depending only on e such that if |x — y| < § then |f () — f (y)| < e.

It is an amazing fact that under certain conditions continuity implies uniform continuity.

Theorem 6.6.2 Let f: K — F be continuous where K is a sequentially compact set
i F. Then f is uniformly continuous on K.

Proof: If this is not true, there exists ¢ > 0 such that for every § > 0 there exists a
pair of points, 25 and ys such that even though |xs — ys| < d, |f (xs) — f (ys)| > e. Taking a
succession of values for § equal to 1,1/2,1/3,- - -, and letting the exceptional pair of points
for § = 1/n be denoted by x,, and y,,

[T — yn| < %a If () = f(yn)| > €.

Now since K is sequentially compact, there exists a subsequence, {z,,} such that x,, —
z € K. Now ng > k and so

1

=

Consequently, y,, — z also. ( @, is like a person walking toward a certain point and
Yn,, is like a dog on a leash which is constantly getting shorter. Obviously y,, must also
move toward the point also. You should give a precise proof of what is needed here.) By
continuity of f and Theorem 6.1.2]

|xnk - y’mc| <

0= (z) = £ (2)] = Jim IS (@n,) = f ()| = 2,

an obvious contradiction. Therefore, the theorem must be true.
The following corollary follows from this theorem and Theorem 4.7.2.

Corollary 6.6.3 Suppose K is a closed interval, [a,b], a set of the form [a,b] +i[c,d],
or

D(z,r)={w:|z—w| <r}.

Then f is uniformly continuous.
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6.7 Exercises

1. A function f is Lipschitz continuous or just Lipschitz for short if there exists a constant,
K such that

[f (@) = fy)l < Kz -yl

for all x,y € D. Show every Lipschitz function is uniformly continuous.

2. If |z, — yn| — 0 and x,, — z, show that y, — z also. This was used in the proof of
Theorem 16.6.2.

3. Counsider f : (1,00) — R given by f (z) = % Show f is uniformly continuous even
though the set on which f is defined is not sequentially compact.

4. 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.

5. Suppose f is a function defined on D and A = inf {f (x) : @ € D}. A sequence {z,}
of points of D is called a minimizing sequence if lim,_, f (z,) = A\. A maximizing
sequence is defined analogously. Show that minimizing sequences and maximizing
sequences always exist. Now let K be a sequentially compact set and f : K —
R. Show that f achieves both its maximum and its minimum on K by considering
directly minimizing and maximizing sequences. Hint: Let M =sup{f (z) : z € K}.
Argue there exists a sequence, {x,} C K such that f (z,) — M. Now use sequential
compactness to get a subsequence, {x,, } such that limy_, . z,, = € K and use the
continuity of f to verify that f () = M. Incidentally, this shows f is bounded on K
as well. A similar argument works to give the part about achieving the minimum.

6. Let f : D — R be a function. This function is said to be lower semicontinuous® at
x € D if for any sequence {z,,} C D which converges to x it follows

f(z) <lim inf f(z,).
n—oo
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 {z,,} C D which converges to z it follows

f (@) > lim sup f ().

n—oo

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. Show that a real valued lower semicontinuous function defined on a sequentially com-
pact set achieves its minimum and that an upper semicontinuous function defined on
a sequentially compact set achieves its maximum.

3The notion of lower semicontinuity is very important for functions which are defined on infinite dimen-
sional sets. In more general settings, one formulates the concept differently.
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10. Give an example of a lower semicontinuous function which is not continuous and an
example of an upper semicontinuous function which is not continuous.

11. Suppose {f, : @ € A} is a collection of continuous functions. Let
F(z)=inf{fs(2):a €A}
Show F' is an upper semicontinuous function. Next let
G(z) =sup{fa(z):a €A}
Show G is a lower semicontinuous function.

12. Let f be a function. epi(f) is defined as

{(z,y):y = f(2)}.

It is called the epigraph of f. We say epi (f) is closed if whenever (x,,y,) € epi(f)
and z, — = and y, — v, 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?

6.8 Sequences And Series Of Functions

When you understand sequences and series of numbers it is easy to consider sequences and
series of functions.

Definition 6.8.1 4 sequence of functions is a map defined on N or some set of
integers larger than or equal to a given integer, m which has values which are functions. It
is written in the form {fn}fbozm 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 6.8.2 Suppose f, () = z™ for x € [0,1].

Definition 6.8.3 Let {fn} 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,

This is always the definition regardless of where the f, have their values.

Thus you consider for each € D the sequence of numbers { f,, ()} and if this sequence
converges for each z € D, the thing it converges to is called f ().

Example 6.8.4 In Examplel6.8.2 find lim,, .~ fn.

For z € [0,1),lim, 0o 2™ = fr () = 0. At 2 =1, f,, (1) = 1 for all n so lim,, o fr (1) =
1. Therefore, this sequence of functions converges pointwise to the function f (z) given by
flz)=0if0<z<land f(1) =1

Pointwise convergence is a very inferior thing but sometimes it is all you can get. It’s
undesirability is illustrated by the preceding example. The limit function is not continuous
although each f;, is continuous. The next definition pertains to a superior sort of convergence
called uniform convergence.
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Definition 6.8.5 Let {fn} 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 e > 0 there exists
N such that for alln > N

[f (@) = fu (@) <e
forallxz € D.

The following picture illustrates the above definition.

The dotted lines define sort of a tube centered about the graph of f and the graph of
the function f,, fits in this tube.

The reason uniform convergence is desirable is that it drags continuity along with it and
imparts this property to the limit function.

Theorem 6.8.6 Let {fn} be a sequence of continuous functions defined on D and
suppose this sequence converges uniformly to f. Then f is also continuous on D. 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,

[f () = fu (2)] < /3. (6.1)

Pick such an n. By assumption, f,, is continuous at z. Therefore, there exists d > 0 such
that if |z — x| < ¢ then

[fn (2) = fu ()] <&/3.
It follows that for |x — z| < 4,

If (@)= f () < 1F (@) = fu @)+ [fn (2) = fu ()] + | fn (2) = £ (2)]
< ¢/3+¢/3+¢/3=¢

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| < 4, then

[fn (2) = fu (¥)] < /3.
Then for |y — z| < 4,

W) —f@ < 1f @)= Fa@+ 1 @) = fo(2) + [fn(2) = F(2)]
< €/3+¢/3+¢/3=¢

This shows uniform continuity of f. This proves the theorem.
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Definition 6.8.7 Let {fn} be a sequence of functions defined on D. Then the se-
quence is said to be uniformly Cauchy if for every e > 0 there exists N such that whenever
m,n > N,

|fm (@) = fu (2)] < e
forallx € D.

Then the following theorem follows easily.

Theorem 6.8.8 Let {fn} be a uniformly Cauchy sequence F valued functions defined
on D. Then there exists f defined on D such that {f,} converges uniformly to f.

Proof: For each z € D, {f, ()} is a Cauchy sequence. Therefore, it converges to some
number because of completeness of F. Denote by f (x) this number. Let € > 0 be given and
let N be such that if n,m > N,

[fm () — fn (2)| < €/2

for all x € D. Then for any « € D, pick n > N and it follows from Theorem 4.4.11
@)= fa @) = T [fn (@) = fu @) S2/2 < <.
This proves the theorem.

Corollary 6.8.9 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 [6.8.8 and Theorem [6.8.6. This proves the Corollary.
Here is one more fairly obvious theorem.

Theorem 6.8.10 Let {fn} 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 {fn} is a uniformly Cauchy sequence.

Proof: If the sequence converges pointwise, then by Theorem [4.9.3 the sequence { f, (z)}
is a Cauchy sequence for each z € D. Conversely, if {f, (z)} is a Cauchy sequence for each
x € D, then since f, has values in F, and F is complete, it follows the sequence {f, (z)}
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 [6.8.8 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 that if n > N,

|f(z) = fn (@) <e/2
for every x € D. Then if m,n > N and x € D,
[fn (@) = fon (@) < [fn () = f (@) + | (2) = fm ()| <€/24 /2 =€

Thus {f,} is uniformly Cauchy.
As before, once you understand sequences, it is no problem to consider series.
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Definition 6.8.11 Let {fn} be a sequence of functions defined on D. Then

(Z fk> (z) = lim > fi (z) (6:2)
k=1 k=1

whenever the limit exists. Thus there is a new function denoted by

> (6.3)
k=1

and its value at T is given by the limit of the sequence of partial sums in [6.2. If for all
x € D, the limit in 6.2 exists, then 6.5 is said to converge pointwise. ZZOZI fr is said to
converge uniformly on D if the sequence of partial sums,

B2

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 6.8.12 Let {fn} be a sequence of functions defined on D. The series
Y peq fr converges pointwise if and only if for each € > 0 and x € D, there exists N;
which may depend on x as well as € such that when ¢ > p > N 4,

Y @) <e
k=p

The series > p—, fr converges uniformly on D if for every e > 0 there exists N. such that
if g >p> N then

Y hela)| <e (6.4)

forall x € D.

Proof: The first part follows from Theorem 5.1.7. The second part follows from observ-
ing the condition is equivalent to the sequence of partial sums forming a uniformly Cauchy
sequence and then by Theorem [6.8.10) these partial sums converge uniformly to a function
which is the definition of >"7~, fx. This proves the theorem.

Is there an easy way to recognize when 6.4/ happens? Yes, there is. It is called the
Weierstrass M test.

Theorem 6.8.13 Let {fn} be a sequence of functions defined on D. Suppose there
exists M, such that sup {|f, (z)| : @ € D} < M,, and >~ | M,, converges. Then Y .~ | fn
converges uniformly on D.

Proof: Let z € D. Then letting m <n

DG -GS D hGEIS Y Mi<e
k=1 k=1 k=m+1 k=m+1

whenever m is large enough because of the assumption that Y > | M, converges. Therefore,
the sequence of partial sums is uniformly Cauchy on D and therefore, converges uniformly
to >_p—; fx on D. This proves the theorem.
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Theorem 6.8.14 If {fn} is a sequence of continuous functions defined on D and
Y rey fr converges uniformly, then the function, > - fr must also be continuous.

Proof: This follows from Theorem 16.8.6 applied to the sequence of partial sums of the
above series which is assumed to converge uniformly to the function, > po; fx.

6.9 Sequences Of Polynomials, Weierstrass Approxima-
tion

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 6.9.1 The following estimate holds for x € [0,1] and m > 2.

zm: (7:) (k= max)2z* (1 — 2)™" <i

k=0

Proof: First of all, from the binomial theorem

£

— ( )' m— k;)

— i (m —1)! aF (1 - x)m—l—k
= (k=1 (m—-1- E)!

= mr(l+ 12" =

Next, using what was just shown and the binomial theorem again,

> (Z) SIS (”,j)k (k= 1) 2" (1 — z)"

k=0 k=1

+i( ) (1—a)™ "

k=0

_Ié@)k(knzk 1—2)"" + ma

m—2

(k+2) (k+1)z" 2 (1 —a)" >
2 <kz+2) +2)(k+1)z" (1 —x) + mx
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- m(m_nkz_o(ka) B2 (1 —2)" > fma
- xm(m—l):::<mk 2)gc"(l )R ma

2,2

= 2*m(m —1)+mz = 2°m? — 2°m + ma

It follows

i <’Z> (k —ma)? 2% (1 — )™ "

k=0
" /m m—
= Z (k) (k* = 2kmz + 2°m?) 2" (1 — 2) F
k=0
and from what was just shown along with the binomial theorem again, this equals

2
1
x2m2—x2m+mm—2mx(mx)+x2m2:—x2m+mx:T—m(x—Q) .

Thus the expression is maximized when z = 1/2 and yields m/4 in this case. This proves
the lemma.
Now let f be a continuous function defined on [0,1]. Let p, be the polynomial defined

by )
pu (2) = kgo (Z)f (:) o (1= 2)" " (6.5)

Theorem 6.9.2 The sequence of polynomials in (6.5 converges uniformly to f on
[0,1].

Proof: By the binomial theorem,
" /n ne " /n e
ro =ty (1)t a-ar =3 (3) @t a- o
and so by the triangle inequality

1 -me@i=y (1)) ()@

At this point you bread the sum into two pieces, those values of k such that k/n is close to
z and those values for k such that k/n is not so close to . Thus

ro-mel < > (Y]f(E)-re

Bl O

(1 —z)" "

o (k/n)| <6
i z(kz:/n)|>6 (Z> ’f (:) @[t - o0

where 0 is a positive number chosen in an auspicious manner about to be described. Since
f is continuous on [0,1], it follows from Theorems 4.7.2] and 6.6.2] that f is uniformly
continuous. Therefore, letting ¢ > 0, there exists ¢ > 0 such that if |z —y| < ¢, then
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|f () — f (y)| < /2. This is the auspicious choice for ¢. Also, by Lemma [6.3.1 | f (x)]| for
x € [0,1] is bounded by some number M. Thus 6.6 implies that for z € [0,1],

@) -pa(@) < Y (Z>;Ik(1_x)n_k

|lz—(k/n)|<8
+2M Z (Z) (1 —z)" "
|ne—k|>nd
€ n\ (k —nz)® nek
< —42M —z"(1—x
o2 Inx§>n5 <k7) n2s> ( )

€ 2M <~ [n 2 K n—k
< = R — 1—
s 3 + Ry kE:O <k) (k—nx)"z"(1-x)

Now by Lemma 6.9.1 there is an estimate for the last sum. Using this estimate yields for
all z € 0,1],
e 2Mn ¢ M
_ <420 _- 4y 7
Therefore, whenever n is sufficiently large that
M 5
72 < -,
2nd
it follows that for all € [0,1],
€

2:&

f @) = pn (@) < 5+

This proves the theorem.
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.

Theorem 6.9.3 Suppose [ 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: For ¢t € [0,1], let h(t) = a + (b—a)t. Thus h maps [0,1] one to one and onto
[a,b]. Thus foh is a continuous function defined on [0, 1]. It follows there exists a sequence
of polynomials {p, } defined on [0, 1] which converges uniformly to f o h on [0,1]. Thus for
every € > 0 there exists N, such that if n > N, then for all ¢ € [0, 1],

Foh(t) = pa(t)] <.
However, h is onto and one to one and so for all = € [a, ],
£ @) = pa (071 (@))] <.
Now note that the function =z — p, (h_l (x)) is a polynomial because

T—a
b—a’

h™(x) =
More specifically, if

m
pn () = Z ath
k=0

it follows

m k
-1 _ r—a
pa (R () = ,;)ak (b— a)
which is clearly another polynomial. This proves the theorem.
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6.10 Exercises

1.

10.

11.

12.

Suppose {f,} is a sequence of decreasing positive functions defined on [0, 00) which
converges pointwise to 0 for every x € [0,00). Can it be concluded that this sequence
converges uniformly to 0 on [0, 00)? Now replace [0, 00) with (0, 00) . What can be said
in this case assuming pointwise convergence still holds?

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,, (z)|,|gn ()| < M for all n and for all x € D, show { f,gn}
converges uniformly. Let f,, (x) = 1/ for z € (0,1) and let g, () = (n — 1) /n. Show
{fn} converges uniformly on (0,1) and {g,} converges uniformly but {f,g,} fails to
converge uniformly.

Show that if 2 > 0,377, %]: converges uniformly on any interval of finite length.

Let > 0 and consider the sequence {(1 + %)n} . Show this is an increasing sequence
and is bounded above by Y r- %T

k
Show for every z,y real, > ;= (m:f) converges and equals
® gk & gk
D2
k=0 " k=0
Consider the series > °  (—1)" % Show this series converges uniformly on any

interval of the form [—M, M].

Formulate a theorem for 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, c0) .

Suppose {fn} 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.

oo h(nz)
n=1 n?2

Let h (z) be a bounded continuous function. Show the function f (x) = >
is continuous.

Here is an awful function. Recalling Q is the rational numbers,

lifze@Q
f(x):{ Oifz ¢ Q

Show this function is discontinuous at every point of R. Nevertheless, this horrible
function is the pointwise limit of a sequence of uniformly continuous functions. Explain
why this is so.

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 [6.8.14/ and the Weierstrass
M test.
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13.

14.

15.

CONTINUOUS FUNCTIONS

By Theorem [6.9.3| there exists a sequence of polynomials converging uniformly to
f (z) = |z| 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
> e 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

= n 22 +n
z_:l(_l) n2

converges uniformly on [0, 1] but does not converge absolutely for any € R. To do
this, it might help to use the partial summation formula, 5.6.



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.

7.1 Limit Of A Function

In this section, functions will be defined on some subset of R having values in F. Thus the
functions could have real or complex values.

Definition 7.1.1 Let f be a function which is defined on D (f) where D (f) 2
(x —r,2) U (z,z +71) for some r > 0. Note that f is not necessarily defined at x. Then

lim f (y) = L

Yy—x

if and only if the following condition holds. For all € > 0 there exists § > 0 such that if
0<|y—=z| <4,

then,
IL—fy)l<e

If everything is the same as the above, except y is required to be larger than x and f is
only required to be defined on (x,x + r), then the notation is

lim f(y)= L.

y—at

If f is only required to be defined on (x —r,x) and y is required to be less than x,with the
same conditions above, we write

lim f(y)=L.

y—w—
Limits are also taken as a variable “approaches” infinity. Of course nothing is “close” to
infinity and so this requires a slightly different definition.

lim f(z)=1L

T— 00

if for every € > 0 there exists | such that whenever x > I,

|f(x)—L|<e (7.1)

113
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and
lim f(x)=1L

r——00

if for every € > 0 there exists | such that whenever x <1,|7.1 holds.

The following pictures illustrate some of these definitions.

CArr o CArrrre °
X SR o’-\ R S
L~ ;

x x

In the left picture is shown the graph of a function. Note the value of the function
at x equals ¢ while lim,_., f(y) = b and lim, ., f(y) = a. In the second picture,
lim,_., f (y) = b. Note that the value of the function at the point = has nothing to do with
the limit of the function in any of these cases. The value of a function at z is irrelevant
to the value of the limit at z! This must always be kept in mind. You do not evaluate
interesting limits by computing f (z)! In the above picture, f (z) is always wrong! It may
be the case that f (z) is right but this is merely a happy coincidence when it occurs and as
explained below in Theorem [7.1.6, this is sometimes equivalent to f being continuous at x.

Theorem 7.1.2 Iflim, ., f(y) = L and lim, ., f (y) = Ly, then L = L;.
Proof: Let € > 0 be given. There exists § > 0 such that if 0 < |y — 2| < §, then

If (v) = Ll <e, [f(y) — L] <e.

Therefore, for such y,
IL—Li| <|L—=f@l+I1f(y) — La] <e+e=2e

Since € > 0 was arbitrary, this shows L = L.
The above theorem holds for any of the kinds of limits presented in the above definition.
Another concept is that of a function having either co or —oo as a limit. In this case,
the values of the function do not ever get close to their target because nothing can be close
to +o0o. Roughly speaking, the limit of the function equals oo if the values of the function
are ultimately larger than any given number. More precisely:

Definition 7.1.3 17 ¢ () € R, then limy_, f (x) = oo if for every number I, there
exists § > 0 such that whenever |y — x| < §, then f(x) > l. limy_,o f () = 0o if for all k,
there exists | such that f (x) > k whenever x > l. One sided limits and limits as the variable
approaches —oo, are defined similarly.

It may seem there is a lot to memorize here. In fact, this is not so because all the
definitions are intuitive when you understand them. Everything becomes much easier when
you understand the definitions. This is usually the way it works in mathematics.

In the following theorem it is assumed the domains of the functions are such that the
various limits make sense. Thus, if lim,_,, is used, it is to be understood the function is
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defined on (z — d,x) U (x,x + J) for some & > 0. However, to avoid having to state things
repetitively this symbol will be written to symbolize lim,_,4 or lim,_,,_ and in either of
these cases, it is understood the function is defined on an appropriate set so that the limits
make sense. Thus in the case of lim,_,,; the function is understood to be defined on an
interval of the form (x,x + J) with a similar convention holding for lim,_,,_.

Theorem 7.1.4 1n this theorem, the symbol lim,_., denotes any of the limits de-
scribed above. Suppose limy_., f (y) = L and limy_,, g (y) = K where K and L are numbers,
not £oo. Then if a, b are numbers,

lim (af (y) +bg (y)) = aL + K, (7.2)
lim fg (y) = LK (7.3)
and if K # 0, .
z}l_rg j;(z)) =% (7.4)
Also, if h is a continuous function defined in some interval containing L, then
lim o f (y) = A (L) (7.5)

Suppose f is real valued and lim,_., 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: The proof of [7.2 is left for you. It is like a corresponding theorem for continuous
functions. Next consider [7.3. Let € > 0 be given. Then by the triangle inequality,

|fg(y) — LK| <|fg(y) — f(y) K| +|f (y) K — LK]|
<IfWllg(y) — K|+ |K[|f (y) — L. (7.6)

There exists d7 such that if 0 < |y — z| < d1, then
[f (y) = LI < 1,

and so for such y, and the triangle inequality, |f (y)| < 1+ |L|. Therefore, for 0 < |y — z| <
517

1f9(y) = LK| < (1+ K[+ [L]) [lg (y) = K+ [f (y) — L] (7.7)
Now let 0 < d3 be such that for 0 < |z — y| < 2,
€ €
[f(y) — L] < A+ K| +]L])’ l9(y) — K| < 201K+ L)

Then letting 0 < § < min (d1, d2), it follows from [7.7 that
|fg(y) — LK| <e

and this proves (7.3l Limits as ¢ — 00 and one sided limits are handled similarly.

The proof of [7.4]is left to you. It is just like the theorem about the quotient of continuous
functions being continuous provided the function in the denominator is non zero at the point
of interest.

Consider [7.5. Since h is continuous at L, it follows that for € > 0 given, there exists
1 > 0 such that if |y—L| <, then

Ih(y) —h(L)] <e
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Now since lim,_,, f (y) = L, there exists 6 > 0 such that if 0 < |y—z| < J, then

|f () = LI <.
Therefore, if 0 < |y—z| < 6,
W (f(y)) —h(L)] <e.

The same theorem holds for one sided limits and limits as the variable moves toward
+o00. The proofs are left to you. They are minor modifications of the above.

It only remains to verify the last assertion. Assume f (y) < a. It is required to show that
L < q. If this is not true, then L > a. Letting ¢ be small enough that a < L — ¢, it follows
that ultimately, for y close enough to z, f(y) € (L —e, L+ ¢) which requires f (y) > a
contrary to assumption.

A very useful theorem for finding limits is called the squeezing theorem.

Theorem 7.1.5 Suppose f, g, h are real valued functions and that

lim f(z) = L = lim g ()

r—a r—a

and for all x near a,
fx) <h(z) <g(z).

Then
lim h(z) = L.

Tr—a

Proof: If L > h(x), then
h(z) = L| < |f (x) — LI.

If L < h(z), then
|h(z) = L| < |g(2) — L].

Therefore,
|h(z) = L| < [f (x) = L] + [g (z) — L] .

Now let £ > 0 be given. There exists d; such that if 0 < |z — a| < 01,
|f (2) = L] <¢/2

and there exists d2 such that if 0 < |z — a] < d2, then
l9(2)— L] < /2

Letting 0 < 6 < min (d1,d2), if 0 < |z — a| < d, then

|h(z) = L] < [f (x) = LI + |g (x) = L|
<eg/2+¢€/2=c¢.

This proves the theorem.

Theorem 7.1.6 For f: I — R, and I is an interval of the form (a,b), [a,b), (a,b],
or [a,b], then f is continuous at x € I if and only if limy_., f (y) = f (z).

Proof: You fill in the details. Compare the definition of continuous and the definition
of the limit just given.
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Example 7.1.7 Find lim,_.3 %.

Note that :’;2:39 = 2 + 3 whenever x # 3. Therefore, if 0 < |z — 3| < ¢,

22 -9
r—3

6‘|x+36||x3|<6.

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.

Example 7.1.8 Let

-9
J@)==— fz+3.
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,

x2f9:(z73)(1’+3):x+3
r—3 r—3

Therefore, by Theorem [7.1.6] it is necessary to define f (3) = 6.

Example 7.1.9 Find lim,_. Him

Write {7 = m Now it seems clear that lim, ,o0 1 + (1/2) = 1 # 0. Therefore,
Theorem [7.1.4' implies
1 1
lm —— = lim ——— =~ =1.
z—oo 1 + 2 x—»oolJr(l/x) 1

Example 7.1.10 Show lim,_., \/z = \/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 1/ + /a. This yields

V- val = | £

Now let 0 < 61 < a/2. Then if | — a|] < 61,2 > a/2 and so

Vi — val =

r—a |z — al

2| = (Va/va) + va

Lﬂ|x_a|
NG .

) Then for 0 < |x —a| < 6,

2V2eva
Va 2v2
Next consider the case where ¢ = 0. In this case, let € > 0 and let § = 2. Then if

0<x—0<6:52,itfollowsthatOS\/5<(52)1/2:5.

IN

Now let 0 < § < min (61, N

VE-val < 22 ja -l <
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7.2 Exercises

1. Find the following limits if possible

(a
(b

li ||
1My — 0+ po

: T
lin ly—0+4 El

l=]
x

C

(
(d

1imw_,0_

e

)
)
)
)
(e)
(f)
(g)
(h)

2. Find limy_.q

S

3. Find lim,, 4 %2,

V3z+ Yz+7V=

(2—3)%°(22+1)3°
(222+7)%°

4. Find lim,_,
5. Find lim,_, o

2
: : z°—4
6. Flnd hmx_g B4322—0z—2"

7. Find limg oo (V1 =72+ 22 — V1 + Tz + 2?) .

8. Prove Theorem [7.1.2 for right, left and limits as y — oc.

9. Prove from the definition that lim,_,, ¢/ = ¥a for all @ € R. Hint: You might want
to use the formula for the difference of two cubes,

a® = b = (a—1b) (a® +ab+b%).

10. Find lim, o ="
11. Prove Theorem [7.1.6 from the definitions of limit and continuity.

12. Find limy, o &=

1 1

13. Find lithO ﬁ’z—;

: : 3427
14. Find lim,_, _3 i

15. Find limy, o YER5 Gt it exists.
16. Find the values of  for which limy, o Y22 exists and find the limit.

3 xr -3 T . . .
17. Find limj,_ 7W if it exists. Here x # 0.
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18. Suppose limy .y f(y) = L1 # Ly = limy, ., f(y). Show lim, ., f (z) does not
exist. Hint: Roughly, the argument goes as follows: For |y; — x| small and y; > =z,
|f (y1) — L1| is small. Also, for |y —z| small and y2 < z, |f (y2) — L2| is small.
However, if a limit existed, then f (y2) and f (y1) would both need to be close to some
number and so both L; and Ly would need to be close to some number. However, this
is impossible because they are different.

19. Let f(z,y) = izi;;/z Find lim, o (lim,—¢ f (z,9)) and lim,_¢ (limy—o f (z,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?

20. 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 (z,7)
contains a point of D not equal to z 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 2 is a limit point of D and lim,_,, f (z) = L1 and limy_,, f () = Lo, then Ly = Ly.
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?

21. If f is an increasing function which is bounded above by a constant, M, show that
lim, o f (x) exists. Give a similar theorem for decreasing functions.

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(z) y = ¢lz|

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 |z| < d, then |o (z)| < € |z| or in other
words,

o ()]

||

<e.

You might draw a few other pictures of functions which would have the 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 ¢ > 0 such that if 0 < |z| < ¢, then

0|Ef)| <e. (7.8)

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 § > 0 such that [7.8 holds. In other words, the function
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y = o(x) is tangent at (0,0) if and only if

o 0@l

2 Tal
Definition 7.3.1 4 function y =k (z) is said to be o(x) if

o @)

+ Jal

=0 (7.9)

As was just discussed, in the case where z € 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. k (z) is o () means (7.9 holds. Thus
o(x) =50(z),o0(x)+o(xz) =o0(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.

Now counsider the case of the function, y = g (z) tangent to y = b + mx at the point
(c,d).

y=mz+b y=g()

Thus, in particular, g (¢) = b+ mc = d. Then letting = ¢ + h, it follows z is close to ¢
if and only if & is close to 0. Consider then the two functions

y=g(c+h),y=b+m(c+h).
If they are tangent as shown in the above picture, you should have the function

kE(h) = g(c+h)—(b+m(c+h))
g(c+h)— (b+mc) —mh
= g(c+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 (h). This motivates (I hope) the following
definition of the derivative which is the precise definition free of pictures and heuristics.

Definition 7.3.2 Let g be a F valued function defined on an open set inIF containing
c. Then ¢’ (c) is the number, if it exists, which satisfies

gleth)—glc) =g (c)h=o(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, the definition of derivative can also be extended to include right and left
derivatives.
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Definition 7.3.3 Let g be a function defined on an interval, [c,b). Then ¢, (c) is
the number, if it exists, which satisfies

9+ (c+h) — g4 (c) — g} () h=0(h)
where o (h) is defined in Definition|7.3.1 except you only consider positive h. Thus

 lo(h)]
h—0+ |]’L|

=0.

This is the derivative from the right. Let g be a function defined on an interval, (a,c|. Then
g’ (c) is the number, if it exists, which satisfies

g-(c+h)—g- () g () h=o(h)
where o (h) is defined in Definition|7.3.1 except you only consider negative h. Thus

1 o)

=0.
h—0— ‘h|

This is the derivative from the left.

I will not pay any attention to these distinctions from now on. In particular I will not
write ¢’ 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 ¢’ (¢) .

Theorem 7.3.4 The derivative is well defined because if

gle+h)—g(c)=mh = o(h)
glec+h)—g(c)—mah = o(h) (7.10)

then m1 = ms.
Proof: Suppose [7.10. Then subtracting these,
(mg —mi)h=0(h)—o(h)=o0(h)

and so dividing by h # 0 and then taking a limit as h — 0 gives

=0.

h
mg—ml:}lLimM

—0 h

Note the same argument holds for derivatives from the right or the left also. This proves
the theorem.
Now the derivative has been defined, here are some properties.

Lemma 7.3.5 Suppose ¢’ (c) exists. Then there exists § > 0 such that if |h| < §,
g (c+h)—glc)l <(g' ()] +1)|h| (7.11)

o(lg(c+h)—g(c)]) =o(h) (7.12)

g 18 continuous at c.
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Proof: This follows from the definition of ¢’ (¢).

gleth)—glc) =g (c)h=o(h)
and so there exists § > 0 such that if 0 < |h| < 9,

lg(c+h)—g(c)—g (c)h]

<1
|h

By the triangle inequality,
lg(c+h)—g(c)l =19 () h] < |g(c+h)—g(c) =g (c)h] < |h|
and so
lg(c+h) —g(c)] < (Ig' (c)| +1) |

Next consider the second claim. By definition of the little o notation, there exists a
01 > 0 such that if
lg (c+h) =g (c)| < b1,

then

o(lg(c+h) =g () g (c+h)—g(c)]. (7.13)

P
9" ()] +1
But from the first inequality, if |h| < d, then
lg (c+h) —g () < (g ()| + 1) Al
and so for |h| < min (5, W) , it follows

g (c+h)—glc)| <(lg" ()] + 1) [h] <61

and so from [7.13,

o(lg(c+h)—g(c)]) < WIQ(CJF’I)—Q(CN
€ , _
< 7@ +1 (Ig" (©)] + 1) |n| = €A

and this shows L
i 29 (e+h) —g()))

=0
h—0 |h|

because for nonzero h small enough,

o(lg(c+h)=g(d))

<e.
|h]

This proves [7.12.
The assertion about continuity follows right away from [7.11. Just let h = x — ¢ and the
formula gives

g () =g () <(g' () +1) |z =]

This proves the theorem.
Of course some functions do not have derivatives at some points.

Example 7.3.6 Let f (z) = |z|. Show f’ (0) does not exist.
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If it did exist, then
|h| = f"(0)h =0 (h)

Hence, replacing h with —h,
|=h| = £'(0) (=h) = o (=)

and so, subtracting these,

and so

Now letting h — 0, it follows f’ (0) = 0 if it exists. However, this would say
h| = o(h)

which is false. Thus f’(0) cannot exist. However, this function has right derivatives at
every point and also left derivatives at every point. For example, consider f’(0) as a right
derivative. For h > 0

f(h)—0—1h=0=0(h)

and so f} (0) =1. For h <0,
f(h)=—h
and so
f(h)=F(0)=(=1)h=0=0(h)

and so f’ (0) = —1. You should show f' (z) =1ifz >0 and ' (z) = -1ifz < 0.
The following diagram shows how continuity at a point and differentiability there are
related.

fis continuous at x

1/ (z)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
continuous. An example of such a pathological function different than the one I am about
to present was discovered by Weierstrass in 1872. Before showing this, here is a simple
observation.

Lemma 7.4.1 Suppose f'(z) exists and let ¢ be a number. Then letting g (x) = f (cz),

g (@) = cf (cx).



124 THE DERIVATIVE

Here the derivative refers to either the derivative, the left derivative, or the right derivative.
Also, if f(x) = a+ bz, then

f@)=b
where again, f' refers to either the left derivative, right derivative or derivative. Further-
more, in the case where f (x) = a + bx,

fx+h)— f(z)=0bh.
Proof: It is known
fz+h)—f(z) = f(z)h=0(h)

Therefore,
g(@+h)—g(z)=f(c(z+h) - f(cx) = f'(cx)ch+o(ch)

and so
g(@+h)—g(@) —cf (cx)h = o(ch) = o(h)

and so this proves the first part of the lemma. Now consider the last claim.
flx+h)—f(x) = a+b(x+h)—(a+bx)=>0h
bh+0=>bh+o(h).

Thus f’ (x) = b. This proves the lemma.
Now consider the following description of a function. The following is the graph of the

function on [0,1].

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 (z +n) = f (z) for all z € 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 -
g(x) = Zlfkf (4Fz).
k=0

Letting M = 47%, an application of the Weierstrass M test shows ¢ is everywhere con-
tinuous. This is because each function in the sum is continuous and the series converges
uniformly on R.

Also note that f has a right derivative and a left derivative at every point, denoted by
f"(x) to save on notation, and f’ (z) equals either 1 or —1. Suppose ¢’ (z) exists at some
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point and let h,, = b,,4~™ where b,, equals either 1 or —1 chosen such that 4™~z and
4m=1 ( + by, 4~™) are both in either [N, N + 1) or [N + 1, N) for some integer N. This is
certainly possible to do because for some N, 4™ !z is in an interval of one of the two forms
just described and these intervals are of length 1/2 while the distance between those two
points is 1/4. Now consider what happens to 4*z and 4% (z + b,,4™™) for k < m — 1. If
for some integer M,4* (z + b,,4~™) and 4z are on opposite sides of a number of the form
M + %, say .
gk < M+§ <4" (z4+bpd™™),
then multiplying by 4™~ 1=*,

integer

1
4mly < gmiok <M + 2) <A™ (24 bpd™™)

which would require 4™~ (z + b,,4=™) and 4™ 1z to be on different sides of an integer
contrary to the way b, was chosen. Thus for each k¥ < m — 1, it follows from Lemma [7.4.1

f (45 (@4 hy)) — f (4F2) = £ (4%2) 4Dy, (7.14)

where f/ (4’“9&) is either the right or the left derivative, depending on whether b, is 1 or —1.
If b,, = 1, it is the right derivative and if b,, = —1, it is the left derivative. Now

g@+hy)—g(x) = g/(x)hm+0(hm)

= 5_024—’“ (f (4% (2 + hyn)) — f (4F2))

= mz_:l 475 (f (4" (2 + hin)) — f (4F2)) (7.15)
where the sum reduces to a finite sum b];_c(;use if k>m—1,
f4F (@4 hp) - f(4Fz) = f <4k (z + ﬁ)) — f (4F2)
= f(4Fz£4aFm) — f (4h2)
is an integer and f is periodic of period 1 which implies,

f (45 (@4 hp)) = f(452).

Now consider the sum in [7.15. From [7.14) this equals

m—1 m—1
S AR (f (4Fa) 4 b)) = D f (4F2) ha
k=0 k=0

where the derivative equals either a right or a left derivative. This is not important, only
that f/ (4*z) = +£1. Now from [7.15 and dividing by hy,,

since 4k—m

m—1
g (x) + Oii;”) =2 [ (4a)
k=0

and now this yields a contradiction because there exists a limit on the left of the equality
as m — oo but there can be no limit on the right because the k** term of the series fails to
converge to 0 as kK — oco. This proves the following theorem.

Theorem 7.4.2 There exists a function defined on R which is continuous and bounded
but fails to have a derivative at any point.
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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 ¢' (t) exist. Then the
following formulas are obtained.

(af +bg) (1) = af' (t) +bg' (1). (7.16)
(fo) () =F gt)+ft)g (). (7.17)

The formula, |7.17 is referred to as the product rule.
If f (g (t)) exists and g’ (t) exists, then (f o g)' (t) also exists and

(fog) () =Ff (g(t)g ().

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
() =nt"1. (7.18)

Also, whenever f'(t) exists,

h—0 h

where this definition can be adjusted in the case where t € R if 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
s O )
= }elir}s t—s

with the limit being one sided in the case of a left or right derivative.
Proof: [7.16 is left for you. Consider [7.17
Fgt+h) = fg(t) = F(E+R)gt+R) — [ (D) gt+h)+ [ gt+h)—f()g)
=g(t+h)(fE+h)—f)+f(#)(g(E+h)—g(t))
(t+h) (f ) h+o(h)+ f(t) (g (t) +o0(h))

g )
g@) f O h+f#)g )+ f(t)o(h)
+(gt+h)—g@) f t)h+g(t+h)o(h)

=g f Oh+ft)g () +o(h)
because by Lemma [7.3.5, g is continuous at ¢ and so
(gt +n)—g@®)f (t)h=o0(h)

While f (¢) o(h) and g (t + h) o (k) are both o (h). This proves [7.17.
Next consider the chain rule. By Lemma [7.3.5 again,

fogt+h)=f(g(t+h)—f(g(t)
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=flg@®)+(gt+h)—g)) —flg()
=f(g®)(gt+h)—g(t)+o((g(t+h)—g(t)
=f(g®)(gt+h)—g(t)+o(h)
f(g®) (g (t)+o(h)+o(h)
= fllg@®)g @) +o(h).

This proves the chain rule.

Now consider the claim about f(t) = 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
fa1 () =t = f, (t)t where f, (t) = t". Then by the product rule, induction and
the validity of the assertion for n =1,

froa @) =fL @) t+ fr (t) =tnt" ' +¢" = pt"t!

and so the assertion is proved for all n > 0. Consider now n = —1.
_ -1 -1 -1 1
t+R) Pt = ~ h=__p — 4+ = ]h
(t+h) TE +<t(t+h)+t2>
-1 h? 1 _9
= —h+—5——~=—=h+o(h)=(-1)t"*h+o0(h)

2" 2(t+h) 2

n

Therefore, the assertion is true for n = —1. Now consider f (t) = ¢~" where n is a positive

integer. Then f (¢) = (t)”" and so by the chain rule,
F) = (=) ") Pt = —nt L

This proves [7.18l.
Finally, if f' (¢) exists,

fr®)yh+o(h)=f(t+h)—f(t).

Divide by h and take the limit as h — 0, either a regular limit of in the special case where
t € R from the right or from the left. Then this yields

(Leen=10 ot _y,
h—0

f () = lim

h—0

h T

ft+n) - f(t)
3 .
This proves the theorem.

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 (h) does.

Corollary 7.5.2 Let f'(t),g (t) both exist and g (t) # 0, then the quotient rule holds.
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Proof: This is left to you. Use the chain rule and the product rule.
Higher order derivatives are defined in the usual way.

=)
etc. Also the Leibniz notation is defined by

/

W () wherey = 1 (2

and the second derivative is denoted as
d?y
da?
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 (z). Thus y = go f (z). Then from the above theorem

(go ) () =g (f (2)) ' (2)

=g (u) f' (z)
or in other words,
dy _ dydu
dr  dudx’

Notice how the du cancels. This particular form is a very useful crutch and is used extensively
in applications.

7.6 Mean Value Theorem And 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.

Definition 7.6.1 et f: D (f) — R where here D (f) is only assumed to be some
subset of F. Then x € D(f) is a local minimum (mazimum) if there exists 6 > 0 such
that whenever y € B (x,0) N D (f), it follows f (y) > (<) f (x). The plural of minimum is
minima and the plural of maximum is mazrima.

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.
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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 mazimum or minimum. Then f'(z) = 0.

Proof: Suppose z is a local maximum and let § > 0 is so small that B (z,4) C U. Then
for |h| < §, both & and x + h are contained in B (z,0) C U. Then letting h be real and
positive,

f (@) h+o(h)=f(x+h)—f(z)<0.

Then dividing by A it follows from Theorem [7.1.4/ on Page [115]

f%mg%(f@>#ﬁ@)go

Next let |h| < 6 and h is real and negative. Then

f (@) h+o(h)=f(z+h)—f(z) <O0.

Then dividing by A

J (@) = lim () + 28

h—0 h

>0

Thus f’ (z) = 0. The case where z is a local minimum is handled similarly. Alternatively,
you could apply what was just shown to —f (z). This proves the theorem.!

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' (z) = 0, is it necessary that z is either a local minimum or local maximum? Hint:
Consider f (z) = 23.

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 « € (a,b), and if f is
differentiable there, then f’(z) = 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 A > 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 z where these are achieved

for the function, f (x) =z + V25 — z2.

1 Actually, the case where the function is defined on an open subset of F 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 being considered in this book.
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5.

10.

11.

12.

13.
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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.

€T

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, ﬁ) and then

2
to minimize the function, f (z) = 2% + (% — 1) . Taking the derivative of f yields
T+ %xg 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 2% = 4y.
Now for (z,y) on the graph, it follows it is of the form (\/4 ,y) . Therefore, minimize

f(y) = 4y + (y — 1)*. 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 +
2
¥ =1.

4

A function, f, is said to be odd if f (—z) = f (x) and a function is said to be even if
f(=x) = f (). 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.

Show that for r a rational number and y = z", it must be the case that if this function
is differentiable, then 3’ = ra" 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 z € [a, b],

[f () —p(z)] <e.
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14.

15.

16.

This follows from the Weierstrass approximation theorem, Theorem 16.9.3. Now here
is the interesting part. Show there exists a function, g which is also continuous on
[a,b] and for all = € [a,b],

lf(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, given above.

Consider the following nested sequence of compact sets, {P,}. Let P, = [0,1], P, =
[0,%] U [3,1], etc. To go from P, to P41, delete the open interval which is the
middle third of each closed interval in P,. Let P =N, P,. By Problem [13 on Page
58, P # (). 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.

1 Consider the sequence of functions defined in the following way. Let f; (x) = x on
[0,1]. To get from f, to fn41, let fny1 = fn on all intervals where f,, is constant. If
fn is nonconstant on [a,b], let fr11(a) = fn(a), fatr1(d) = fn(b), fn+1 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(z) = lim, e fn(z), 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 0 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.

lifzeQ
f(x):{ Oifz ¢ Q

Let
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Now let g () = 22f (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
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,
fla)=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' (z) = 0.

Proof: Suppose first that f () = f (a) for all x € [a,b]. Then any z € (a,b) is a point
such that f' () = 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 = € (a,b) and in the second case, the minimum of f is achieved at some
x € (a,b). Either way, Theorem [7.6.2l implies f’ (x) = 0. This proves Rolle’s theorem.

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,b).
Then there exists x € (a,b) such that

Proof: Let
h(z) = f(2) (g () —g(a)) =g (=) (f () = f(a)).
Then letting © = a and then letting = b, a short computation shows h (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 (@)= f'(x) (g (b) — g(a) =g (z) (f (b) = f(a)) = 0.

This proves the theorem.
Letting g () = x, the usual version of the mean value theorem is obtained. Here is the
usual picture which describes the theorem.

2Rolle is remembered for Rolle’s theorem and not for anything else he did. Ironically, he did not like
calculus.
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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' (z) (b—a).

Corollary 7.8.4 Suppose f'(z) =0 for all z € (a,b) where a > —oco and b < co. Then
f(x)=f(y) for all z,y € (a,b). Thus f is a constant.

Proof: If this is not true, there exists x; and xo such that f (x1) # f (z2) . Then by the
mean value theorem,
f@1) — f(22)

€Tl — T2

0 # = /' (2)

for some z between 21 and x5. This contradicts the hypothesis that f' (z) = 0 for all z. This
proves the theorem in the case that f has real values. In the general case,

fx+h)—f(x)—0h=0(h).
Then taking the real part of both sides,
Ref(x+h)—Ref(z) =Reo(h) =0(h)

and so Re f' () = 0 and by the first part, Re f must be a constant. The same reasoning
applies to Im f and this proves the corollary.

Corollary 7.8.5 Suppose f: C — C and f' (x) =0 for all z. Then f is a constant.

Proof: Let t € R and consider & (t) = f (x +t(y — z)) — f (). Then by the chain rule,
Wt)y=f(z+tly—=2)(y—xz)=0
and so by Corollary [7.8.4/ h is a constant. In particular,
h(l)=f(y)—f(z)=h(0)=0
which shows f is constant since z,y are arbitrary. This proves the corollary.

Corollary 7.8.6 Suppose f'(x) > 0 for all x € (a,b) where a > —oco and b < co. Then
f s strictly increasing on (a,b). That is, if x <y, then f(x) < f(y). If f' () >0, then f
is increasing in the sense that whenever x < y it follows that f (x) < f (y).

Proof: Let z < y. Then by the mean value theorem, there exists z € (x,y) such that

0<f/(z)=f(y;:£($>

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.

Corollary 7.8.7 Suppose f'(x) < 0 for all x € (a,b) where a > —oco and b < co. Then
[ is strictly decreasing on (a,b). That is, if x <y, then f(x) > f(y). If f' () <0, then f
is decreasing in the sense that for x <y, it follows that f (x) > f (y)

Proof: Let z < y. Then by the mean value theorem, there exists z € (z,y) such that

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 > .
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7.9 Exercises

1.

10.

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?

Two cars are careening down a freeway 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.

Show the cubic function, f (z) = 523 4+ 7z — 18 has only one real zero.

Suppose f (z) = x7 + |z| + 2 — 12. How many solutions are there to the equation,

f(x)=0?

Let f (z) = |z — 7| + (z — 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 f’ (¢) = 0? Explain
your answer.

Suppose f and g are differentiable functions defined on R. Suppose also that it is
known that |f' (z)| > |¢’ (z)| for all z and that |f’(¢)] > 0 for all ¢{. Show that
whenever x # y, it follows |f (z) — f (y)| > |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 interme-
diate value property. This means that if f/' (a) < 0 < f’ (b) then there exists z € (a, b)
such that f’ (z) = 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
lifz>0

f(x){ ~1ifz <0
Is it possible that this function could be the derivative of some function? Why?

Suppose a € I, an open interval and that a function f, defined on I has n+1 derivatives.
Then for each m < n the following formula holds for z € I.

m

(a"ia)k m+1 (I‘*CL
f(f):];)f(k)(a)TJrf( * )(y)m

" (7.19)

where y is some point between z and a. Note that if n = 0, this reduces to the Lagrange
form of the mean value theorem so the formula holds if m = 0. Suppose it holds for
some 0 < m — 1 < n. The task is to show then that it also holds for m. It will then
follow that the above formula will hold for all m < n as claimed. This formula is
very important. The last term is called the Lagrange form of the remainder in Taylor
series. Try to prove the formula using the following steps. If the formula holds for
m — 1, then you can apply it to f’.
S SO (a) N A ()

f@ﬂfEZA—%r—%xf@ :“RT‘*x*Mm' (7.20)
k=0
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11.

12.

13.

m (k) m
Now let g (z) = f(x) — >, ! kk!(a) (z —a)* and let h(z) = (z — a)™"". Now from
the Cauchy mean value theorem there exists z between = and a such that

") ( k-1
9@ -gle) _g(x) _I'E) -2 G —a)
h(z)=h(a) W (z) (m+1)(z—a)”
Now explain why > /", f; )(1‘;) (z—a)" ! = [ 01 7f(k;1!)(“) (z—a)® and then use

7.20. Explain why this 1mphes

) (q ; (m+1)
F@)-Yr @ @—a)f WG

k! _ m!

(. —a)™ ! S (mA)(z-a)”

which yields the desired formula for m. A way to think of [7.19 is as a generalized
mean value theorem. Note that the key result which made it work was the Cauchy
mean value theorem.

Now here is another way to obtain the above approximation. Fix ¢,z in (a,b) an
interval on which f has n+ 1 derivatives. Let K be a number, depending on ¢, x such

that
f(k) k n+1
I (x) +Z (r—c¢)"+K(x—c) -0
Now the idea is to find K. To do this, let

k)
F(t)=f(z) - (f 0+ 0 iyt +K<x—t>““>

k=1
Then F (z) = F (¢) = 0. Therefore, by Rolle’s theorem there exists z between a and
2 such that F’ (z) = 0. Do the differentiation and solve for K.

Let f be a real continuous function defined on the interval [0, 1] . Also suppose f (0) = 0
and f(1) =1 and f'(t) exists for all ¢t € (0,1). Show there exists n distinct points
{si}_, of the interval such that

n

> (si) =n.

i=1

Hint: Consider the mean value theorem applied to successive pairs in the following

1 2 1 2
f(3> —f(0)+f(3> —f(3> +f(1)—f(3)
Now suppose f : [0,1] — R and f(0) = 0 while f (1) = 1. Show there are distinct

points {s;};_; € (0,1) such that

n

ST () =n.

i=1
Hint: Let 0 =ty < t; < --- < t, = 1 and pick z; € f~! (¢;) such that these z; are
increasing and z,, = 1,z9 = 0. Explain why you can do this. Then argue

tiv1 —ti = [ (@ip1) = f () = ' (50) (i1 — @)

and so
Tit+1 — L4 o 1

tisi—ti  f(si)
Now choose the t; to be equally spaced.
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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 (z). Recall that f~! is defined according to the formula

@) ==
Let f: [a,b] — R be a continuous function. Recall from Theorem [7.5.1
/ — f(x)_f<a) / — 1 f(.%‘)—f(b)
fla)= tim ———— S ()= lm ——

Recall the notation x — a+ means that only = > a are considered in the definition of
limit, the notation © — b— defined similarly. Thus, this definition includes the derivative of
f at the endpoints of the interval and to save notation,

o) = tim L@ @)

T—T1 r— T
where it is understood that z is always in [a, b].

Theorem 7.10.1 Let f : [a,b] — R be continuous and one to one. Suppose f'(x1)
exists for some x1 € [a,b] and f'(x1) # 0. Then (ffl)/ (f (z1)) exists and is given by the

formula, (ffl)/ (f (21)) = m

Proof: By Lemma 6.4.3, and Corollary [6.4.4 on Page [100 f is either strictly increasing
or strictly decreasing and f~! is continuous. Therefore there exists n > 0 such that if
0 <[f (z1) = f (#)| <, then

0 <oy —af=[f71(f(e1)) = fT (f(@)] <6
where ¢ is small enough that for 0 < |z — z| < 4,

r — X

1
‘f(w) —[a) (@)
It follows that if 0 < |f (x1) — f (z)| < n,

@) = 7 (f (21)) 1

f(x) = f(21) [ (z1)

Therefore, since € > 0 is arbitrary,

FH ) — 1 (f (2)) 1

lim =

y—f(w1) y— f(71) [ (z1)

<eE.

<e

’ x— 2

1
B f(x) = f(21) B [ (z1)

and this proves the theorem.
The following obvious corollary comes from the above by not bothering with end points.

Corollary 7.10.2 Let f : (a,b) — R, where —0 < a < b < o0 be continuous and one to
one. Suppose f' (x1) exists for some x1 € (a,b) and f' (x1) # 0. Then (f_l)l (f (z1)) emists
and is given by the formula, (f_l)/ (f (z1)) = ﬁ
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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.

FHf (@) =

Now use the chain rule on both sides to write

F Y (f@)f (@) =1,

and then divide both sides by f’ (x) to obtain

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 () = 1+2%+23+7. Show that f has an inverse and find (f_l)/ (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,

() =22 +32>+7>0

By Corollary [7.8.6/ on Page [133] 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. First of all, recall Definition [6.8.5 on Page [105! listed here for
convenience.

Definition 7.11.1 ret {fn} 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 € > O there
exists N such that for allm > N

|f(.73) - fn (3")‘ <e
forall x € D.

To save on notation, denote by

[IK]| = sup {|k ()] : € € D}
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Then
&+ 2| < [[&[] + [12]] (7.21)

because for each £ € D,
k(&) + L) < Ikl + 2]

and taking sup yields [7.21. From the definition of uniform convergence, you see that f,
converges uniformly to f is the same as saying

im [|f — £ =0.
Now here is the theorem.

Theorem 7.11.2 Let (a,b) be a finite open interval and let fi : (a,b) — R be
differentiable and suppose there exists xy € (a,b) such that

{fx (z0)} converges,

{fi.} converges uniformly to a function g on (a,b).

Then there exists a function, [ defined on (a,b) such that

fr — [ uniformly,
and
f'=g
Proof: Let ¢ € (a,b) and define

fn(@)=fn(e) -
G (2) = e _1fsc7éc
fl(c)ifz=c

Note that g, really depends on ¢ but this is suppressed in the interest of simpler notation.
Claim 1: For each ¢, g, converges uniformly to a continuous function, h, on (a,b) .
Proof:First note that each g, is continuous. Let x # c¢. Then by the mean value

theorem,

lgn () = gm (2)]

fo (@) = fm (@) = (fn (¢) = fin (¢))

|fn (&) = fr O < 1f7 (6) = 9 (O +19 (&) = frn (§)]
1fn = gll +1.fm = gl

IA

By the assumption that {f/} converges uniformly to g, it follows each of the last two terms
converges to 0 as n, m — oo. Let h (x) be the name of lim,,_,« gm () which exists because
of completeness. Letting m — oo in the above yields for all = € (a,b),

lgn (x) = b ()] < ||, — gl

Thus the convergence of g, to h is uniform as claimed and consequently & is continuous by
Theorem 6.8.6. This proves the first claim.

Claim 2: f,, converges uniformly to a function, f.

Proof: From the definition of g, in the case where ¢ = xy,

fo (@) = frn (20) = gn (x) (x — o) - (7.22)
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It follows from this and the assumption that f, (z¢) converges, that f, (z) converges for
each z. Let f (x) denote the thing to which it converges. Thus

f (@) = f(x0) = h(2) (z — x0) (7.23)
and so, subtracting [7.22] and [7.23] yields
@) = @) < 17 (@)~ fu ()] +1(h (@) — g () (2 — )
< f(@o) = fu (xo)l +[Ih = gnl[ (b —a) .

and so
I[fn = Il < llgn — Rl [b—al + [fn (z0) — f (20)],

showing that f, — f uniformly as claimed.
Now to complete the proof of the theorem,

M: lim M: lim g, (z) = h(x).

xr—cC n—oo xr—cC n—o00

Since h is continuous,

im £ = @) = o).

r—c Tr — C r—c
It remains to verify h (¢) = g (¢). This is easy because g, (¢) = f/ (¢) — g (c¢) and g, (¢) —
h (c). This proves the theorem.

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 3/ (z) = %x(l/")_l.

2. Now for positive z and p, ¢ positive integers, y = 2?/9 is defined by y = ¥/zP. Find
and prove a formula for dy/dz.

3. For 1 >z >0, and p > 1, show that (1 — z)” > 1 — pz. Hint: This can be done using
the mean value theorem. Define f (z) = (1 — x)” — 1 + px and show that f(0) = 0
while f/ (z) >0 for all z € (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

i1

ar

<1- L
- k+C

for all k large enough. Then if p > 1, it follows that > -, ai converges absolutely.
Hint: Let by = k — 1 + C and note that for all k large enough, by > 1. Now conclude
that there exists an integer, ko such that by, > 1 and for all £ > k¢ the given inequality
above holds. Use Problem I3 to conclude that

P P
U8 IR S SR S S

ar | k+C — k+C brt1
showing that |aj|b} is decreasing for k > ko. Thus |ay| < C/W = C/(k—1+C)".
Now use comparison theorems and the p series to obtain the conclusion of the theorem.
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The graph of a function, y = f () is said to be concave up or more simply “convex” if
whenever (z1, 1) and (x2,y2) are two points such that y; > f (x;), it follows that for
each point, (x,y) on the straight line segment joining (x1,y1) and (x2,y2),y > f (x).
Show that if f is twice differentiable on an open interval, (a,b) and f” (z) > 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
f! exists on (a,b), it must be the case that f’ is an increasing 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 and suppose ¢ is a convex function defined on R. Then

¢ (Z akfﬂk> < ard (zk) .-
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' (z) = 0 at = € (a,b), an interval on which f
is defined and both f’ f exist on this interval, then if f” (z) > 0, it follows f has a
local minimum at z and if f” (z) < 0, then f has a local maximum at . Show that if
" (z) = 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],

pn (@) = Z ()7 (5)e -t

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 f’ on [0,1]. Hint: Differentiate
the above formula and massage to finally get

n=l, E+1) _ f(k .
ACED N (f(”f/nf(")>xk<1—x>"— g

k=0

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

() 1@

which will be easy to do because of the mean value theorem and uniform continuity

of f.

In contrast to Problem [10, consider the sequence of functions

o0
0o x
{fn @)}y = {ng}n_l
Show it converges uniformly to f (z) = 0. However, f/, (0) converges to 1, not f’ (0).
1+fwc2 :
You know how to do this. Then plug it in and you will have an estimate sufficient to
verify uniform convergence.

Hint: To show the first part, find the value of z which maximizes the function ‘
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12. Let f be a real invertible continuous function defined on the interval [0,1]. Also
suppose f(0) =0 and f (1) =1 and f’ (¢) exists for all ¢ € (0,1). Show there exists n
distinct points {s;}.—, of the interval such that

"1
; ) ="

Hint: Consider using Problem 12/ on Page 135 applied to the inverse function.
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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 e®,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 circular
functions. This is because of the reliance on plane geometry in defining them. Fortunately,
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.

Definition 8.1.1 ret {ak}zozo be a sequence of numbers. The expression,

Z ar (z —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, z is a variable. Thus you can put in various values of z 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
values in F as

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)":zn:<n>eﬁ>1—|—nen—|—(n(n—1)/2)e,21

\Y
—
S
—
S
|
—_
~—
~
[\)
~— >
9
FECE=)
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Thus .
n
0<e? < =
*e"*n(n—l) n—1

From this the desired result follows because

1

n—1

‘nl/"—l‘ =e, <

Theorem 8.1.3 Let Yoo ak (x — a)* be a Taylor series. Then there exists r < 0o
such that the Taylor series converges absolutely if |z — a| < r. Furthermore, if |x — a| > r,
the Taylor series diverges.

Proof: Note

1/k
lim sup ‘ak (a:—a)k‘ = lim sup |a;€|1/lC |z — al.

k—o0 —
Then by the root test, the series converges absolutely if
|z — a|lim sup |ak|1/k <1
k—oco

and diverges if
|z — a|lim sup |agx|"* > 1.

— 00

Thus define

1/limsup,,_, |ak|1/k if co > limsupy,_, |ak|1/k >0
r=14 oo if limsup, .. |ak|1/k =0
0 if imsupy,_, o |0L;€|1/]’C =00

This proves the theorem.
Note that the radius of convergence, r is given by

lim sup \ak\l/kr =1
k—oo
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
actually find the interval of convergence. This kind of thing is typical in math so get used
to it. 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 an interval 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 > oo, %
Use Corollary 5.3.10.

™\ " 2|
lim | — = lim — = |z
n— 00 n n— o0 n

because lim,, .o, ¥/n =1 and so if |z| < 1 the series converges. The points satisfying |z| = 1

require special attention. When x = 1 the series diverges because it reduces to Zzozl %
At x = —1 the series converges because it reduces to fozl # and the alternating series

test applies and gives convergence. What of the other numbers z satisfying |z| = 17 It turns
out this series will converge at all these numbers by the Dirichlet test. However, this will
require something like De Moivre’s theorem and this has not yet been presented carefully.
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n

Example 8.1.6 Find the radius of convergence of > -

nln'

Apply the ratio test. Taking the ratio of the absolute values of the (n + 1)th and the nt?
terms
e ™ %
D — = (0 )" aln " =Jol (14 3) el
n! .’L“ n

Therefore the series converges absolutely if |z] e < 1 and diverges if |z| e > 1. Consequently,
r=1/e.

8.2 Operations On Power Series

It is desirable to be able to differentiate and multiply power series. The following theorem
says you can differentiate power series in the most natural way on the interval 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 Let S pan (x—a)" be a Taylor series having radius of conver-

gence R > 0 and let
2) =Y an(z—a)" (8.2)
n=0

for |x —a|l < R. Then

Zan (x—a)" ' = Zan z—a)"! (8.3)

and this new differentiated power series, the derived series, has radius of convergence equal
to R.

Proof: Consider g(z) = Y po,ark (z — a)"™! on B(a,R) where R is the radius of
convergence defined above. Let r1 < r < R. Then letting |z —a| < r; and b <1 —rq,

flz+h) - f(2)

3 —9(2)
[eS) k k
< S| EHED ZEEO g
k=2
< Zaﬁb( (5) - <za>>k<za>’f—1
k=2

= kzzz\ak\ h

—_
< N
[
—_
7N
. R
~
—
I\
\
Q
a2
>
<
=
~
=N
—
N
\
IS
S~—
>
L
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[e'S) k
< Z lag| (Z (k> z—a) ihz‘—1>’
= )
k—2—i ;i
< _
< |h|2|ak| <1=0 (i4)1- h|>
k—2
_ F-2\ k(k-1) o
= |h|Z|ak| <z=0 ( ; )(i+2) i1 |z — al ||
k k % (k-2 i
< |h|2|ak| REZD (Z( ,' )|z—a’f : h|>
i=0
= E(k—1) ,_
= |h|Z|ak| (|Z—@|ﬂL A" < R D lax| T)Tk ?
k=2
Then 1k
-1
lim sup | |ag| k(k=1) >rk_2 = lim sup |ak\1/k7‘ <1
k—oo 2 k—oo
because r < R and R is defined by
R =1/lim sup \ak\l/k.
k—o0
Thus, by the root test,
z+h)— f(z
TEERZIE ) <om (5.4

where -
k(k—1) ,_
C= 372 |lag| %rk 2

therefore, g (z) = f’ (2) because by 8.4,

flz+h) = f(z) =g h=0(h).
This proves g (z) = f’ (z) for any |z| < R. What about the radius of convergence of ¢7 It is

the same as the radius of convergence of f because

lim sup |ax|"* =lim sup &% |ay|"/*

k—o0 —00

and
. k-1\E K\ 1k
lim sup (|z—a| ) = lim sup <|z—a\ ) =lz—al.

k—oco k—o0

This proves the theorem.
As an immediate corollary, it is possible to characterize the coefficients of a Taylor series.

Corollary 8.2.2 Let 37 ja, (z —a)" be a Taylor series with radius of convergence

r >0 and let .
x) = Z an (x—a)". (8.5)
n=0

1™ (@)

n!

Then

(8.6)

Ay =
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Proof: From 8.5, f (a) = ap = f© (a) /0!. From Theorem 8.2.1,
= Z ann (z—a)" " =ay + Z ann (z—a)" ",
n=1 n=2

Now let z = a and obtain that f’(a) = a1 = f’(a) /1!. Next use Theorem 8.2.1] again to
take the second derivative and obtain

" (z) = 2as + Z anpn(n—1)(z —a)"?

let = a in this equation and obtain as = f” (a) /2 = f” (a) /2!. Continuing this way proves
the corollary.
This also shows the coefficients of a Taylor series are unique. That is, if

Zak (z—a) = Zbk (z —a)"
k=0 k=0

for all x in some open set containing a, then ax = by for all k.
Example 8.2.3 Find the sum > po, 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 = Yoo thif [t| < 1. Differentiate
both sides to obtain

71t

(1—1)"2 Zktk 1

whenever |t| < 1. Let t = 1/2. Then

T 1-@a/2)? 1/2 Zm o

and so if you multiply both sides by 271,
2=> K27k
k=1

8.3 The Special Functions Of Elementary Calculus

8.3.1 The Functions, sin, cos, exp

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.

Definition 8.3.1 Define for all x € F

2k+1

(fl)km, cos (z) = Z

k=0

12k

NE

sin(z) =

>
Il

0
k

i
WE

x
exp (x) e

x>
Il

0
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Observation 8.3.2 The above series converge for all x € F. This is most easily seen
using the ratio test. Consider the series forsin (x) first. By the ratio test the series converges

whenever
|I‘2k+3

lim @E+3)L _ lim ! ‘$|2
(2k+1)!

is less than 1. Howewver, this limit equals 0 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.

Now that sin (z) and cos (x) have been defined, the properties of these functions must
be considered. First, here are some lemmas.

Lemma 8.3.3 For fized y € F, the function of x given by
x — sin (z + y)

may be written in the form
o0
> an(y)a”
k=0

where the series converges on all of F. The same is true of the function
x — cos(x+y).

Proof: Let
1(0)=0,1(1) = 1,1(2) = 0,1 (3) = —1,
etc. Thus [ (even) =0 and [ (2n+1) = (—1)" . Then from the definition of sin,

ey = St =zzﬁ?(2)xkyn—k
= ZZ % .k, Fyn (87)

n=0 k=0

Now consider the absolute convergence of this double sum.

ZZ

n=0 k=0

nfk

(n—k |k;l

by an application of the ratio test to the two series in the product. Therefore, by Theorem
5.4.6, the order of summation in 8.7/ may be reversed and this yields

. 0o 00 L(n o
sin(z+y) = Z Z G R (k))'k' kyn—k
k=0n=~k
_ — ﬁ - l(n) n—k

- kZ:O K2 (k)Y
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where by Theorem [5.4.6, all infinite series in the above converge. The claim about x —
cos (z + y) follows from similar reasoning. This proves the lemma.

Lemma 8.3.4 Supposey is an F valued convergent power series which converges on some
open ball containing 0 and it solves the initial value problem,

y'+y=0y(0)=0,y(0)=0
Then y (z) = 0.
Proof: By assumption,

y(x) =) apz®. (8.8)
k=0

Then by Theorem [8.2.1
y (x) = Z arpka* 1) o (z) = Zakk (k—1)z*2
k=1 k=2

Thus,
Yy (2) = ks (k+2) (k+1) 2" (8.9)
k=0

The conditions y (0) = 0 and ¢’ (0) = 0 imply ap = a; = 0 because by Corollary 8.2.2
ap =y (0),a; =y (0). Now using the equation and [8.8 and [8.9] it follows

(argo (E4+2) (k+1)+ap)zF =0

[M]8

k=0

which by Corollary 8.2.2 requires that for all &,

a _——Cbk
2T ko) (k+ 1)

Since ag = a1 = 0, this implies ax = 0 for all k. Thus y = 0 and this proves the lemma.

Theorem 8.3.5 sin’ (z) = cos (z) and cos’ (x) = —sin (z) . Also cos (0) = 1, sin (0) =

0 and
cos® (z) +sin? (z) = 1 (8.10)
for all x. Also sin(—x) = —sin(x) while cos (—x) = cos(x) and the usual trig. identities

hold,

sin(z +y) = sin(x)cos(y)+ sin (y)cos(x) (8.11)
cos(z+y) = cos(z)cos(y)—sin(z)sin (y) (8.12)
Proof: That sin’ (z) = cos (z) and cos’ (x) = —sin (z) follows right away from differen-
tiating the power series term by term using Theorem [8.2.1l It follows from the series that
cos (0) = 1 and sin (0) = 0 and sin (—z) = —sin (z) while cos (—z) = cos (x) because the

series for sin (z) only involves odd powers of  while the series for cos (z) only involves even
powers.

For 2 € C, let f (x) = cos? (x) + sin” (z), it follows from what was just discussed that
f(0) = 1. Also from the chain rule,

I’ (z) = 2cos (z) (—sin (z)) + 2sin (z) cos () = 0
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and so by Corollary [7.8.5, f () is constant for all z € C. But f (0) = 1 so the constant can
only be 1. Thus
cos? (z) +sin? (z) = 1

as claimed.
It only remains to verify the identities. By Lemma 8.3.3, © — sin (x4 y) is a power
series converging on all of F. Therefore, for fixed vy,

g (x) =sin (z +y) — (sin (z) cos (y) + sin (y) cos (z))

is also a power series. Then g (0) = sin (y) — sin (y) = 0 and by the product rule and chain
rule,

g' (x) = cos (x +y) — [cos (z) cos (y) — sin (y) sin (z)]

Thus ¢’ (0) = 0 also. Furthermore, it is routine to verify that ¢” + g = 0. By Lemma [8.3.4],
g () = 0 since both g and the 0 function satisfy the initial value problem of that lemma.
To verify the other identity, fix y in8.11l and differentiate with respect to = using the chain
rule and the first part of the theorem. This proves the theorem.

Proposition 8.3.6 The following important limits hold for a,b # 0.

sin (ax) _ g’ lim 1 —cos (z) _0
z—0 bx b’ z—0 x

Proof: From the definition of sin (z) given above,

0o k (az)?Ft? oo k (az)?Ft?
sin (azx) 2 ko (1) ((Qk;)T)l B ar +3 5 (1) “Greor
bx N br B bx
oo 1 k (az)%
_ a+ s (1) Gt
N b
Now
— r (az)* < — % 2\ *
> (=1 Ck+1!| = D laal _ZOM' )
k=1 k=1 k=1
B |aac|2
N 1 — |az|
whenever |az| < 1. Thus
lim = (_1)k (az) * —
and so in (az)
sin (ax a
li = —.

The other limit can be handled similarly.

It is possible to verify the functions are periodic. To do so, first consider the restrictions
of these functions to R which yields a real valued function in each case. In this context,
here is a simple lemma.

Lemma 8.3.7 There exists a positive number, a, such that cos (a) = 0.
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Proof: To prove this, note that cos(0) = 1 and so if it is false, it must be the case that
cos () > 0 for all positive z since otherwise, it would follow from the intermediate value
theorem there would exist a point,  where cosxz = 0. Assume this takes place. Then by
Corollary [7.8.6] it would follow that ¢ — sint is a strictly increasing function on (0, 00) . Also
note that sin (0) = 0 and so sin (z) > 0 for all > 0. This is because, by the mean value
theorem there exists ¢ € (0, ) such that

sin (z) = sin (z) — sin (0) = (cos (t)) (z — 0) > 0.

By 8.10, |f ()| < 1 for f = cos and sin. Let 0 < z < y where z. Then from the mean
value theorem,

— o5 (y) — (— cos (x)) = sin (t) (y — )
for some t € (x,y). Since t — sin (¢) is increasing, it follows

—cos(y) — (—cos(x)) =sin(t) (y —x) >sin(z) (y — ).

This contradicts the inequality |cos (y)| < 1 for all y because the right side is unbounded as
1y — 00. This proves the lemma.

Theorem 8.3.8 Both cos and sin are periodic.

Proof: Define a number, 7 such that

=inf{x:2 >0 and cos(z) =0}

Then 7 > 0 because cos
continuity of cos. On [

5| cos is positive and so it follows sin is increasing on this interval.
Therefore, from [8.10, sin (

5
) = 1 and cos is continuous. Also, cos (g) = 0 because of
col
) = 1. Now from Theorem 8.3.5,

(0
]

cos () = cos (g + g) = —sin? (g) =—1, sin(m) =0

Using Theorem 8.3.5] again,
cos (27) = cos® (1) = 1 = cos (0),
and so sin (27) = 0. From Theorem [8.3.5]
cos (z + 27m) = cos () cos (2m) — sin (x) sin (27) = cos ()
Thus cos is periodic of period 27. By Theorem [8.3.5]
sin (x 4 27) = sin (x) cos (27) + cos (x) sin (27) = sin (z)

Using 18.10, it follows sin is also periodic of period 27. This proves the theorem.
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

™ 3
— —.2
(0’2)’(2’ 77)
T 37

and negative on (57 7) and that similar observations on sin are valid. Also, by considering

where these functions are equal to 0, 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
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cos(t) = 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, g] , it follows there exists a unique
t € (0,7/2) such that cos(t) = a. Since b > 0 and sin is positive on (0,7/2), it follows
sin (t) = 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 t € [0, 27)
with cos (t) = a and sin () = b and in this case, ¢ € (37/2,27) . 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.

Corollary 8.3.9 Forallz € F
sin (z + 27) = sin (z), cos (z + 27) = cos (z)

Proof: Let y(x) = sin(z+ 27) — sin(x). Then from what has been shown above,
y' (0) = y (0) = 0 and by Lemma 8.3.3 y is a power series. It is also clear from the above
that y” + y = 0. Therefore, from Lemma 8.3.4 y = 0. Differentiating the identity just
obtained yields the second identity. This proves the corollary.

The functions, z — sin (z) and  — cos (x) have been defined on F which could be either
R or C. In the special case where z € R are these the same as the circular functions you
studied very sloppily in calculus and trigonometry? They are. Here is a simple lemma.

Lemma 8.3.10 Suppose y is a real valued function defined on R which satisfies
y'+y=0,y(0) =y (0)=0.
Then y = 0.

Proof: Multiply the equation by ¢’ and use the chain rule to write

d (1,0 15\
dt<2(y)+2y>_0'

Then by Corollary [7.8.5 % (y’)2 + %yz equals a constant. From the initial conditions, y (0) =
y' (0) = 0, the constant can only be 0.

By Lemma [8.3.10 if it can be shown that sin (z) defined above and sin (x) studied in a
beginning calculus class both satisfy the initial value problem

Yy +y=0,y(0)=0,9(0)=1

then they must be the same. However, if you remember anything from calculus you will

realize sin (z) 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 cos T 1 1
tanr = ——,cotx = ——,secx = ——,cscx =
cosx sinx cos T

sinx’
Using the techniques of differentiation, you can find the derivatives of all these.
Now it is time to consider the exponential function, exp () defined above.

Theorem 8.3.11 7he function, exp satisfies the following properties.
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1. exp(x) > 0 for all z € R, lim,_, exp (z) = 00, lim,_,_ exp () = 0.
2. exp is the unique solution to the initial value problem
y —y=0,y(0)=1 (8.13)

3. Forallz,yeF
exp (z +y) = exp (z) exp (y) (8.14)

4. exp is one to one mapping R onto (0, 00).

Proof: To begin with consider [8.14.

exp (@) exp(y) = Y = >

By an application of the ratio test, both series converge absolutely and so Theorem [5.4.8
and the binomial theorem can be applied to write the above product in the form

D) P g A
;;;mg - ngon,];)(]Jm ey
= Z%(Sﬂ—ky)nze}(p(l«_'_y)'
n=0

This verifies 8.14.

Next observe, it follows right away from the definition of exp (x) in terms of a power
series that exp’ (z) = exp (z) so it satisfies the differential equation in the initial value
problem of 8.13. It is obvious from the power series definition that it also satisfies the
initial condition, exp (0) = 1 which shows there exists a solution to 8.13. From [8.14, it
follows exp (z) ' = exp (—x) . Then letting y be a solution of 8.13, multiply the differential
equation by exp (—z). By the chain rule this yields

2 @) exp(-a) =0,
Now by Corollary [7.8.5l y (x) exp (—z) is a constant. However, when x = 0 this expression
is given to equal 1. Therefore, the constant is 1. Consequently, y = exp (x) and this proves
uniqueness.

Now from the power series, it is obvious that exp (z) > 0 if z > 0 and since exp (z)” ' =
exp (—x) , it follows exp (—x) is also positive. Since exp (x) > Zi:o %?, it is clear lim, o exp (z) =
oo and it follows from this that lim,_,_ exp () = 0.

It only remains to verify 4. Let y € (0,00). From the earlier properties, there exist 1
such that exp (z1) < y and x5 such that exp(xz2) > y. Then by the intermediate value
theorem, there exists x € (x1,2z2) such that exp (x) = y. Thus exp maps onto (0,00). It
only remains to verify exp is one to one. Suppose then that x; < x5. By the mean value
theorem, there exists « € (1, x2) such that

exp (z) (2 — x1) = exp’ (x) (2 — 1) = exp (z2) — exp (1) .

Since exp (z) > 0, it follows exp (x2) # exp (x1). This proves the theorem.
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8.3.2 In And log,

In this section, everything will be specialized to real valued functions of a real variable.

Definition 8.3.12 1 is the inverse function of exp. Thus In : (0,00) — R,
In (exp (z)) = z, and exp (In (z)) = 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 8.3.13 7he following basic properties are available for In.

In' (z) = % (8.15)

Also for all x,y > 0,
In(zy) =In(z) +In(y), (8.16)
In(1) =0,In(2™) = mln(z) (8.17)

for all m an integer.
Proof: Since exp (In (z)) =  and In’ exists, it follows
zln’ (z) = exp (In (z)) In’ (z) = exp’ (In (z))In’ (z) =1
and this proves 8.15. Next consider [8.16.
2y = exp (In (zy)) , exp (In () + I (y)) = exp (In (2)) exp (In (3)) = 2.

Since exp was shown to be 1-1, it follows In (zy) = In(z) + In (y) . Next exp (0) = 1 and
exp (In (1)) = 1 so In (1) = 0 again because exp is 1-1. Let

fx)=In(2")—mln(z).

f(1)=In(1) = mlIn (1) = 0. Also, by the chain rule,

and so f (x) equals a constant. The constant can only be 0 because f (1) = 0. This proves
the last formula of [8.17/ and completes the proof of the theorem.

The last formula tells how to define z® for any « > 0 and o € R. I want to stress this is
something new. Students are often deceived into thinking they know what ¢ means for a
a real number. There is no place for such deception in mathematics, however.

Definition 8.3.14 Define x® for x > 0 and o € R by the following formula.
In(z%) = aln(z).

In other words,
x® =exp (aln (z)).

From Theorem [8.3.13| this new definition does not contradict the usual definition in the
case where « is an integer.
From this definition, the following properties are obtained.
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Proposition 8.3.15 For z > 0 let f(z) = 2% where « € R. Then f'(z) = az®"!.
Also 228 = 3928 and (z)° = 2°8.
Proof: First consider the claim about the sum of the exponents.
2P = exp((a+ f)In(x)) =exp (aln(z) + Bln(z))
= exp(aln(z))exp (Bln(z)) = %",
In ((mo‘)ﬁ) =pIn(z*) = afln(z), In (2*’) = afln (z).
The claim about the derivative follows from the chain rule. f (z) = exp (aln(x)) and so

% =« (x_l) 2% = az® L.

f (@) = exp (aln ()

®|Q

(0%
T

This proves the proposition.

Definition 8.3.16 Define log;, for any b > 0,b# 1 by

logb ({E) In (b) .

Proposition 8.3.17 The following hold for log, ().
1. boge(®) =z log, (b%) = .

2. logy, (zy) = log, (x) + log, (y)

3. log, (z) = alog, (z)

Proof:

blogr(®) = exp (In (b) log,, () = exp (111 (b) In (x)) =exp(ln(z)) ==

In(b®) zln(b)

ey ) =y =~ )~ °

This proves [1.
Now consider 2.

g (1) = Joi ) = o)+ 03 = logy () + log, (o).

Finally,
In (%) In (z)
1 *) = = = al .

8.4 The Binomial Theorem

The following is a very important example known as the binomial series.

Example 8.4.1 Find a Taylor series for the function (1 + z)* centered at 0 valid for |z| <
1.
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Use Theorem [8.2.1 to do this. First note that if y (z) = (1 + x)®, then y is a solution of
the following initial value problem.

— my =0, y(0) =1. (8.18)

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 8.18 by (1 + x)~“. When this is
done one obtains

% ((1 +z)” y) =(1+z)“ <y' - (1jé—x)y> =0. (8.19)

Therefore, from |8.19, there must exist a constant, C, such that
1+z) “y=C.

However, y (0) = 1 and so it must be that C' = 1. Therefore, there is exactly one solution
to the initial value problem in 8.18 and it is y (z) = (1 + z).

The strategy for finding the Taylor series of this function consists of finding a series
which solves the initial value problem above. Let

y(z) = Z anz"” (8.20)
n=0

be a solution to 8.18. 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) i apnz" "t — i aapz™ =0
n=0

n=0

and so
(oo} oo
g apnaz™ E an(n—a)z™ =0
n=1 n=0

Changing the order variable of summation in the first sum,

Zanﬂ (n—i—l)sr:"—I—Zan(n—a)x”:O
n=0

n=0
and from Corollary [8.2.2/ and the initial condition for [8.18| this requires

an (0 —m)

=1. 8.21
nt1 % (8:21)

Upt1 =
Therefore, from 8.21 and letting n = 0, a; = «, then using [8.21/ again along with this
information,
ala—1)
—

a9 =

Using the same process,
(a—1
() @-2 _a@-1n@-2

43 = 3 - 31
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By now you can spot the pattern. In general,

n of these factors

ala=1)--(a—n+1)
n! '

Ap =

Therefore, the candidate for the Taylor series is

y(x):Za(a—l)--r;!(a—nﬁ—l)xn.

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
equals 1. Tt 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 n”* term is

ala—1)---(a—n+1)(a—n) n+1
(n+1)n! lae — n|
= || — ||

ala—1)---(a—n+1) ‘| | n+1
]

showing that the radius of convergence is 1 since the series converges if |z| < 1 and diverges
if || > 1.

The expression, w is often denoted as (Z) With this notation, the following
theorem has been established.

Theorem 8.4.2 Let o be a real number and let |z| < 1. Then

(1+2)* = i <z>x”

n=0

There is a very interesting issue related to the above theorem which illustrates the
limitation of power series. The function f(z) = (1 + x)® makes sense for all z > —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.

To completely understand power series, it is necessary to take a course in complex
analysis. It turns out that the right way to consider Taylor series is through the use of
geometric series and something called the Cauchy integral formula of complex analysis.
However, these are topics for another course.

8.5 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 3’ (x).

(a) xy +sin(y) = 2% +1

(b) ¥ + zcos (y?) = a*

(¢) ycos (z) = tan (y) cos (2?) + 2
)

(d) (a2 —I—y) =23y +3
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10.

11.
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) z%zfzy +cos(y) =17
) VAT T ysin(y) = 8

) y3sin (z) + y?22 = 27y + In |y
h) y?sin (y) z + logg (vy) = y* + 11

)

)

)

sin (2% + ) + sec (zy) = €™ Y + y2¥ 4 2
sin (tan (chQ)) +y3 =16

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.

(a) 2%y +siny =7, (2% + cosy) y' + 2zy = 0.
(b) z%y3 + sin (yg) =5, 2z + (33623/2 +2 (cos (y2)) y) y =0.
(c) ysin(y) +ay =6,

(2y (sin (y)) + v (cos (y)) + z)y +y=0.

Show that if D (g) CU C D (f), and if f and g are both one to one, then fo g is also
one to one.

The number e is that number such that Ine = 1. Prove e* = exp (z) .
Find a formula for j—i’ for y = b®. Prove your formula.
Let y = 2* for z € R. Find ¢/ (z).

The logarithm test states the following. Suppose ay # 0 for large k and that p =

ln(#)
limg 00 h'ﬂf' exists. If p > 1, then Y ;- aj converges absolutely. If p < 1, then

the series, > -, ax does not converge absolutely. Prove this theorem.

Suppose f (z+y) = f(x) + f(y) and f is continuous at 0. Find all solutions to this
functional equation which are continuous at z = 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 (z,y) € S such that

V@—aP + @y -b?<r)
This is called the Cauchy equation.

Suppose f(z+y) = f(z) 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 (zy) = f(x) + f(y) for z,y > 0. Suppose also f is continuous. Find all
solutions to this functional equation.

Using the Cauchy condensation test, determine the convergence of 22022 ﬁ Now
. o' 1 g
determine the convergence of > -, TRy T
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12.

13.

14.

15.

16.

17.

18.

19.
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Find the values of p for which the following series converges and the values of p for
which it diverges.

= 1
kZ=4 In” (In (k) In (k) k
For p a positive number, determine the convergence of

o0
Inn

npb
n=2

for various values of p.

Determine whether the following series converge absolutely, conditionally, or not at
all and give reasons for your answers.

[

[

—=

—

—

TR T T T
s esss8s 8
2
<

Find the values of - such that the series Y -, 1_k€m converges.

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, show that if z € C then z has n distinct n* roots.

Hint:Letting z = = + 1y,
z=|z| il
2] 2]

and argue (%‘7 %) is a point on the unit circle. Hence z = |z| (cos (0) + isin (6)).
Then

w = |w| (cos () + isin (a))

is an n*" root if and only if (Jw| (cos (@) +isin (a)))" = z. Show this happens exactly

when |w| = {/]z] and o = Z2ET for k= 0,1, - -, n.
Using De Moivre’s theorem from Problem [16] derive a formula for sin (5z) and one for
cos (5x).

Suppose Y07 a, (x —¢)" is a power series with radius of convergence r. Show the
series converge uniformly on any interval [a,b] where [a,b] C (¢ —r,c+ 7).
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20. Find the disc of convergence of the series »_ fl—z for various values of p. Hint: Use
Dirichlet’s test and De Moivre’s theorem.

21. Show
xT - xk
€= Zy
k=0

for all z € R where e is the number such that Ine = 1. Thus

Show e is irrational. Hint: If e = p/q for p, g positive integers, then argue

q
p 1
¢ <q -2 m)
k=0

is an integer. However, you can also show
— 1
| - _
k=0 k=0

8.6 L’Hopital’s Rule

W‘)—A

There is an interesting rule which is often useful for evaluating difficult limits 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 132l

Theorem 8.6.1 Let [a,b] C [—00,00] and suppose f,g are functions which satisfy,

lim f(x)= xlgil g(xz)=0, (8.22)

T—b— .

and " and ¢’ exist on (a,b) with ¢’ (z) # 0 on (a,b). Suppose also that

f

Jm ) = L. (8.23)
Then f @)

a;lig;l— 7 (@) = L. (8.24)

Proof: By the definition of limit and [8.23| there exists ¢ < b such that if t > ¢, then

Now pick z,y such that ¢ < x < y < b. By the Cauchy mean value theorem, there exists

t € (z,y) such that
g W@ W)= (=) -9®).

11 Hépital 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’Hépital’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’Ho6pital’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.

3

S| e
70 L’<

3"
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Since ¢’ (s) # 0 for all s € (a,b) it follows g (x) — g (y) # 0. Therefore,

and so, since t > c,

f@)—f(y) €
’g(x)g(y) L’<?'
Now letting y — b—,
fx) €
'g(:c) L‘ < 3 <e.

Since € > 0 is arbitrary, this shows [8.24l
The following corollary is proved in the same way.

Corollary 8.6.2 Let [a,b] C [~o0,00] and suppose f,g are functions which satisfy,

lim f(z)= lim g(z) =0, (8.25)

r—a+ r—a+

and ' and ¢’ ezist on (a,b) with ¢’ () # 0 on (a,b). Suppose also that

f(z)
Jim o = (8.26)
Then
f@ (8.27)

im
e—a+ g (z)
Here is a simple example which illustrates the use of this rule.

5x+sin 3x
tan 7z

Example 8.6.3 Find lim,_.g

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,

o5z + sin 3z . H5+3cos3xr 8

im =lim ———— = —,
z—0 tanTx z—0 Tsec? (Tx) 7
Sometimes you have to use L’Hopital’s rule more than once.

Example 8.6.4 Find lim,_.g smz#

Note that lim, o (sinz —x) = 0 and lim, oz = 0. Also, the derivative of the de-
nominator is nonzero for x close to 0. Therefore, if lim, .o 5 L exists and equals L,
it will follow from L’Hopital’s rule that the original limit exists and equals L. However,
lim, o (cosz — 1) = 0 and lim,_ 322 = 0 so L'Hopital’s rule can be applied again to con-

sider lim,_,¢ 722””. From L’Hopital’s rule, if this limit exists and equals L, it will follow
that lim,_.g Cogaf;l = L and consequently lim,_.q sz# = L. But from Proposition 8.3.6,

—sinz

6z

sinz—x _ —1

lim, g = %‘ Therefore, by L’Hopital’s rule, lim,_.q

3 6 -

Warnlng 8.6.5 Be sure to check the assumptions of L’Hépital’s rule
before using it.
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Example 8.6.6 Find lim, g4 %

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 +00. Now lets try to use the conclusion of L’Hopital’s
rule even though the conditions for using this rule are not verified. Take the derivative
of the numerator and the denominator which yields %, 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.

) . ln|1+z10‘
Example 8.6.7 Find lim, .o ——©w—

(=7)

This limit equals lim, .o Injityl lim,_.o ~*~ = 1 where L'Hopital’s rule has been
10
used. This is an amusing example. You should plug .001 in to the function, mh;# and

see what your calculator or computer gives you. If it is like mine, it will give the answer, 0
and will keep on returning the answer of 0 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 taking limits as a bicycle is for swimming.

There is another form of L’Hopital’s rule in which lim,_,_ f () = £oo and lim,_,_ g (x)
+o00.

Theorem 8.6.8 Let [a,b] C [—o00,00] and suppose f,g are functions which satisfy,

lim f(z)=+oc0 and 1i111;1 g (z) = £oo, (8.28)

r—b—

and ' and ¢’ exist on (a,b) with ¢’ (x) # 0 on (a,b). Suppose also

f(z)
Jm ) = L. (8.29)
Then f @)
m—gl— /(@) = L. (8.30)

Proof: By the definition of limit and [8.29/ there exists ¢ < b such that if t > ¢, then

Now pick z,y such that ¢ < x < y < b. By the Cauchy mean value theorem, there exists
t € (z,y) such that

g @) f@)—fw) =11 (@) -g)-
Since ¢’ (s) # 0 on (a,b), it follows g (z) — g (y) # 0. Therefore,

'@ flx)-f)
g g@)—g(y)

f'(t) £
g (t) _L’ )

and so, since t > c,
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Now this implies

s (76 1)
!J(Z)(Jgé—l) —L <g

where for all y large enough, both ;EZ% — 1 and % — 1 are not equal to zero. Continuing

to rewrite the above inequality yields
g(@)
f () _L<9(y> )
f(z)
g () ( Ho) )

Therefore, for y large enough,

f ) G -] <] Gs -y
‘g(z)—L'< L—L(%l) +§ (ZE%Q <e

due to the assumption 8.28 which implies
(85 -1)
lim 9(y) _
y—b— (M _ )
fw)
Therefore, whenever y is large enough,
1) _ L‘ <e

and this is what is meant by 8.30. This proves the theorem.
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.

Corollary 8.6.9 Let [a,b] C [~00,00] and suppose f,g are functions which satisfy,

lim f(z) = +o0 and ”lim+g (z) = %00, (8.31)

r—a+
and " and ¢’ exist on (a,b) with ¢’ (z) # 0 on (a,b). Suppose also that
/' (x)

mlgc?+ 7@ =L. (8.32)
Then @)
T

x_)r(rll+ (@) =L. (8.33)

Theorems 8.6.118.6.8 and Corollaries 8.6.2] and [8.6.9 will be referred to as L’Hopital’s
rule from now on. Theorem 8.6.1 and Corollary [8.6.2/ involve the notion of indeterminate
forms of the form g. 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
8.6.1 and Corollary 8.6.2. Theorem [8.6.8 and Corollary [8.6.9 deal with indeterminate forms
which are of the form % 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.
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Yy
Example 8.6.10 Find lim, .o (1 n g)

It is good to first see why this is called an indeterminate form. One might think that as
y — 00, it follows z/y — 0 and so 1+ 2 — 1. Now 1 raised to anything is 1 and so it would
seem this limit should equal 1. On the other hand, if z > 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. It is an indeterminate form which can be described as 1°°. By definition,

y
(1 + x) = exp (yln (1 + x)) .
Y Y
Now using L’Hopital’s rule,

I (1+2)
lim yln (1 + :v) = lim — Y2
y—oo Y y—oo 1)y

m (—x/yz)

= lim
y—oo  (=1/y?)
. T
Iim —— ==z

v T+ (2/y)

lim yln (1+m) =x
Y

Yy—00

Therefore,

Since exp is continuous, it follows

Yy
lim (1+x> = lim exp <yln <1+x>) =e”.

8.6.1 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 1007. 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 + )7 = 100 (1 + r)*.

In general, the amount you would have at the end of n months is 100 (1 + )" .

When a bank says they offer 6% compounded monthly, this means r, the rate per payment
period equals .06/12. Counsider 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
number of payment periods after time t years is approximately tn. From the above the
amount in the account after ¢ years is

r\nt
P (1 + —) (8.34)
n
Y
Recall from Example 8.6.10/ that lim,_.. (1 + %) = ¢e®. The expression in [8.34 can be

written as
r\™ t
Pl+3) ]
n
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and so, taking the limit as n — oo, you get
Pet = A.
This shows how to compound interest continuously.

Example 8.6.11 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?

(.06)4

From the above discussion, this would be 100e = 127.12. Thus, in 4 years, you

would gain interest of about $27.
8.7 Exercises
1. Find the limits.

(a
(b

3z—4sin 3z

hmm‘}o tan 3z

lim,_ = _ (tanz)®~ "/
2

arctan(4z—4)

limg arcsin(4z—4)

(c
(d hmm—»O arctar;gm—3x
secz—1
: —1
e) limg,_oy Fseca—T_]

f

(

( 3z+sindx
tan 2z

g

h

limxHO

. In(sinz
hmwgwr/Q »L_((ﬂ-/g))

( cosh 2z—1
2
—arctanz+x
73

1imw_)0

2B 1
T Sin =

sin 3z
k
(1

(m

limy_ oo (1 +5%)%

—2z+43sinx

In(cos(z—1))
(z=1)*

—~

hmz—>0

lim,

. .1
lim, g4 sin® x

—~

n

—

0) lim,_,q (csc bz — cot 5x)

. gsinz_q
hmm—>0+ 9sinz _q

—~

p

limg, o4 (4x)12

10
: T
hmzaoo W

—~

q

T

)
)
)
)
)
)
)
)
)
() limz—o
)
)
)
)
)
)
)
)

—~

(s) limg_.0 (cos 4x)(1/m2)
2. Find the following limits.

(a) lim, o+ 11;47 V(ZO\S/?)”.

(b) limy o — 22—
sm( %) —sin(3x)
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(c) lim, oo (V7 —1).

() Tim, oo (242)"

z® =27
z—3 °

)
)
(i) lim,,— s cos (w@).
)
)

]-imxHB

limy_ oo (\?’/x?’ + 722 — Va2 — 11£C).
limg oo (\7x5 +Tat — a3 — 11m2).

. R
(1) limg o <2§2f11> :

(m) lim, o (25257) 7
lm(e222 +7\/5)
Sinh(\/E)
Yo- Yz

(0) limy o+ Voo Wz

(n) limg_o4

3. Find the following limits.

limg o4 (1 4 32)°°"*"

)
(b) lim, o #4=2 =0
(c) limg_,o SnE=2
(d) lim,_o tanieine)—sinttan )
(€) lim,_ t2nsin20)sin(tan 22)
() T o sin(mz)z—:inz(m)

()

x

1im1:~>0

lim, o (1 — cot (2))
cos(sinz)—1

x2

)
)
)
(i) limy— o <x2 (42t +7)"% = 23;4)
)
)
)

1imw_)0

cos(z)—cos(4x)

hmz_,o tan(z?2)

arctan(3z)

1imw_,0 p

limg 00 [(zg + 53:6) 13 _ z3]

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 e%6 — (1 + %)360 . Explain why this gives a measure of

the difference between compounding continuously and compounding daily.
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8.8 Multiplication Of Power Series

Next consider the problem of multiplying two power series.

Theorem 8.8.1 Let Y2° ja, (¢ —a)" and Y02 by (x — a)™ be two power series
having radii of convergence r1 and ro, both positive. Then

(Zan x—a) ) <Zb x—a) ) :7§J<§akbn_k> (x—a)"

whenever |z — a| < r = min (ry,r).

Proof: By Theorem [R.1.3| both series converge absolutely if | — a| < r. Therefore, by

Theorem 5.4.8
(Zanwa )(Zb T —a) )—
n=0 n=0

oo n

ZZak(x—a)kbn,k(a:—a - Z(Zakb” k) (x —a)"
n=0 k=0 n=0

This proves the theorem.

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 theorem can be used to find Taylor series which would perhaps be hard to find
without it. Here is an example.

Example 8.8.2 Find the Taylor series for e”sinx centered at x = 0.

All that is required is to multiply

e sinx
) z2 23 x> 2P

From the above theorem the result should be

11
x+x2+(3'+ > a4

1
:x+x2+§x3+

You can continue this way and get the following to a few more terms.

eI 1 1 5 1 6 1 - n
r4ai 4ot — —ab— —ab - —a2" 4. ..

3 307 T 90" T 630
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.) T also know the resulting power series will
converge for all x because both the series for ¢* and the one for sin z converge for all x.

Example 8.8.3 Find the Taylor series for tanx centered at x = 0.
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Lets suppose it has a Taylor series ag + a1 + asz? + - - -. Then
CcCoS T
(a0+a1x+a2x2+...) 1_£2+£4+. e x_£3+£5_~_. )
2 4! 3! 5!

Using the above, ag = 0,a12 = x so a1 = 1, (0 (_71) + ag) 22 =0s0 as =0. (ag — %1) 3 =

5—,1373 SO ag — % = —% SO az = % Clearly one can continue in this manner. Thus the first
several terms of the power series for tan are

1 5
tanx:x—f—gx + -

You can go on calculating these terms and find the next two yielding

tanx:x—&—lx?’—l—zxs—i—l—?ﬂ—i—---
3 15 315

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
issues here about whether tan x even has a power series, but if it does, the above must be
it. In fact, tan (z) 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 cosz just like they were polynomials.

8.9 Exercises

1. Find the radius of convergence of the following.

6. Find where the series > - 1_k€w converges. Then find a formula for the infinite sum.

7. Show there exists a function f which is continuous on [0, 1] and an infinite series of the
form "7 | pi (z) where each py, is a polynomial which converges uniformly to f (z) on
[0, 1] . Thus it makes absolutely no sense to write something like f' (z) = >"7; p}. ().
Hint: Use the Weierstrass approximation theorem.
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10.

11.

12.

13.

14.

15.

16.

17.
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. Suppose f(z+y) = f(z) f (y) and f is continuous. Find all possible solutions to the

functional equation for f where f (z) > 0 and f is continuous.

. For x > 0, suppose f(zy) = f(z)+ f(y) and f is continuous. Find all possible

solutions to this functional equation which are differentiable.

Find the power series centered at 0 for the function 1/ (1 + xz) and give the radius
of convergence. Where does the function make sense? Where does the power series
equal the function?

Find a power series for the function, f (z) = % for > 0. Where does f (z) make
sense? Where does the power series you found converge?

Use the power series technique which was applied in Example 8.4.1/ 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 = 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)=0,9(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
8.4.1. 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.

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. It
might be useful to use the formula of Problem [10 on Page [134. Multiply the equation
by ' and identify what you have obtained as the derivativre of an interesting quantity
which must be constant constant.

Suppose the function, e* is defined in terms of a power series, e® = Y ;- %’: Use
Theorem 5.4.8 on Page 84 to show directly the usual law of exponents,

e*TY = eV,
Be sure to check all the hypotheses.

Define the following function?:

_ ) e (e?) ifz#0
f(x):{ Oifz=0

2Surprisingly, this function is very important to those who use modern techniques to study differential
equations. 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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18.

19.

20.

21.

22.

23.
24.
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Show that f*) (x) exists for all k and for all . Show also that f*) (0) = 0 for all
k € N. Therefore, the power series for f () is of the form Y ;- ,0z* and it converges
for all values of x. However, it fails to converge to f (x) except at the single point,
z=0.

Let fn (z) = (£ + x2)1/2 . Show that for all z,

2| = fn (2)] < —=.

Now show f;, (0) = 0 for all n and so f}, (0) — 0. However, the function, f(z) = |z
has no derivative at = 0. Thus even though f, (x) — f () for all x, you cannot say

that f2, (0) — f' (0).
Let the functions, f, (z) be given in Problem [18 and consider

g1 () = f1(2), gn (2) = fn (%) = fo1(z) ifn > 1.
Show that for all x,

> ok (x) =zl
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

n
n
a+b)" = a™~kpk
@i =3 (})
k=0
whenever n is a positive integer.

Find the power series for sin (z?) by plugging in #? where ever there is an z in the
power series for sinz. How do you know this is the power series for sin (1’2)?

Find the first several terms of the power series for sin’ (z) by multiplying the power

series for sin (z). Next use the trig. identity, sin? (z) = 1_%5(2’”)

for cos (2z) to find the power series.

and the power series

Find the power series for f (z) = %ﬁ

Let a, b be two positive numbers and let p > 1. Choose ¢ such that

11
Sy =1
p q

Now verify the important inequality

a?  be
ab < — 4+ —.
p q
Hint: You might try considering f (a) = % + % — ab for fixed b > 0 and examine its
graph using the derivative.

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.



8.10. THE FUNDAMENTAL THEOREM OF ALGEBRA 171

8.10 The Fundamental Theorem Of Algebra

The fundamental theorem of algebra states that every non constant polynomial having
coefficients in C has a zero in C. If C is replaced by R, this is not true because of the
example, £2 +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 first proved by Gauss
in 1797. The proof given here follows Rudin [30]. See also Hardy [I8] for a similar proof,
more discussion and references. The best proof is found in the theory of complex analysis.
Recall De Moivre’s theorem, Problem 16/ on Page 159 from trigonometry which is listed here
for convenience.

Theorem 8.10.1 Letr >0 be giwen. Then if n is a positive integer,
[r (cost +isint)]" = r"™ (cosnt + isinnt).

Recall that this theorem is the basis for proving the following corollary from trigonom-
etry, also listed here for convenience, see Problem 17 on Page [159.

Corollary 8.10.2 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 8.10.3 Let a, € C for k = 1,---,n and let p(z) = > ,_, axz®. Then p is
continuous.

Proof:
laz" — aw™| < la| |z — w| |z"71 +2" 2w 4+ w" .
Then for |z — w| < 1, the triangle inequality implies |w| < 1 + |z| and so if |z — w| < 1,
n

laz" — aw™| < la| |z —w|n (1+ |z])

If € > 0 is given, let

3
o <min (1, ).
aln (L 20)

It follows from the above inequality that for |z — w| < §, |az"™ — aw™| < e. The function of
the lemma is just the sum of functions of this sort and so it follows that it is also continuous.

Theorem 8.10.4 (Fundamental theorem of Algebra) Let p(z) be a nonconstant
polynomial. Then there exists z € C such that p (z) = 0.

Proof: Suppose not. Then
p(z) = Z apz"
k=0

where a, # 0, n > 0. Then

n—1

k
[ ()] 2 lan| [21" = > lax| |2]
k=0

and so
lim |p(z)| = o0 (8.35)

|z| =00
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because the |z|" term dominates all the others for large |z|. More precisely,

o L
n
p(2)| = [2]" | lan| — Z |a| R
k=0
and since n > k, all those terms in the sum are small for large |z|. Now let
A=inf{|p(z)|:z € C}.

By [8.35), there exists an R > 0 such that if |z| > R, it follows that |p (z)| > A + 1.
Therefore,

>
|

inf {|p (2)| : z € C} = inf {[p (2)| : |2| < R}
inf {|p (z +iy)| : 2° + y* < R*}

inf {|p (z +iy)| : |z| < R and |y| < R}
inf{|p(z)]: z€C}= A

(A\VARAYS

By Theorem [6.3.3 on Page [98 there exists w such that |p(w)] = A. A contradiction is
obtained if |p (w)| = 0 so assume |p (w)| > 0. Then consider
p(z+w)
q(z) = ———.
) p(w)
It follows ¢ (2) is of the form
q(2) =1+cpzf 4+ 2"

where ¢ # 0. The reason the constant term is 1 is because ¢ (0) = 1. It is also true that
lg ()] > 1 by the assumption that |p (w)| is the smallest value of |p (z)|. Now let § € C be
a complex number with |§] =1 and

Berw® = — [w|" |-
If .
'UJ#O,G: 7_|wk’|0k|
wr ey,

and if w = 0, = 1 will work. Now let n¥ = 60 so 1 is a k*" root of 6 and let t be a small
positive number.

g (tnw) =1 —t* Jw|" |ex| + - - - + ent™ ()"

which is of the form
1—t* w]* e | + ¢* (g (¢, w))

where lim;_,q g (¢,w) = 0. Letting ¢ be small enough this yields a contradiction to |q (z)| > 1
because eventually, for small enough ¢,

k
lg (8, w)| < |wl|™ [ex] /2

and so for such t,
g (tnw)] < 1= t* [w]* Jex| + ¥ [w]* |ex| /2 < 1,

This proves the theorem.
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8.11 Some Other Theorems

First recall Theorem [5.4.8 on Page [84. For convenience, the version of this theorem which
is of interest here is listed below.

Theorem 8.11.1 Suppose Z?io a; and Z;io b; both converge absolutely. Then

o0 o0 o0
(o) (0] -2
i=0 §=0 n=0
where
n
Cp = Z arbp—p-
k=0
Furthermore, Y ¢, converges absolutely.

Proof: It only remains to verify the last series converges absolutely. Letting p,i equal
1if k <n and 0 if £ > n. Then by Theorem [5.4.5 on Page |82

o0 o n
Doleal = 3o |D arbon
n=0 n=0 | k=0
oo n (oo} oo
< Y anl bkl =D pan lan! [k
n=0 k=0 n=0 k=0
oo o0 oo oo
= > pularl il = DD lar! [bo—r]
k=0n=0 k=0n=~k

o0 oo
= ) lak D |bal < 0.
k=0 n=0

This proves the theorem.
The above theorem is about multiplying two series. What if you wanted to consider

(%)

where p is a positive integer maybe larger than 27 Is there a similar theorem to the above?

Definition 8.11.2 Define

E aklak2 PPN akp

ki+-+kp=m
as follows. Consider all ordered lists of nonnegative integers ki,- - -, k, which have the
property that >0_, k; = m. For each such list of integers, form the product, ax,ag, - - - ag,

and then add all these products.

Note that

n
E a’k‘anfk - E a’kla’kQ
k=0

k1+ko=n
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Therefore, from the above theorem, if > a; converges absolutely, it follows
o0 2 oo
(Se) (3 o).
=0 n=0 \ki+ka=n

It turns out a similar theorem holds for replacing 2 with p.

Theorem 8.11.3 Suppose Yo" an converges absolutely. Then if p is a positive
integer,

where

k1+...+kp:m

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 (3.~ an)’ + By the induction
hypothesis and the above theorem on the Cauchy product,

() - () B)
- (Z) (Z)

= 5 (o)

n=0 \k=0

(oo} n
= > > Ay ** A, Qn—k

n=0 k=0 k1+---+k,=k

oo
= E E akl PPN ak:p+1

n=0ki+-+kpp1=n

and this proves the theorem.
This theorem implies the following corollary for power series.

Corollary 8.11.4 Let
Z an (x —a)"
n=0

be a power series having radius of convergence, v > 0. Then if |x — a| <,

(Z an (z — a)") = Z bpp (€ — a)"”
n=0 n=0

where

b"p = E (27 TR akp.

ki+-+kp=n
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Proof: Since |z — a| < r, the series, Y ° a, (z —a)", converges absolutely. Therefore,

the above theorem applies and
oo P
(Sovto-ar) -
n=0

Z Z ag, (x—a)™ - ay, (x—a)" | =

Z Z ag, - ak, | (@ —a)”.

n=0 \ki+--+kp=n

With this theorem it is possible to consider the question raised in Example 8.8.3/on Page
167 about the existence of the power series for tanz. This question is clearly included in
the more general question of when

(Z an (z — a)")
n=0

Lemma 8.11.5 Let f(z) = > o2 an (x —a)", a power series having radius of conver-
gence r > 0. Suppose also that f (a) = 1. Then there exists r1 > 0 and {b,} such that for

all |z —al <y,
o0
“Shter

Proof: By continuity, there exists r1 > 0 such that if |z — a| < ry, then

o0
Z lan| |z —al™ < 1.
n=1

has a power series.

Now pick such an 2. Then

1 1
fla) 1+ (z—a)
1

L+ g (z—a)”

where ¢, = a, if n > 0 and ¢g = 0. Then

E an (z —a)"

and so from the formula for the sum of a geometric series,

1 %) fo%e) np
f(x)_z< 2 enl >>'

p=0

oo

Z lan| |z —al™ <1 (8.36)
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By Corollary [8.11.4) this equals

D> bop(z—a)" (8.37)

p=0n=0

where

D ST

k1+---+kp:71

Thus |by,| < Zk1+~~+kp:n ek, | - ’ckp’ = B,,, and so by Theorem 8.11.3,

o0 o0 o0 o0
Yo bwlle—al® < 3D Buple—al

p=0n=0 p=0n=0

by 18.36/ and the formula for the sum of a geometric series. Since the series of [8.37 converges
absolutely, Theorem 5.4.5/ on Page 82 implies the series in [8.37 equals

Z ( bnp> (x —a)"
n=0 \p=0

and so, letting Z;O:O byp = by, this proves the lemma.
With this lemma, the following theorem is easy to obtain.

Theorem 8.11.6 Let f(z) = Yoo o an (x —a)", a power series having radius of
convergence v > 0. Suppose also that f (a) # 0. Then there exists r1 > 0 and {b,} such that
for all |z — a|] <,

1 > "
@ :;]bn(xfa) .

Proof: Let g (z) = f (x) /f (a) so that g (z) satisfies the conditions of the above lemma.
Then by that lemma, there exists 71 > 0 and a sequence, {b,} such that

for all |x — a| < r1. Then

where b, = b,/ f (a) . This proves the theorem.

There is a very interesting question related to 1 in this theorem. Consider f (z) = 1+a2.
In this case r = co but the power series for 1/f (z) converges only if || < 1. What happens
is this, 1/f (z) will have a power series that will converge for |z — a| < r; where r; is the
distance between a and the nearest singularity or zero of f (z) in the complex plane. In the
case of f(x) = 1+ 22 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.



The Riemann And Riemann
Stieltjes Integrals

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. What is presented here is a generalization of these ideas. The main
interest is in the Riemann integral but if it is easy to generalize to the so called Riemann
Stieltjes integral in which the length of an interval, [x,y] is replaced with an expression of
the form F'(y) — F (z) where F is an increasing function, then the generalization is given.
However, there is much more that can be written about Stieltjes integrals than what is
presented here. A good source for this is the book by Apostol, [2].

9.1 The Darboux Stieltjes Integral

9.1.1 Upper And Lower Darboux Stieltjes Sums

The Darboux integral pertains to bounded functions which are defined on a bounded interval.
Let [a,b] be a closed interval. A set of points in [a,b], {z¢, - -, 2, } is a partition if

a=xg<x1 <" - <xH =0
Such partitions are denoted by P or Q. For f a bounded function defined on [a,b], let
M; (f) =sap{f (v) : v € [zi—1, i},
m; (f) = inf{f (x) : x € [z;_1, 2]}

Definition 9.1.1 et F be an increasing function defined on [a,b] and let AF;
F (z;) — F (zi—1) . Then define upper and lower sums as

U(f,P)=)Y_ M (f)AF; and L(f,P)=> m;(f) AF,
=1 i=1

respectively. The numbers, M; (f) and m; (f), are well defined real numbers because f is
assumed to be bounded and R is complete. Thus the set S = {f (x) : ® € [x;_1,2;]} is
bounded above and below. The function, F' will be called an integrator.

1 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.
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In the following picture, the sum of the areas of the rectangles in the picture on the left is
a lower sum for the function in the picture and the sum of the areas of the rectangles in the
picture on the right is an upper sum for the same function which uses the same partition.
In these pictures the function, F is given by F () = z and these are the ordinary upper
and lower sums from calculus.

y=f(x) /

Lo T T2 T3 Lo T L2 T3

What happens when you add in more points in a partition? The following pictures
illustrate in the context of the above example. In this example a single additional point,
labeled z has been added in.

y=f(z) /

i) X1 T2 z X3 Xo X1 X2 z I3

Note how the lower sum got larger by the amount of the area in the shaded rectangle
and the upper sum got smaller by the amount in the rectangle shaded by dots. In general
this is the way it works and this is shown in the following lemma.

Lemma 9.1.2 If P C Q then
U(f,Q)<U(f,P), and L(f, P) < L(f,Q).
Proof: This is verified by adding in one point at a time. Thus let
P = {an te '7xn}

and let

Q={z0," T, Y, Tht1, 5 Tn )
Thus exactly one point, y, is added between xj and xjy1. Now the term in the upper sum
which corresponds to the interval [zg, x41] in U (f, P) is

sup {f (2) : @ € [wk, Tp41|} (F (Th41) — F (2)) (9.1)
and the term which corresponds to the interval [z, z5s1] in U (f, Q) is
sup {f (z) : @ € [k, Y]} (F (y) — F (x1))
+sup {f (2) : x € [y, zp ]} (F (zh41) — F (y)) (9.2)
= My (F (y) = F (zx)) + Mz (F (z41) = F (y))
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All the other terms in the two sums coincide. Now sup {f (z) : © € [xg, Tg+1]} > max (My, M>)
and so the expression in 9.2l is no larger than

sup{f (z) : @ € [k, Tpq1]} (F (241) — F (y))
+sup{f(z):x € [xr, zr1]} (F (y) — F (z1))
=sup {f (v) : @ € [vh, o1} (F (2p41) — F (21))

the term corresponding to the interval, [, 2g41] and U (f, P). This proves the first part of
the lemma pertaining to upper sums because if @ 2 P, one can obtain ) from P by adding
in one point at a time and each time a point is added, the corresponding upper sum either
gets smaller or stays the same. The second part about lower sums is similar and is left as
an exercise.

Lemma 9.1.3 If P and Q are two partitions, then
L(f.P)<U(f.Q).
Proof: By Lemma [9.1.2|
L(f,P)<L(f,PuQ)=U(f,PuQ)=U(fQ).
Definition 9.1.4
I =inf{U (f,Q) where Q is a partition}
I =sup{L (f,P) where P is a partition}.
Note that I and I are well defined real numbers.
Theorem 9.1.5 1<T.
Proof: From Lemma [9.1.3,
I =sup{L (f,P) where P is a partition} < U (f,Q)

because U (f, @) is an upper bound to the set of all lower sums and so it is no smaller than
the least upper bound. Therefore, since @ is arbitrary,

I =sup{L (f, P) where P is a partition}
< inf{U (f,Q) where Q is a partition} = I

where the inequality holds because it was just shown that [ is a lower bound to the set of
all upper sums and so it is no larger than the greatest lower bound of this set. This proves
the theorem.

Definition 9.1.6 A bounded function f is Darbouz Stieltjes integrable, written as
f € R([a,b])
if

~il

l =

and in this case,
b
/ f)ydF=I=1.

When F (x) = x, the integral is called the Darboux integral and is written as

/abf(x) da.
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Thus, in words, the Darboux integral is the unique number which lies between all upper
sums and all lower sums if there is such a unique number.
Recall the following Proposition which comes from the definitions.

Proposition 9.1.7 Let S be a nonempty set and suppose —oo < sup (S) < co. Then
for every § > 0,
SN (sup (S) — d,sup (9)] # 0.

If inf (S) exists, then for every 6 > 0,
S N [inf (S),inf (S) + ) # 0.

This proposition implies the following theorem which is used to determine the question
of Darboux Stieltjes integrability.

Theorem 9.1.8 4 bounded function f is Darboux Stieltjes integrable if and only if
for all € > 0, there exists a partition P such that

U(f,P)—L(f,P) <e. (9.3)

Proof: First assume f is Darboux Stieltjes integrable. Then let P and @ be two parti-
tions such that B
U(qu) <I+5/27 L(f7P> >l_‘€/2'

Then since I =1,
U(f,QUP)~L(f,PUQ)<U(f,Q) —L(f,P)<I+e/2—(L—¢/2)=¢.

Now suppose that for all € > 0 there exists a partition such that [9.3/ holds. Then for
given € and partition P corresponding to €

7_1SU(f7P)_L(faP)§5

Since ¢ is arbitrary, this shows I = I and this proves the theorem.

The criterion of the above theorem which is equivalent to the existence of the Darboux
Stieltjes integral will be referred to in what follows as the Riemann criterion.

Not all bounded functions are Darboux integrable. For example, let F'(z) = « and

[ 1lifzeQ
f(x)_{OifxeR\Q (9.4)
Then if [a, b] = [0, 1] all upper sums for f equal 1 while all lower sums for f equal 0. Therefore

the criterion of Theorem 9.1.8is violated for e = 1/2.

Here is an interesting theorem about change of variables [30]. First here is some notation:
f € Rla,b; F] will mean f is Darboux Stieltjes integrable on [a,b] and F is the integrator.
Also let

M; (f) =sap{f () : € [zi—1, 23]}
with
m; (f) =inf{f (z) : z € [vi—1, 7]}

Theorem 9.1.9 Suppose ¢ is an increasing one to one and continuous function
which maps [a,b] onto [A,B] and f € R[A,B; F|. Then fo¢ € Rla,b; F o ¢] and

/:fom(Foqs):/jde
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Proof: By assumption, there exists a partition of [A, B], P = {yo,y1, -, Yn} such that

Now let y; = ¢ (2;) so that {zo,z1,- - -, 2, } is a partition of [a,b], denoted by ¢~ ' (P). Also
note

M; (f) = M;(fo¢), mi(f)=mi(fog)

and
n

ZMi () (F (yi) = F (yi-1)) = ZMi (foo)(F(d(zi) — F (¢ (wi-1)))

=1

with a similar conclusion holding for the lower sums. Then from 9.5,

e > U@ - => (M m; (f)) (F (yi) = F (yi-1))

i=1

mi (f o)) (F (¢ (i) = F(¢(2i-1)))

I
M:

= IU( fod)—L (¢ (P),fog)

which shows by the Riemann criterion that f o ¢ € Ra,b; F o ¢]. Also both

/abfo¢d<Fo¢>,AdeF

are in the same interval of length ¢,

[L(67(P).fo0) U (67 (P).fo0)]

and so since ¢ is arbitrary, this shows the two integrals are the same. This proves the
theorem.

9.2 Exercises
1. Prove the second half of Lemma [9.1.2 about lower sums.

2. Verify that for f given in[9.4, the lower sums on the interval [0, 1] are all equal to zero
while the upper sums are all equal to one.

3. Let f(z) =1+a? for x € [-1,3] and let P = {-1,-1,0,

,5,1,2} . Find U (f, P) and
2 )
L(f,P) for F(z) =z and for F (z) = 23.

4. Show that if f € R ([a,b]) for F () = x, there exists a partition, {xo, -, z,} such
that for any 2y € [vg, Try1],

x) dx — Zf (zr) (g —xp—1)| <€
k=1

This sum, > y_, f (2x) (xx — xx—1), is called a Riemann sum and this exercise shows
that the Darboux integral can always be approximated by a Riemann sum. For the
general Darboux Stieltjes case, does anything change? Explain.
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Suppose { f,, } is a sequence of functions which are Darboux Stieltjes integrable with re-
spect to the integrator F on [a, b] . Suppose also that the sequence converges uniformly
to f on [a,b]. Show f is also integrable and

n—oo

lim fndF / fdF.

Let P = {1 13 1 15 L 13 2} and F (x) = z. Find upper and lower sums for the function,
fz)=1 usmg thls partition. What does this tell you about In (2)?

If f € R([a,b]) with F (z) = z and f is changed at finitely many points, show the
new function is also in R ([a, b]) . Is this still true for the general case where F is only
assumed to be an increasing function? Explain.

In the case where F' (z) = x, define a “left sum” as

n
> F (@) (wr — 2r1)
k=1

and a “right sum”,
n

> f (@) (@ — w1).
k=1

Also suppose that all partitions have the property that z, — xx_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 9.4, [ f(¢) dt = 1 if x is rational and [ f(t) dt =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 Darboux Stieltjes integral has been defined above for F' an increasing integrator
function. Suppose F is an arbitrary function defined on [a,b]. For P, = {xq, -, 2}
a partition of [a, z] ,define V (P,, F') by

Z\F ;) — F (zi1)| -

Define the total variation of F' on [a,z] by
Via,2) (F) = sup{V (P, F') : P, is a partition of [a,z]} .

Show x — Vjg 4 (F) is an increasing function. Then F is said to be of bounded
variation on [a, b] if Vi, ) (F) is finite. Show that every function of bounded variation
can be written as the difference of two increasing functions one of which is the function
r— ‘/[a,w] (F) :

Using Problem 9], explain how to define f: fdF for F a function of bounded variation.

The function F (z) = [z| gives the greatest integer less than or equal to z. Thus
(1/2) 0,F (5.67) =5 F(5) 5, etc. If F(x) = |z as just described, find
f xdF. More generally, find fo x) dF where f is a continuous function.

Suppose f is a bounded function on [0, 1] and for each £ > 0, f is Darboux integrable
on [g,1]. Can you conclude f is Darboux integrable on [0, 1]?
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9.2.1 Functions Of Darboux Integrable Functions

It is often necessary to consider functions of Darboux integrable functions and a natural
question is whether these are Darboux integrable. The following theorem gives a partial
answer to this question. This is not the most general theorem which will relate to this
question but it will be enough for the needs of this book.

Theorem 9.2.1 Let f, g be bounded functions and let
fla,0]) € [er,da] s g ([a,b]) € [e2,da].
Let H : [e1,d1] X [c2,d2] — R satisfy,
|H (a1,b1) — H (a2,b2)| < K [|a1 — az| + by — ba]
for some constant K. Then if f,g € R([a,b]) it follows that H o (f,g) € R([a,b]).

Proof: In the following claim, M; (k) and m; (h) have the meanings assigned above with
respect to some partition of [a, b] for the function, h.
Claim: The following inequality holds.

[M;i (H o (f,g)) —mi(Ho(f g)] <
K{|M; (f) = mi ()| + [M; (9) — ma (9)l] -
Proof of the claim: By the above proposition, there exist z1, 2z € [x;-1, ;] such that

H(f(21),9 (1)) +n> M (Ho(f,9)),

and
H(f (.1‘2) ,g(l‘g)) —n<m; (HO (f)g))
Then
|M; (H o (f,9)) —mi (Ho(f,9))

<2+ [H (f(21),9(21)) = H(f (22) 9 (22))]
<2+ K[| (21) = f(22)[ + 19 (1) — g (22)]]
<2+ K [|M; (f) —mi (f)] + [M; (9) —mi (9)]]-

g
)

Since n > 0 is arbitrary, this proves the claim.
Now continuing with the proof of the theorem, let P be such that

n

Z(Mi (f) =mi (f)) AF; < ﬁ, Z(Mi (9) —mi(9)) AF; < %

i=1 i=1

Then from the claim,

Z(MZ (Ho(f7g))_ml (Ho(fag)))AFz

i=1

n

< DKM () = mi ()] + [Mi () —mi (9)| AF; <e.

i=1
Since € > 0 is arbitrary, this shows H o (f,g) satisfies the Riemann criterion and hence
H o (f,g) is Darboux integrable as claimed. This proves the theorem.
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This theorem implies that if f,g are Darboux Stieltjes integrable, then so is af +
bg,|f|, f?, along with infinitely many other such continuous combinations of Darboux Stielt-
jes integrable functions. For example, to see that | f| is Darboux integrable, let H (a,b) = |al .
Clearly this function satisfies the conditions of the above theorem and so |f| = H (f, f) €
R ([a,b]) as claimed. The following theorem gives an example of many functions which are
Darboux Stieltjes integrable.

Theorem 9.2.2 Let f i a,b] — R be either increasing or decreasing on [a,b] and
suppose F is continuous. Then f € R([a,b]). If f : [a,b] — R is either increasing or
decreasing and continuous and no continuity requirement is made on F then f € R ([a,b]).

Proof: Let € > 0 be given and let

‘<b—a) ‘
Ti=a+1 , 1=0,-,n.
n

Since F' is continuous, it follows from Corollary 6.6.3/on Page 102, it is uniformly continuous.
Therefore, if n is large enough, then for all 7,

£

Flo) =Floe) < sy 1

Then since f is increasing,

U(f.P)—L(f,P)= Z(f(xi) = [(zi-1)) (F (2;) — F (zi-1))

m

Cf®) = fla)+1

Thus the Riemann criterion is satisfied and so the function is Darboux Stieltjes integrable.
The proof for decreasing f is similar.
Now consider the case where f is continuous and increasing and F' is only given to be

increasing. Then as before, if P is a partition, {zo,- - -, 2, },
U(f,P)=L(f,P)=>_(f(z:) = f (1)) (F (x;) = F (1)) (9.6)
i=1

Since f is continuous, it is uniformly continuous and so there exists § > 0 such that if
|z —y| < 4, then
3

Then in 9.6, if each |z; — 2;_1| < &, then

n

i=1

9
Fo) —Fla) 1 & @)= @)

3

< FoF@ O Fa) <

Thus the Riemann criterion is satisfied and so the function is Darboux Stieltjes integrable.
The proof for decreasing f is similar. This proves the theorem.
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Corollary 9.2.3 Let [a,b] be a bounded closed interval and let ¢ : [a,b] — R be Lipschitz
continuous and suppose F is increasing. Then ¢ € R ([a,b]). Recall that a function, ¢, is
Lipschitz continuous if there is a constant, K, such that for all x,vy,

¢ (z) = o (y)| < Kz —yl.

Proof: Let f(z) = . Then by Theorem [9.2.2, f is Darboux Stieltjes integrable. Let
H (a,b) = ¢ (a). Then by Theorem 9.2.11 H o (f, f) = ¢ o f = ¢ is also Darboux Stieltjes
integrable. This proves the corollary.

In fact, it is enough to assume ¢ is continuous, although this is harder. This is the
content of the next theorem which is where the difficult theorems about continuity and
uniform continuity are used.

Theorem 9.2.4 Suppose f : [a,b] — R is continuous and F is just an increasing
function defined on [a,b]. Then f € R([a,b]).

Proof: By Corollary [6.6.3/ on Page [102] f is uniformly continuous on [a, b] . Therefore, if
e > 0 is given, there exists a § > 0 such that if |z; — 2;_1| <, then M; —m;
Let

< FO—F@T"

P={zg, -, zn}

be a partition with |z; — z;—1| < . Then

U(f,P)—-L(f,P) < Z(Mi—mi)(F(xi)—F(xi,l))

< F(b)_F(a)+1(F(b)—F(a))<e.

By the Riemann criterion, f € R ([a,b]). This proves the theorem.

9.2.2 Properties Of The Integral

The integral has many important algebraic properties. First here is a simple lemma.

Lemma 9.2.5 Let S be a nonempty set which is bounded above and below. Then if
—S={-z:2€S85},
sup (—5) = —inf () (9.7

and

inf (=S) = —sup (9). (9.8)

Proof: Consider 9.7, Let z € S. Then —z < sup (—S5) and so z > —sup (=S) . If follows
that —sup (—5) is a lower bound for S and therefore, —sup (—S) < inf (S). This implies
sup (—S) > —inf (S). Now let —x € —S. Then z € S and so = > inf (S) which implies
—z < —inf (S) . Therefore, — inf (S) is an upper bound for —S and so — inf (S) > sup (—5).
This shows [9.7. Formula 9.8 is similar and is left as an exercise.

In particular, the above lemma implies that for M; (f) and m; (f) defined above M; (—f) =

—mi (f), and m; (=f) = =M; (f).
Lemma 9.2.6 If f € R([a,b]) then —f € R([a,b]) and

—/abf(:@ dF:/ab—f(x) dF.
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Proof: The first part of the conclusion of this lemma follows from Theorem [9.2.2! since
the function ¢ (y) = —y is Lipschitz continuous. Now choose P such that

/b—f(x) AF — L(—f,P) <.

Then since m; (—f) = —M; (f),

b n b n

e [ @ P =m0 AF = [ <f () dF+ Y M (1) AF,

a i=1 a i=1

which implies
b n b b

/ > / /

Thus, since ¢ is arbitrary,

/ab—f(x)dFS—/abf(x)dF

whenever f € R ([a,b]). It follows

b b b b
[~twar<- [ j@ir=- [ ~(fa)ar< [ ~f@ar
and this proves the lemma.

Theorem 9.2.7 The integral is linear,

/ab(ozf-Fﬂg)(l‘) sza/abf(x) dF—|—ﬂ/abg(a;) dF.

whenever f,g € R([a,b]) and a, 5 € R.

Proof: First note that by Theorem 9.2.1, af + 8g € R ([a,b]) . To begin with, consider
the claim that if f,g € R ([a,b]) then

/ab(f+g)(:v) dF:/abf@c) dF+/:g<x> dF. (9.9)

Let Pp,Q; be such that

U (£.Qu) ~ L(f.Qu) < /2, U9, P) — L{g, P) < ¢/2.
Then letting P = P, U Q1, Lemma 9.1.2 implies

U(f,P)—L(f,P)<¢e/2, and U (g,P)—U (g9,P) <e/2.
Next note that

mi (f +9) = mi (f) +mi(g), M;(f+9) < M;(f)+ M(g).

Therefore,

L(g+f,P)=L(f,P)+L(g,P), U(g+f,P)<U(f,P)+ Uy, P).
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For this partition,

b
/<f+g><x>dFe[L<f+g,P>,U<f+g,P>1
C[L(f,P)+L(g,P),U(f,P)+U/g,P)]

and

b b
/f(ac)dF+/ g(x) dF € [L(f.P)+ L(g.P),U(f.P)+ U (4. P)].

a a

/ab(f+g)(af) aF - (/abfm dF+/abg<x> dF)

U(f,P)+U(g,P)— (L(f,P)+L(g,P)) <e/24+¢/2=c¢.

This proves 9.9 since € is arbitrary.
It remains to show that

Therefore,

<

a/abf(x) dF:/ubozf(ac) dF.

Suppose first that « > 0. Then

b
/ af (z) dF = sup{L (af, P) : P is a partition} =

b
asup{L (f,P) : P is a partition} = a/ f(z) dF.

If a < 0, then this and Lemma [9.2.6 imply

/ of (x) dF = / () (—f @) dF

= (—a)/:(—f(a:)) dF:oz/abf(x) dF.

This proves the theorem.
In the next theorem, suppose F' is defined on [a, b] U [b, ] .

Theorem 9.2.8 17 f c R([a,b]) and f € R([b,d]), then f € R(|a,c]) and

/Cf(x) dF = /bf(x) dF—i—/cf(:v) dF. (9.10)
a a b
Proof: Let P, be a partition of [a,b] and P, be a partition of [b, ¢| such that
U(f,P)—L(f,P)<e/2, i=1,2.
Let P = P; U P,. Then P is a partition of [a, ¢] and
U(f,P) - L(f,P)

=U(f,P\)—L(f,P))+U(f,P) — L(f,P)<e/2+¢/2=c¢. (9.11)
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Thus, f € R([a,c]) by the Riemann criterion and also for this partition,

b c
/f@MFfAf@MFHMﬂHHlUf@ﬁUJU+U%%H
— [L(f.P),U(f.P)]

and

lff@MFéwdf%U@Pﬁ

Hence by [9.11),

/acf(:r) dF — (/abf(x) dF+/bcf(:r) dF)

which shows that since € is arbitrary, 9.10/ holds. This proves the theorem.

<U(f,P)=L(f,P)<e

Corollary 9.2.9 Let F be continuous and let [a,b] be a closed and bounded interval and
suppose that
a=y1<y2--<y=>b

and that f is a bounded function defined on [a,b] which has the property that f is either
increasing on [y;,yj4+1] or decreasing on [y;,yj4+1] for j=1,---,1—1. Then f € R([a,b]).

Proof: This follows from Theorem [9.2.8 and Theorem [9.2.2.

Given this corollary, can you think of functions which do not satisfy the conditions of
this corollary? They certainly exist. Think of the one which was 1 on the rationals and 0 on
the irrationals. This is a sick function and that is what is needed for the Darboux integral
to not exist. Unfortunately, sometimes sick functions cannot be avoided.

The symbol, f: f () dF when a > b has not yet been defined.

Definition 9.2.10 Let [a,b] be an interval and let f € R([a,b]). Then

/baf(x)dFE—/abf(x)dF.

Note that with this definition,

/aaf(x)dF:—/aaf(x) dF

and so

/a f(x) dF =0.
Theorem 9.2.11 Assuming all the integrals make sense,
b c c
/a I (x) dF—l—/b f(x) dF:/a f (z) dF.

Proof: This follows from Theorem 9.2.8 and Definition 9.2.10. For example, assume

c € (a,b).
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Then from Theorem [9.2.8|,

/acf(x) dF+/cbf(:c) dF/abf(x) iF

and so by Definition 9.2.10,

/:f(x) dF:/abf(a:) dF—/cbf(x) dF

b c
:/ f(x) dF+/ f(z) dF.
a b
The other cases are similar.

The following properties of the integral have either been established or they follow quickly
from what has been shown so far.

It f € R([a,b]) then if c € [a,8], f € R (la,d]), 9.12)
/abadF:a(F(b)—F(a)), (9.13)
/b(af+ﬁg dF—a/f dF+B/ (9.14)
/f dF+/ f (@) dF = /f (9.15)
/f )dF > 0if f(z) > 0 and a < b, (9.16)

(9.17)

/f aF /|f )| dF.

The only one of these claims which may not be completely obvious is the last one. To show
this one, note that

|f (@)= f(z) >0, |f (@) + f(z) >0
Therefore, by [9.16/ and 9.14), if a < b,

/:|f<x>|dF>/abf<x>dF
/ab|f<x>|sz—/abf<x>dF

/:If(rc)ldF> /abf(fr)dF-

If b < a then the above inequality holds with a and b switched. This implies [9.17.

and

Therefore,
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9.2.3 Fundamental Theorem Of Calculus

In this section F'(x) = x so things are specialized to the ordinary Darboux integral. With
these properties [9.12 - [9.17, it is easy to prove the fundamental theorem of calculus?. Let
f € R([a,b]). Then by 9.12] f € R([a,z]) for each x € [a,b]. The first version of the
fundamental theorem of calculus is a statement about the derivative of the function

T — /wf(t) dt.
Theorem 9.2.12 Let f € R([a,b]) and let

F(.Z‘)E/zf(t)dt.

Then if f is continuous at x € [a,b],

where the derivative refers to the right or left derivative at the endpoints.

Proof: Let = € [a,b] be a point of continuity of f and let h be small enough that
x + h € [a,b]. Then by using 9.15]

Fx+h)—F(z)— f(z)h

a+h a+h
= F(:C—l—h)—F(a:)—/ f(t)dt+</ f(t)dt—f(x)h)

x+h ’
- [ rwa-s@n
I need to verify
x+h
| rwa-r@n=om.
Using 9.13,
x+h
f=nt [ f@a

Therefore, by 9.17,

x+h
(/ f(t)dt—f(m)h>‘=

z+h
[0 f ) e

x+h
W - 1) de

S

<

Let € > 0 and let § > 0 be small enough that if |t — x| < 4, then

IF (&) = f (@) <e

2This theorem is why Newton and Liebnitz are credited with inventing calculus. The integral had been
around for thousands of years and the derivative was by their time well known. However the connection
between these two ideas had not been fully made although Newton’s predecessor, Isaac Barrow had made
some progress in this direction.
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Therefore, if |h| < §, the above inequality and 9.13 shows that
W (F (x4 h) = F (2)) = f(2)] < |h[ " e[ = <.

Since € > 0 is arbitrary, this shows

x+h
/ f(tydt— f(x)h =o(h)

and so this proves the theorem.
Note this gives existence of a function, G which is a solution to the initial value problem,

G'(z)=f(x), G(a) =0

whenever f is continuous. This is because of Theorem [9.2.4! which gives the existence of the
integral of a continuous function.
The next theorem is also called the fundamental theorem of calculus.

Theorem 9.2.13 Let f € R([a,b)) and suppose G (z) = f () at every point of

(a,b) and G is continuous on [a,b]. Then

b
/ f(x)de=G((b)—G(a). (9.18)
Proof: Let P = {xg, - -, 2, } be a partition satisfying
Then

G (b) =G (a) = G (zn) = G (20)

= G (i) — G (i1).
=1

By the mean value theorem,
G(b)—G(a)=Y G (z)(wi—wi1)
i=1

=37 F () Ay
=1

where z; is some point in (x;_1, ;). It follows, since the above sum lies between the upper
and lower sums, that

G () —G(a) € [L(f,P),U(f,P),
and also .

[ F@ daeLi.p)UP).
Therefore,

b
G(b)—G(a)—/ F(@) de| <U(f,P)— L(f,P) <.

Since € > 0 is arbitrary, 9.18 holds. This proves the theorem.
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The following notation is often used in this context. Suppose F' is an antiderivative of f
as just described with F' continuous on [a,b] and F’ = f on (a,b). Then

b
[ F@ da=F®)-F@)=F@l.

Definition 9.2.14 ret f be a bounded function defined on a closed interval [a,b]
and let P = {xq, - -+, x,} be a partition of the interval. Suppose z; € [x;—1,x;] is chosen.
Then the sum

> F () (@i —wia)
i=1
is known as a Riemann sum. Also,
||P|| = max {|z; —x;—1|:i=1,---,n}. (9.19)

Proposition 9.2.15 Suppose f € R([a,b]). Then there exists a partition, P = {xq, - -, T, }
with the property that for any choice of zx € [Tk—1,xk],

b n
/ f(z) dﬁU—Zf(Zk)(l‘k—mk_ﬁ <e.
@ k=1

Proof: Choose P such that U (f,P) — L(f,P) < ¢ and then both f;f(x) dzx and
Sor_y [ (2k) (mk — x_1) are contained in [L (f, P),U (f, P)] and so the claimed inequality
must hold. This proves the proposition.

You should think how the above proposition would change in the more general case
of a Darboux Stieltjes integral. This proposition is significant because it gives a way of
approximating the integral.

9.3 Exercises

1. Suppose {f.} is a sequence of Darboux Stieltjes integrable functions defined on a
closed interval, [a,b]. Suppose f, — f uniformly on [a,b]. Show

b b
lim | fudF = [ fdF.

a

Included in showing this is the verification that f is Darboux Stieltjes integrable.
2. Let f,g be bounded functions and let
f(la,b]) € [e1,da], g ([a,b]) € [e2,da].

Let H : [c1,d;] X [ea,da] — R satisfy, the following condition at every point (x,y). For
every € > 0 there exists a 6 > 0 such that if

(@,y), (z1,51) € [c1,da] X [c2,d]
and max (Jx — z1], |y — y1]) < J then
|H (2,y) — H (x1,51)] <¢

Then if f,g € R ([a,b]) it follows that Ho (f,g) € R ([a,b]) . Is the foregoing statement
true? Prove or disprove.
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3. A differentiable function f defined on (0, co) satisfies the following conditions.

flay)=f@)+fy), f1)=1
Find f and sketch its graph.

4. 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.

5. Suppose f is a continuous function on [a, b] and
b
/ f?dF = 0.

6. Suppose f is a continuous function and

/bf(x)x”dx:O

forn=10,1,2,3---. Show using Problem [ that f (z) =0 for all 2. Hint: You might
use the Weierstrass approximation theorem.

Show that then f (x) =0 for all x.

7. Here is a function: 2sin (L) if @ £
T“ sin ite#0
f(x)—{ 0ifz=0

Show this function has a derivative at every point of R. Does it make any sense to
write

Explain.
8. Let

| sin ifx#0
f(x)—{ Olf(z)—()

Is f Darboux integrable with respect to the integrator F' (x) = x on the interval [0, 1]?

9. Recall that for a power series,
o0
Z a (z —)F
k=0

you could differentiate term by term on the interval of convergence. Show that if the
radius of convergence of the above series is r > 0 and if [a,b] C (¢ —r,c+ ), then

/abiak(x—c)kdx

k=0
Z k k+1 Z k k+1
= + — — —_— —
k k
k=1 k=1

In other words, you can integrate term by term.

k

10. Find Y2, 2~
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11.
12.

13.

14.

15.

16.

17.
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Let f be Darboux integrable on [0,1]. Show z — [ f (t) dt is continuous.

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 inte-
gration by parts formula. Also explain why all the terms make sense.

/f’(t)g(t)dt:f(b)g(b)—f(a)g(a)—/ F()g () dt

Show
n 1)n+1 p2n+2

1 Kook, (=
3 (-1
1422 ];)( JlaT 1+ 22

Now use this to find a series which converges to arctan (1) = 7 /4. Recall

|
arctan () = / dt.
0

1+ ¢2

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 (z) = [ 15z dt. Of course F (z) = arctan (z) as mentioned aboe 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 (z) < M.
Next explain why lim, o, F (z) exists and show this limit equals —lim,_, o F ().

In Problem 14/let the limit defined there be denoted by /2 and define T' (z) = F~! (x)
for z € (—7/2,7/2). Show T’ (z) = 14 T (z)* and T (0) = 0. As part of this, you
must explain why 77 (z) exists. For z € [0,7/2] let C(z) = 1/1/1+ T (x)* with
C (m/2) = 0 and on [0,7/2], define S (z) by 1/1 — C (z)?. Show both S (z) and C (z)
are differentiable on [0,7/2] and satisfy S’ (x) = C (z) and C’ () = =S (z) . Find the
appropriate way to define S (x) and C (z) on all of [0, 27] in order that these functions
will be sin (z) and cos (z) 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, [18] for
this approach.

Show

arcsin

v 1
(a:):/o ﬁdt.

Now use the binomial theorem to find a power series for arcsin ().

The initial value problem from ordinary differential equations is of the form

Y =), y(0)=y.

Suppose f is a continuous function of y. Show that a function, ¢ — y (¢) solves the
above initial value problem if and only if

y(t)zyo-&-/olf(y(s))ds.
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18. Let p,q > 1 and satisfy

S =1
p q

Consider the function z = t?~1. Then solving for ¢, you get t = z'/(®=1) = ga-1,
Explain this. Now let a,b > 0. Sketch a picture to show why

b a
/ 2?7 Yz + / P=Ldt > ab.
0 0

Now do the integrals to obtain a very important inequality

When will equality hold in this inequality?

19. Suppose f, g are two Darboux integrable functions on [a, b] with respect to an integra-
tor F. Verify Holder’s inequality.

b b 1/p b 1/q
[ |ng§< / flde> ( / |g|qu>

. . b p 1/p b q 1/q
Hint: Do the following. Let A = ( P11 dF) B = ( "1l dF) . Then let

JEil
A

and use the wonderful inequality of Problem [18.

gl
b=

a =

9.4 The Riemann Stieltjes Integral

The definition of integrability given above is also called Darboux integrability and the inte-
gral defined as the unique number which lies between all upper sums and all lower sums is
called the Darboux integral . The definition of the Riemann integral in terms of Riemann
sums is given next. I will show that these two integrals are often the same thing.

Definition 9.4.1 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 e > 0, there
exists 6 > 0 such that if

P={zo, 21, -, 2n}

is any partition having ||P|| < ¢, and z € [z;—1, ],

n

I=3 " f(z)(F(x;) = F(zi1))| <e.

i=1
The number f: f (z) dFis defined as I.

It turns out Riemann Stieltjes and Darboux Stieltjes integrals are often the same. This
was shown by Darboux. The Darboux integral is easier to understand and this is why it
was presented first but the Riemann integral is the right way to look at it if you want to
generalize. The next theorem shows it is always at least as easy for a function to be Darboux
integrable as Riemann integrable.
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Theorem 9.4.2 If a bounded function defined on [a,b] is Riemann Stieltjes integrable
with respect to an increasing F in the sense of Definition|9.4.1 then it is Darboux Stieltjes
integrable. Furthermore the two integrals coincide.

Proof: Let f be a bounded function integrable in the sense of Definition 9.4.1. This
implies there exists I and a partition

P = {1:0,:517' : 'axn}

such that whenever z; € [z;_1, 7],

Zf Zz z F(xz—l)) <€/3

It follows that for M; and m; defined as before,

I_ZMi(F(xZ) F(xz 1)) <e/3
Zml x;) — F(x;-1))| <¢e/3
Thus for this partition, P,
U(P,f)—L(Pf)= ZMi (F (zi) = F (wi-1)) — Zmi (F (i) = F (zi-1))

< D M(F Fwi) = I+ [T =Y m;(F () = F (z; 1))|
i=1 =1

< 4o %<5

= 373 3

Since ¢ is arbitrary, this and the Riemann criterion shows f is Darboux integrable.
It also follows I = f: fdF where f: fdF is the Darboux integral because

b n
_/ fdF| < —ZMi(F(J?i)_F(xi—l))‘
a i=1
b
F(zi—1))— [ fdF
=1 1 ~/a
Lk
= 3ty

and ¢ is arbitrary.

Is the converse true? If f is Darboux Stieltjes integrable, is it also Riemann Stieltjes
integrable in the sense of Definition 9.4.17 The answer is often yes. The theorem will be
proved using some lemmas.
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Lemma 9.4.3 Suppose f is a bounded function defined on |a,b] and |f (x)| < M for
all x € [a,b]. Let Q be a partition having n points, {xzf,- -, x}} and let P be any other
partition. Then

\U(f, P) = L(f,P)| <2Mn||Pp||+ U (f,Q) = L(f,Q)|
where || Pr|| is defined by
max {F (z;) — F (zi—1) : P =A{x0, -, zm}}
Proof of the lemma: Let P = {xzg,- - -,z }. Let I denote the set
I={i:[z;—1,x;] contains some point of Q}

and 1€ ={0,---,m} \ I. Then
U(f,P) = L(f:P) = 3 (M;=my) (F (@) = F (1))
+ > (M —mi) (F () — F (zi-1))

i€l

In the second sum above, for each i € I¢, [x;_1, ;] must be contained in [:1:,”;71,:1:;] for
some k. Therefore, each term in this second sum is no larger than a corresponding term
in the sum which equals U (f,Q) — L (f, Q). Therefore, the second sum is no larger than
U(f,Q)— L(f,Q). Now consider the first sum. Since |f (z)| < M,

(M; —my) (F (2i) — F'(zi-1)) < 2M || Pp||

and so since each of these intervals [z;_1, ;] for i € I contains at least one point of @, there
can be no more than n of these. Hence the first sum is dominated by

2Mn || Pp||.
This proves the lemma.

Lemma 9.4.4 Ife > 0 is given and f is a Darboux integrable function defined on [a,b),
then there exists § > 0 such that whenever ||Pg|| < 0, then

\U(f,P)—L(f,P)|<e.

Proof of the lemma: Suppose @ is a partition such that U (f,Q) — L(f,Q) < &/2.
There exists such a partition because f is given to be Darboux integrable. Say @ has
n intervals. Then if P is any partition such that 2Mn ||Pg|| < /2, it follows from the
preceeding lemma that

U(f,P)=L(f,P)] < 2Mn||Pp|[+|U(f,Q) - L(f, Q)|
< g/24¢/2=¢.

This proves the lemma.

Theorem 9.4.5 Suppose f is Darboux Stieltjes integrable and the integrator, F is
increasing and continuous. Then f is Riemann Stieltjes integrable as described in Definition
9.7.1.
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Proof: By Lemma[9.4.4] there exists § > 0 such that if || Pp|| < J, then
‘U(f,P) _L(f7P)| <e.

By the continuity of F, there exists > 0 such that if ||P|| < n, then ||Pr|| < d. Therefore,

the above inequality holds for such P. Letting fab fdF be the Darboux Stieltjes integral, it
follows that every Riemann Stieltjes sum corresponding to ||P|| < ¢ has the property that

this sum is closer to f; fdF than ¢ which shows f is Riemann Stieltjes integrable in the

sense of Definition [9.4.1] and I = f: fdF. This proves the theorem.

Note this shows that the Riemann integral and the Darboux integral are completely
equivalent whenever the integrator function is continuous. This is the case when the inte-
grator function is F' (z) = x which is the usual Riemann integral of calculus.

Recall that a continuous function, f is Darboux Stieltjes integrable whenever the inte-
grator is increasing, not necessarily continuous. Does the same theorem hold for Riemann
Stieltjes integrability in the sense of Definition 9.4.17 Tt does.

Theorem 9.4.6 Let f be continuous on [a,b]. Then f is Riemann Stieltjes integrable
in the sense of Definition 9.4.1.

Proof: Since f is continuous and [a, b] is sequentially compact, it follows from Theorem
6.6.2/ that f is uniformly continuous. Thus if € > 0 is given, there exists § > 0 such that if
|z — y| <4, then

€
2(F(b)—F(a)+1)

Let P = {zg, - -,z } be a partition such that ||P|| < §. Now if you add in a point z on the
interior of I; and consider the new partition,

[f (z) = Fy)l <

Top < - < Zj1 <2<x; << Ty
denoting it by P/,

Jj—1

S(P,f)_S(P/»f):Z(f(ti)—f(té))(F(ﬂ%)_F(ﬂﬁifl))

i=1

+f () (F (25) = F (zj-1)) = f (£)) (F (2) = F (z-1))

—f (ths1) (F(z) = F () + D (£ (t:) = f (ti11)) (F (@) = F (1))

i=j+1
The term, f (t;) (F (z;) — F (zj—1)) can be written as
F(#5) (F () = F(zj-1)) = [ (&) (F (25) = F(2)) +  (t5) (F (2) = F (2j-1))

and so, the middle terms can be written as

f () (F (z5) = F (2)) + f () (F (2) = F (x-1))
—f (t;) (F (2) = F (zj-1)) = f (tj41) (F (z5) = F (2))

= (f(ty) = f(t)y1)) (F () — F(2))
+(f(t5) = £ () (F(2) = F (zj-1))



9.4. THE RIEMANN STIELTJES INTEGRAL 199

The absolute value of this is dominated by

€
2(F(b)—F(a)+1)(

< F(x;) — F(xj-1))

This is because the various pairs of values at which f is evaluated are closer than §. Similarly,

j—1
Z (f (&) = [ () (F (25) = F (i-1))
j-1
< ' |f (t:) = f () (F (@) = F (zi-1))
j—1
g
and
D0 (F () = £ (ti1)) (F () = F (1))
i=j+1
g
Thus

SP.H-SP.NI<Y; 0 fF Gy @) = F (i) <ef2.

Similar reasoning would apply if you added in two new points in the partition or more
generally, any finite number of new points. You would just have to consider more exceptional
terms. Therefore, if ||P|| < § and @ is any partition, then from what was just shown, you
can pick the points on the interiors of the intervals any way you like and

IS(P,f) = S(PUQ, [l <e/2.
Therefore, if ||P], ||Q]| < 4,

(ISP f) =S @ NI < ISP =SPURN+I[S(PUQ,[)=S5(Q, )
< g/24¢e/2=¢

Now consider a sequence €, — 0. Then from what was just shown, there exist §,, > 0
such that for ||P|],]|Q]|| < dn,

‘S(me)_S(Qaf” <én
Let K, be defined by

K,=U{S(P,f):||P|| <dn}
In other words, take the closure of the set of numbers consisting of all Riemann sums,
S (P, f) such that ||P|| < 0,. It follows from the definition, K, O K,4+; for all n and
each K, is closed with diam (K,) — 0. Then by Theorem 4.9.2(0) there exists a unique
I € N2, K,,. Letting € > 0, there exists n such that &, < . Then if ||P|| < §,, it follows
|S(P,f)—1I| < &, < e. Thus f is Riemann Stieltjes integrable in the sense of Definition
9.4.1land I = f; fdF. This proves the theorem.
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9.4.1 Change Of Variables

The formulation of the integral in terms of limits of Riemann sums makes it easy to establish
the following lemma and change of variables formula which is well known from beginning
calculus courses although there it is presented in less generality.

Lemma 9.4.7 Let f be Riemann Stieltjes integrable with an integrator function F which
is increasing and differentiable on [a,b] with continuous derivative. Then

/abde:/abe’dt

Proof: First note that the integral on the right makes sense because F’ is continuous,
hence Riemann integrable. Let ¢ > 0 be given. Then there exists §; > 0 such that if
[|P|| <61, P={xo, -, zn}, then

< (9.20)

Wl m

b n
[ HFP =Y f @) (F o) - P(aio)
a k=1

Since F’ is assumed continuous, there exists o such that if |t — x| < d3, then

3

\F/(t)—F/($)|<m

where M > |f (t)] for all ¢ € [a,b]. It follows from the mean value theorem that if |y — x| <
0o, then
Fly) - F(z)

1>
—F <
- (@) <3

M (b—a)
and therefore,
lo(y — )| =

|F(y) = F (x) = F' (2) (y — )| < (9.21)

—f gz
3(b—a)M "
Let ||P|| < min (d1,02,d3) where d3 is chosen small enough that for ||P|| < d3,

b n
/ fF/dt_Zf(xi—l)F/ (1) (i — w5-1)
@ k=1

Returning to 9.20,

D @) (F (@) = F(wi) = > f (@) F (wi1) (@ — 2i1)
k=1

Zf(fﬂi—l)O(IEi - Ii—l) =
k=1

Therefore, for ||P|| < 6,

/abde—/abe’dt

n

Do F @) (F (@) = Fwic1) = > f (wio1) F (wie1) (w5 — 2i1)
k=1

k=1

<

b n
[ HE = F i) (F (@) - i)
a k=1
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n b
Y @) B i) s = i) = [ fPa
k=1 a
<S4Z4s=c
3 3 3

Since ¢ is arbitrary, this shows

b b
/ de—/ fFE'dt=0
and this proves the theorem.

With this lemma, here is a change of variables formula.

Theorem 9.4.8 Let f be Riemann integrable on [A, B] where the integrator function
is F (t) =t. Also let ¢ be one to one, and differentiable on [a,b] with continuous derivative
such that ¢ ([a,b]) = [A, B]. Then f o ¢ is Riemann integrable on [a,b] and

#(b)

b
/ dt = dx
/wat))qs(t) : /M f

Proof: First consider the case that ¢ is increasing. By Lemmal6.4.3 either ¢ is increasing
or decreasing so there are only two cases to consider for ¢. The case where ¢ is decreasing
will be considered later. By Theorem [9.1.9]

/abfo¢d(Fo¢):/deF:/:(b)de

A (a)
where F' (t) = t. Then from Lemma [9.4.7, this reduces to

b (b)
[1ewdwa=["" s
@ #(a)

This proves the theorem in the case where ¢ is increasing.

Next consider the case where ¢ is decreasing so ¢ (a) = B,¢(b) = A. Then —¢ is
increasing and maps [a, b] to [-B, —A]. Let h be defined on [-B, —A] by h(z) = f(—z). It
follows h is Riemann integrable on [—B, —A]. This follows from observing Riemann sums.
Furthermore it is seen in this way that

/_;Ah@)dy:/ABf(x)dx.

Then applying what was just shown,
b
- [ 1e®)d wa
b
= [ no) (-¢' @) de

- /_;Ah(y)dyzABf(x)dx

#(a)
= / f(x)dz
#(b)

b B(b)
/ (@) ¢ (t)dt = / f (z) da.
a [

This proves the change of variables formula.

and so
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9.4.2 General Riemann Stieltjes Integrals

Up till now the integrator function has always been increasing. However this can easily be
generalized. To do so, here is a definition of a more general kind of function which will serve
as an integrator. First of all, here is some notation.

Notation 9.4.9 Let F be an increasing integrator function. Then when f is Riemann
Stieltjes integrable with respect to F on [a,b], this will be written as

f € R([a,b],F)
with similar notation applying to more general situations about to be presented.

Definition 9.4.10 Suppose F is an arbitrary function defined on [a,b]. For P, =
{zo, ", xn} a partition of [a, x| ,define V (P, F) by

n

D IF () = F(i1)].

i=1
Define the total variation of F on [a, x| by
Via,2) (F) = sup{V (P, F) : Py is a partition of [a,x]} .
Then F is said to be of bounded variation on [a,b] if Viq s (F) is finite.
Then with this definition, one has an important proposition.

Proposition 9.4.11 Every function F of bounded variation can be written as the dif-
ference of two increasing function, one of which is the function

€r — Vv[a,a:] (F)

Furthermore, the functions of bounded variation are exactly those functions which are the
difference of two increasing functions.

Proof: Let F be of bounded variation. It is obvious from the definition that x —
Via,z) (F) is an increasing function. Also

F(2) = Vi) (F) = (V) (F) = F (2))

The first part of the proposition is proved if I can show 2 — Vi, ;1 (F') — F' () is increasing.
Let z < y. Is it true that

‘/[a,r] (F) - F(l‘) < Vv[a,y] (F) - F(y)7
This is true if and only if
F(y) = F (2) < Viay (F) = Via.a) (F) (9.22)
To show this is so, first note that
V (P, F) <V (Qu F)

whenever the partition Q, O P,. You demonstrate this by adding in one point at a time and
using the triangle inequality. Now let P, and P, be partitions of [a, y] and [a, 2] respectively
such that

V(PwaF)+€ > ‘/[a,z] (F)7 V(Pva)"i'e > ‘/[a,y] (F)



9.4. THE RIEMANN STIELTJES INTEGRAL 203

Without loss of generality P, contains = because from what was just shown you could add
in the point 2 and the approximation of V' (P, F') to V|, (F') would only be better. Then
from the definition,

V[a’y](F)_V[a,x](F) V(Py, F) = (V (P, F) +¢)
|F(y) — F(z)| —¢

Fy)—F(z) -«

(A\VARAVARLY]

and since € is arbitrary, this establishes[9.22. This proves the first part of the proposition.
Now suppose
F(z) = Fi (z) - F2 (2)

where each F; is an increasing function. Why is F' of bounded variation? Letting = < y

F(y) = F@)] = |[Fi(y) - F2y) - (Fi(z) - Fa(2))]
< (Fi(y) —Fi(2) + (R (y) — F2(2))
Therefore, if P = {xq, -+, z,} is any partition of [a, b]

n

Z|F($i)—F(a?z‘—1)\ < Y (Fu(w) = Fi (1)) + (B (23) = Fa (251))

i=1

= (F1(b) = Fi(a)) + (F2 (b) — F2(a))

and this shows Vi, 3 (F)) < (F1 (b) — F1 (a)) + (F2 (b) — F (a)) so F is of bounded variation.
This proves the proposition.

With this proposition, it is possible to make the following definition of the Riemann
Stieltjes integral.

Definition 9.4.12 ret F be of bounded variation on [a,b] and let F = F; — Fy
where F; is increasing. Then if g € R ([a,b], F;) for i =1,2

b b b
/ngE/ ngl—/ gdFs

When this happens it is convenient to write g € R ([a,b], F).
Of course there is the immediate question whether the above definition is well defined.

Proposition 9.4.13 Definition 9.4.12 is well defined. Also for each € > 0 there exists
a6 > 0 such that if P = {xo,---,xn} s a partition of [a,b] such that ||P|| < ¢, then if
2 € [wi—1, 2] fori=1,2-- n, then

ng Zg zi) (F (x;) — F (xi—1))| < e.

Proof: By assumption g € R([a,b], F;) for i = 1,2. Therefore, there exists ¢; such that

/ng Zg 2i) (F () = F (zi-1))

whenever P = {zg,- - -, x,} with ||P|| < 0; and 2z; € [x;—1,2;]. Let 0 < § < min (Jy,2).
Then pick a partition P = {zo,- - -,z } such that ||P|| < d. It follows

n b b
S 0(5) (F (1) = F (zi1)) — (/ ngl—/ ng2>|

i=1

<eg/2
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= |<ig( (
. ( [on- [ gm) |
n b

> 900 (Fa (@) = Fi (i) - [ iy

i=1 a

zi) (Fy (w) — Fy (wi-1)) — ZQ (zi) (F2 (z) — F2 (l’i_l)))

<

+ <e/2+¢e/2=¢.

n b
ZQ (2i) (Fy (x5) — Fy (wi-1)) — / gdry

If F = F] — F} the same argument would show that for || P|| small enough,

5) = F (3i1)) - (fng{—/fngé)

Therefore, picking a partition P with ||P|| small enough to satisfy [9.23 for F; and F}, it

follows
b b b b
( / gdF] — / ng£> - ( / gdF, — / ng2>
b
(/ oir; - | ng2> Zg %) (F (2:) — F (31-1))
b b
(/ ngl—/ ng2> Zg %) (F (2:) = F (zi-1))

since ¢ is arbitrary this shows the definition is well defined and the approximation claim
holds. This proves the proposition.

More generally, let f and g be two arbitrary functions defined on [a, b] . Then the following
definition tells what it means for f € R([a,b],g). Note the above takes care of the case
where integrator function is of bounded variation.

(9.23)

<

+ < 2e

nition 9.4. S a,b|, means that there exists a number I such that
Definition 9.4.14 f € R([a,b],9) hat th ber I such th
for every € > 0 there exists § > 0 such that if

P = {an' . '7xn}

is a partition of [a,b] with ||P|| < §, then whenever z; € [x;_1,x;] for each i,

<e.

f zi) (g (x;) —g(wi—1)) =1

I/abfdg.

Now here is a general integration by parts formula. This is a very remarkable formula.

Then



9.4. THE RIEMANN STIELTJES INTEGRAL 205

Theorem 9.4.15 Let fs 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
/fdg+/ gdf = fg(b) — fg(a).

Proof: By definition there exists 6 > 0 such that if ||P|| < ¢ then whenever z; €

[Ii—lv IZ] )

<e€

n b
) @) g (@)~ [ fdg

Pick such a partition. Now consider a sum of the form

n

Zg(ti) (f (@) = f (2i-1))

i=1

Also notice
n

Fg®) = fg(a) =" fg(x:) = fg(wi1).

i=1

Therefore,

fg () — fg(a) - Zg(ti) (f (x:i) = [ (wi-1))

n n

=" fo(@i) = fg(mima) = > g (t:) (f (@) — f (xi-1))

=1 i=1

=3 f@:) (g (@) —g(t:) + f (i) (9 (t:) — g (wi1))
=1

But this is just a Riemann Stieltjes sum for

/a ' fdg

corresponding to the partition which consists of all the x; along with all the ¢; and if P’ is
this partition, ||P’|| < § because it possibly more points in it than P. Therefore,

Riemann sum for f: fdg

n

b
F(b) = Fga) = Yo (4 (f (@) = £ (wir)) - [ fdg| <

i=1

and this has shown that from the definition, g € R ([a,b], f) and

/abgdf = fg(b) — f9(a) —/abfdg.

This proves the theorem.
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It is an easy theorem to remember. Think something sloppy like this.
d(fg) = fdg + gdf
and so

fg(b)—fg(a)—/abd(fg)—Lbfdg+/abgdf

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.

When is f € R([a,b],9)? It was shown above in Theorem 9.4.6 along with Definition
9.4.14/and 9.4.12 and Proposition9.4.13/that if g is of bounded variation and f is continuous,
then f is Riemann Stieltjes integrable. From the above theorem on integration by parts,
this yields the following existence theorem.

Theorem 9.4.16 Suppose f is continuous and g is of bounded variation on [a,b].
Then f € R([a,b],g). Also if g is of bounded variation and f is continuous, then g €

R ([a,0], f).

9.5 Exercises

13 .
L. Let F(2) = [5 srledl dt. Find F' (z).

2. Let F (z) = f; ﬁ dt. Sketch a graph of F' and explain why it looks the way it does.

3. Let a and b be positive numbers and consider the function,

azx 1 a/z 1

Show that F is a constant.

4. Solve the following initial value problem from ordinary differential equations which is
to find a function y such that

7 +1

/
= 1 = O.
V(@)= ey (10) =5

5. If F,G € [ f () dx for all x € R, show F (z) = G (z) + C for some constant, C. Use
this to give a different proof of the fundamental theorem of calculus which has for its

conclusion [ f (t)dt = G (b) — G (a) where G' (z) = f (z).

6. Suppose f is continuous on [a,b]. Show there exists ¢ € (a,b) such that

b
fe= 5= [ f@) dn

Hint: You might consider the function F (z) = [ f (t) dt and use the mean value
theorem for derivatives and the fundamental theorem of calculus.

7. 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)/abg(m dw:/:f(x)g(x) da.

Hint: Define F (z) = [ f (t) g (t) dt and let G (z) = [ g (t) dt. Then use the Cauchy
mean value theorem on these two functions.
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10.

11.

12.

13.

Consider the function ( 1)
_ J sin(z) ifx#0
f(x):{ Oifz=0

Is f Riemann integrable? Explain why or why not.

Prove the second part of Theorem 9.2.2/ about decreasing functions.

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” integral

as follows.
[e%S) R
/ F(t)dt = lim/ oL

R— o0

0o -
S x
dx
0 X

exists. Here the integrand is defined to equal 1 when =z = 0, not that this matters.

/ sin (t2) dt
0

whenever this limit exists. Show

Show

exists.

The Gamma function is defined for = > 0 by

I'(x)= / et ldt
0
Give a meaning to the above improper integral and show it exists. Also show
Fz+1)=T(z)z, T'(1) =1,

and for n a positive integer, I'(n + 1) = n!l. Hint: The hard part is showing the
integral exists. To do this, first show that if f(x) is an increasing function which
is bounded above, then lim,_., f () must exist and equal sup {f (x) : > 0} . Then
show
R R
/ e """ 1dt = lim ettt
0

e—0 c
is an increasing function of R which is bounded above.
The most important of all differential equations is the first order linear equation,

y +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

t
y(t) =e "Wy, + e‘P(t)/ ePCIf () ds,

a

where P (t) = f: p(s) ds. Give conditions under which everything is correct. Hint:
You use the integrating factor approach. Multiply both sides by e”'()| verify the left

side equals
d
= ("),

and then take the integral, fat of both sides.



208

14.

15.

16.

THE RIEMANN AND RIEMANN STIELTJES INTEGRALS

Suppose f is a continuous function which is not equal to zero on [0,b]. Show that
/ ) b
o f(@)+f(b—x) 2
Hint: First change the variables to obtain the integral equals
/W fly+b/2) ay
—by2 Fy+6/2) + f(b/2 —y)
Next show by another change of variables that this integral equals
/W f(b/2—y) d
o2 fly+0/2)+ f(0/2—y)
Thus the sum of these equals b.

Let there be three equally spaced points, x;—1,2;—1 + h = z;, and z; + 2h = z;41.
Suppose also a function, f, has the value f;_1 at z, f; at x + h, and f;11 at = + 2h.
Then consider

= j;;; (x — ;) (x — x¢+1)*i; (@ = 2i) (& — i) + j;l?

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 z; 1 respectively. The function, g; is an approximation
to the function, f on the interval [x;_1,z;11]. Also,

Ti41
/ gi (z) dzx
Ti—1

is an approximation to f;”ll f (x) dx. Show f;:l gi (z) dz equals

hfi-1 n hfi4 n hfi-i-l.
3 3 3
Now suppose n is even and {zg, 21, -+, 2, } is a partition of the interval, [a,b] and
the values of a function, f defined on this interval are f; = f(z;). Adding these
approximations for the integral of f on the succession of intervals,

9i (il?) (17*.%1‘_1)((1371’1‘).

[IEo,IBQ} ) [$2,$4] PN [xn—Qa xn} )

show that an approximation to ff f(z) dx is

g[f0+4f1+2f2+4f3+2f2+~~+4fn—1+fn]-

This is called Simpson’s rule. Use Simpson’s rule to compute an approximation to
ff 1dt letting n = 4.

Suppose zg € (a,b) and that f is a function which has n+ 1 continuous derivatives on
this interval. Consider the following.

f(x)=f(xo)+/lf’(t) dt

:f(xo)#»(t*z)f’(t) §0+/ (IE—t)fll(t) dt

— f(z0) + /' (z0) (& — o) + / (— 1) £ (¢) dt.

Zo
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Explain the above steps and continue the process to eventually obtain Taylor’s formula,

F@) = f o)+ S oo 4 / (= 1) 04D () dt

0
wheren!l=n(n—1)---3-2-1ifn>1and 0! = 1.

In the above Taylor’s formula, use Problem [7/ on Page 206/ to obtain the existence of
some 2z between xy and x such that

_ — ™) (x0) ko SO (2) nt1
f(x) —f($())+I;T(9C—x(J) +m($—3€0) AR

Hint: You might consider two cases, the case when = > x(¢ and the case when = < zg.

There is a general procedure for constructing methods of approximate integration like
the trapezoid rule and Simpson’s rule. Counsider [0,1] and divide this interval into n
pieces using a uniform partition, {zq, - - -, 2, } where z; — x;_1 = 1/n for each i. The
approximate integration scheme for a function, f, will be of the form

(i) gcifi ~ /01 [ (@) dx

where f; = f (z;) and the constants, ¢; are chosen in such a way that the above sum

gives the exact answer for fol f (z) dx where f(z) = 1,z,2%, - -, 2™. When this has
been done, change variables to write

/abf(y) dy

1
(b—a)/o Flat(b—a)z) d
b;“igf(aﬂba) <;)>

n

= b;azcz‘fz‘

=1

Q

where f; = f (a +(b—a) (ﬁ)) . Consider the case where n = 1. It is necessary to find
constants ¢y and ¢; such that

CQ+01:1:f011d$
OCo+Cl :1/2:f01xdw.

Show that ¢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,

4 1
3 (3 ghtge) = [ 1@ o

whenever f (z) is a polynomial of degree three. Show that if f; are the values of f at

a, ‘IT'H’, and b with f; = f (’IT'H’) , it follows that the above formula gives f; f(z) 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;11 = x;—1 + 2h and
x; = x;_1 + h. Show using Problem (17, there exists a polynomial of degree three,
ps (), such that

P =pate)+ 0 @ -’

Now use Problem 18 and Problem [15/ to conclude

/xiﬂ F () de <hfi1 n hfi4 T hfiJrl)‘ < %E

3 3 3 4! 57

i—1

where M satisfies, M > max {|f ()] : ¢ € [wi—1, 2]} . Now let S (a,b, f,2m) de-

note the approximation to f; f (z) dx obtained from Simpson’s rule using 2m equally
spaced points. Show

« Mgy

b
1
/a f (@) dw =S (a,b, f,2m)| < o5 —

where M > max {| f@ (t)| : t € [a,b]} . Better estimates are available in numerical
analysis books. However, 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 (2) +7(x)y=0, z € [a,}]
and it is assumed that p (t), ¢ (t) > 0 for any ¢ along with boundary conditions,

Cry(a)+Cay' (a) = 0
Csy (b)) +Cay' (b)) = 0

where
C?+C2 >0, and C2 +C? > 0.

There is an imense 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 = A1 and if z is a solution corresponding to A = Ao # A1, then

b
/ q(@)y(x)z(x)de =0. (9.24)
Hint: Do something like this:

(p@)y) 2+ (Mgl@) +r(z)yz = 0,
y+ (Mg (z) +7(x))2y =

Now subtract and either use integration by parts or show

p@)y)z2—@@)y=(p@y)z—(p@))y)

and then integrate. Use the boundary conditions to show that 3’ (a) z (a)—2" (a) y (a) =
0 and y' (b) z (b) — 2’ (b) y (b) = 0. The formula, [9.24!is called an orthogonality relation
and it makes possible an expansion in terms of certain functions called eigenfunctions.



9.5. EXERCISES 211

21.

22.

23.

Letting [a,b] = [—m, @], consider an example of a regular Sturm Liouville problem
which is of the form

Y+ Xy =0,y (-m) =0,y (r) = 0.

Show that if A = n? and y,, (z) = sin (nz) for n a positive integer, then y,, is a solution
to this regular Sturm Liouville problem. In this case, ¢ () = 1 and so from Problem
20), it must be the case that

™
/ sin (nx) sin (maz) de =0
—Tr

if n # m. Show directly using integration by parts that the above equation is true.

Let f be increasing and g continuous on [a, b]. Then there exists ¢ € [a, b] such that

b
/ gdf = g(e) (f (0) - 1 (¢)).

Hint: First note g Riemann Stieltjes integrable because it is continuous. Since g is
continuous, you can let
m =min{g(z) : x € [a,b]}

and
M = max{g(z): x € [a,b]}

medstbgdeMLbdf

Now if f (b) — f (a) # 0, you could divide by it and conclude

Then

2 gdf
o) —f@ =M

You need to explain why f: df = f(b) — f(a). Next use the intermediate value
theorem to get the term in the middle equal to g (¢) for some c¢. What happens if
f(b) — f (a) = 07 Modify the argument and fill in the details to show the conclusion
still follows.

m <

Suppose ¢ is increasing and f is continuous and of bounded variation. By Theorem
9.4.16,

g9 € R([a,0], f).
Show there exists ¢ € [a, b] such that

/:gdfzgm)/:dfw(b)/cbdf

This is called the second mean value theorem for integrals. Hint: Use integration by
parts.

b b
/ gdf:f/ fdg+ 1 () g (b) — f () g (a)

Now use the first mean value theorem, the result of Problem 22 to substitute something
for f: fdg and then simplify.
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Let f: [a,b] X [¢,d] — R satisfy the following condition at (zo,¥o) € [a,b] X [c, d]. For
every € > 0 there exists a § > 0 possibly depending on (xg,yo) such that if

max (|z — x|, |y — yo|) <0
then
|f (z,y) = f (%0, 90)| <e.

This is what it means for f to be continuous at (zg,yo) . Show that if f is continuous
at every point of [a,b] X [e¢,d], then it is uniformly continuous on [a,b] x [¢,d]. That
is, for every £ > 0 there exists a 6 > 0 such that if (x0,40), (z,y) are any two points
of [a,b] x [e,d] such that

max (|z — xol, [y — yol) <6,

then
|f(x7y) 7f(x07y0)| < E.

Also show that such a function achieves its maximum and its minimum on [a, b] x [¢, d] .
Hint: This is easy if you follow the same procedure that was used earlier but you
take subsequences for each component to show [a,b] X [c, d] is sequentially compact.

Suppose f is a real valued function defined on [a, b] X [¢, d] which is uniformly continuous
as described in Problem 24/ and bounded which follow from an assumption that it is
continuous. Also suppose «, 3 are increasing functions. Show

:H/fxycw y%/fxyda()

are both continuous functions. The idea is you fix one of the variables, x in the first
and then integrate the continuous function of y obtaining a real number which depends
on the value of x fixed. Explain why it makes sense to write

//f:cydﬁ )do (x //fxyda 2)dB (y).

Now consider the first of the above iterated integrals. (That is what these are called.)
Consider the following argument in which you fill in the details.

//fxydﬁ ) da (2 Z/ /ffcydﬁ y)da ()

_ Z/:l;/:jlf(:ay)dﬁ(y)da(x)
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Also

d b
/ f (@, y) da (z) dB (3)

m

MM

B(yj—1)) (a(zi) — a(zj-1)) f (5, 1))

j=11:=1

and now because of 77 it follows

|f( S j) _f(sﬁtj)‘ < (

B(d) = B(e) ((b) — a(a))

//f:ryda ) dB (y //fxyda )8 ()| <

Since € is arbitrary, this shows the two iterated integrals are equal. This is a case of
Fubini’s theorem.

and so

Generalize the result of Problem 25/to the situation where o and 3 are only of bounded
variation.

This problem is in Apostol [2]. Explain why whenever f is continuous on [a, b]

s eon(52) -

hm

Apply this to f (x) = 1+7 on the interval [0, 1] to obtain the very interesting formula

n

™ . n
L Y el

Suppose f : [a,b] x (¢,d) — R is continuous. Recall the meaning of the partial
derivative from calculus,

of _ . ftzth) - f(t2)
oz (t,2) = ]1119) h
Suppose also
o (1.
oz
exists and for some K independent of ¢,
of of
8x( z) — ax(t,x)’ <K|z—z.

This last condition happens, for example if % is uniformly bounded on [a, b] x

(¢,d). (Why?) Define
b
- / F(tz) dt

Take the difference quotient of F' and show using the mean value theorem and the

above assumptions that
b
of (t
F’ (z) = / Mdt.
« Oz

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. Let
1 67z2(1+t2)
(x) = / ———dt
g o 1+2

and )
f(x)= (/ e_tzdt>
0
Note ( )
—z? (1442
o (w) -
and

92 6712(1+t2)
02\ 1+1¢2

) _ 72671»2(1“2) +4z267x2(1+t2) Jr4x2671"‘(1+t2)tz

which is bounded for ¢ € [0, 1] and = € (—o0, 00) . Explain why this is so. Also show
the conditions of Problem [28 are satisfied so that

g (z) = /01 (—23:6_’”2(1“2)) dt.

Now use the chain rule and the fundamental theorem of calculus to find f’ (z). Then
change the variable in the formula for f’(x) to make it an integral from 0 to 1 and
show

f'(@)+g () =0.
Now this shows f(x) 4+ g () is a constant. Show the constant is 7/4 by assigning
x = 0. Next take a limit as © — oo to obtain the following formula for the improper

integral, [ et dt,
oo ) 2
(/ et dt) =7/4.
0

In passing to the limit in the integral for g as £ — oo you need to justify why that
integral converges to 0. To do this, argue the integrand converges uniformly to 0 for
t € [0,1] and then explain why this gives convergence of the integral. Thus

/ e dt = /7 /4.
0
The gamma function is defined for > 0 as
oo R
I'(z) E/ e " dt = lim et at
0 R—oo Jg

Show this limit exists. Note you might have to give a meaning to
R
/ e "t dt
0

Fz+1)=al'(x), I'(1) =1.

if x < 1. Also show that

How does T (n) for n an integer compare with (n — 1)!1?
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31. Find I' (1) . Hint: T'(3) = [;” e t~'/2dt. Explain carefully why this equals

o0 2
2/ e " du
0
Then use Problem 29. Find a formula for T’ (%) ,T (%) , ete.

32. For p,q > 0, B(p,q) = fol 2P71(1 — 2)?71dz. This is called the beta function. Show
I'(p)T'(q) = B(p,q)T(p + ¢). Hint: You might want to adapt and use the Fubini
theorem presented earlier in Problem 25 about iterated integrals.



216 THE RIEMANN AND RIEMANN STIELTJES INTEGRALS



Fourier Series

10.1 The Complex Exponential

What does e?* mean? Here i2 = —1. Recall the complex numbers are of the form a -+ ib and

are identified as points in the plane. For f (z) = €'*, you would want

(@) = 2f (@) = —f (2)
7 (@) + £ () = 0.

Also, you would want
f0)y=e =1, f(0) =i =i.

One solution to these conditions is
f(x) =cos(x) +isin(z).

Is it the only solution? Suppose g (z) is another solution. Consider u (z) = f(x) — g(x).
Then it follows
u' (z) +u(z) =0, u(0)=0=1u"(0).

Also, both Reu and Im w satisfy this equation. Therefore, by Lemma |8.3.10 both Re v and
Im u are equal to 0. Thus the above is the only solution. Recall by De’Moivre’s theorem

(cosz +isinx)" = cos (nx) + isin (nx)

for any integer n and so
n ,
(ezx) — einx.

10.2 Definition And Basic Properties

A Fourier series is an expression of the form

oo

E Ckezkr

k=—o0

where this means

n
lim E cpett .
n—oo

k=—n

217
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Obviously such a sequence of partial sums may or may not converge at a particular value
of z.

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 mathematical problems related to their convergence have motivated the development of
modern methods in analysis. As recently as the mid 1960’s a problem related to 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.

If you can approximate a function f with an expression of the form

)
E Ckezkz

k=—o00

then the function must have the property f (x4 27) = f (z) because this is true of every
term in the above series. More generally, here is a definition.

Definition 10.2.1 4 function, f defined on R is a periodic function of period T if
flx+T)=f(x) for all 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 27. Indeed, if f is a function which has period T', you can study this

function in terms of the function, g (z) = f (%) where g is periodic of period 27.

Definition 10.2.2 ror f € R([—m,n]) and [ periodic on R, define the Fourier
series of [ as

> cpett, (10.1)

k=—o
where Lo
cr =5 /77r f(y)e *vay. (10.2)
Also define the n'™ partial sum of the Fourier series of f by
Sn (f) (x) = Z cpett®, (10.3)
k=—n

It may be interesting to see where this formula came from. Suppose then that

o0
fla)y=> ae™,
k=—oc0
multiply both sides by e~ and take the integral ffﬂ, so that

™ ) ™ oo ) ]
fx)e "™%dx = Z crpeTe M g,
—T

T k=—0c0

IThe question was whether the Fourier series of a function in L? converged a.e. to the function. 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 a.e. The problem was solved by Carleson in 1965.
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Now switch the sum and the integral on the right side even though there is absolutely no
reason to believe this makes any sense. Then

T

f(x)e_imzdx = Z ck/ kT e=Ima .

—T

Cm / ldx = 27e,,

—T

because 7 _eTe="M=dy = 0 if k # m. It is formal manipulations of the sort just presented
which suggest that Definition [10.2.2 might be interesting.
In case f is real valued, ¢; = c_j and so

Spf (x) = %/ f(y)dy+ Z 2Re (ckei’m) .
-7 k=1

Letting ¢, = ax + i,

1 [ - _
Snf(x):ﬁ _Trf(y)dy+;Q[choskx—ﬂksmkx]
where ) . ) -
_ —iky _ )
% =50 Fly)em™dy = o » f(y) (cosky — isinky) dy
which shows that
— L[ pwcosthydy, 5= == [ (w)sinGhy)d
O‘k—27r . Yy)cos(Ry)ay, kT on . Yy)sm(rRy)ay
Therefore, letting ar = 2ax and by, = —25,,
1 [7 1 [7 .
ak=— | fy)cos(ky)dy, bp=— [ f(y)sin(ky)dy
and .
a .
Spf () = 30 + Z ay, cos kx + by, sin kx (10.4)

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 10.2.2.
The partial sums of a Fourier series can be written in a particularly simple form which
is presented next.

Snf(z) = z": cre™™

k=—n

S 1 " —iky ikx
= Z o fye dy)e

k=—n -

= kZ (=) 1 () dy

Dy (x —y) f (y) dy. (10.5)

—T
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The function,
n

1 i
Dn(t)zg Z ekt

k=—n

is called the Dirichlet Kernel

Theorem 10.2.3 The function, D, satisfies the following:
1. [T Dy (t)dt=1
2. D, is periodic of period 2w

-1 sin(n-{—%)t

sin(%)

Proof: Part 1 is obvious because -t f:r e~ ¥dy = 0 whenever k # 0 and it equals 1 if

3. D, (t) = (2m)

2
k = 0. Part 2 is also obvious because t — e’** is periodic of period 2. It remains to verify
Part 3. Note
n n
21D, (t) = Z eft =142 Z cos (kt)
k=—n k=1
Therefore,

27D, (£)sin <;)

Il

<

=
7 N\
N |+
~~_

+

)
bl
NgE
i

&.

B
/‘\
~_

o

]

w0

—~

o

N

|
@
=]
A/~
/
3
_|_
N | =
~— |
~
~——

where the easily verified trig. identity cos (a)sin (b) = sin (a + b) — sin (@ — b) is used to get
to the second line. This proves 3 and proves the theorem.
Here is a picture of the Dirichlet kernels for n=1,2, and 3

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
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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.

10.3 The Riemann Lebesgue Lemma

The Riemann Lebesgue lemma is the basic result which makes possible the study of pointwise
convergence of Fourier series. It is also a major result in other contexts and serves as a useful
example.
For the purpose of simple notation, let R ((a,b]) denote those functions f which are in
R ([a+ 6,b]) for every § > 0 and the improper integral
b

lim (2) dz exists.
6—0 a+d

Lemma 10.3.1 Let f € R((a,b]), f (z) > 0, where (a,b) is some finite interval and let
e > 0. Then there exists an interval of finite length, [a1,b1] C (a,b) and a differentiable

function, h having continuous derivative such that both h and h' equal 0 outside of [a1,b1]
which has the property that 0 < h(x) < f (x) and

b
/ |f —hldr <e (10.6)

Proof: First here is a claim.
Claim: There exists a continuous g which vanishes near a and b such that ¢ < f and

b
/ (@) — g (x)|de < e/3.

where the integral is the improper Riemann integral defined by

b

b
/ (f@) —g(@)dr= Tim [ (f()—g()d

5—0+ a+6

Proof of the claim: First let ag > a such that

/abf(;v)dx—/a:f(;v)dm

Let {xo, 21, -, Zn} be a partition of [ag, b] and let

n
Z ar (T — Th—1)
k=1

:/ao|f(m)\dx<5/3.

be a lower sum such that

< /6.

b n
/ f(a)de =" ay (v — z1)
o k=1

The sum in the above equals

b on
/Zak)([aﬂc—l:l'k)(x)d‘r

0 k=1
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where

[ lifz € [xp_1,xp)
X 1,21) (z) = { 0if z ¢ [zp—1,21)

Now let 1, be a continuous function which approximates X[Ik 1,z (z) and vanishes near
the endpoints of [x;_1, ) as shown in the following picture in which ¢ is sufficiently small.

AN

l'k 1+ 26 k_25

Then
b
/ |X[9Ck—1,xk) (CC) - wk ($)| ardr
ao

Tp_1+6 Tp_14+20
< [T ades [ ¥ @) - @) da
Tp—1 Tp_1+90

zk—é -
+/ @k ’X[mk—l,fk) (.’IJ) - ’(/)k: (x)’ dx —|—/ ar,

.,k—25 k_é
< dayp + day + day + day, = 4day.

Let 0 be chosen small enough that the above expression is less than e/6n. Therefore,

choosing 1, in this manner for each k =1, - -, n yields
/ Zakﬂf}[zk,l,wk) dl‘ - Zakwk (1:) dx
a0 =1 a0 f=1

/a Zak,x[mk—l,xk) (x)—i/% (x)’dx<n>< 6%:5/6

0 k=1

Let g (x) = Y p_q arthy, ().

/|f Dlde =

IN

T — Tk-1) Zakwk ) dx

a0 k=1

<e/b+e/6=¢/3.

This proves the claim.
Now say g equals zero off [a’,b'] C (a,b). Then for small h > 0,

h < min ((a’' — a) /3, (b— V') /3) (10.7)

define
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Then g, is continuous and has a continuous derivative which equals

o (9 +h) — g —h).

Say x € [xk—1,x) and let § be as above. Let h < §/2. Then gy, (z) < f (z) because on this
interval f (z) > ax and g () < ag. Also

/aim(x)—gh(xndx:/;

x+h
o | @ g

—h

x+h
9@ =5 [ aat]de

z—h

/b
ag

do< [ o[l - g0l dide
ag 2h z—h

b x+h
1 € €
< — ———dtdr =
/ao 2h /m_h 3(b—ag) 3
provided h is small enough, due to the uniform continuity of g. (Why is ¢ uniformly

continuous?) Also, since h satisfies [10.7, g, and gj, vanish outside some closed interval,
[a1,b1] C (ag,b). Since g, equals zero between a and ag, this shows that for such h,

/ab'f(x)‘gh(x)ldl’— /abf(z)dx—/abgh(x)dx

bf(x)dm— bgh(m)dx
]

/a:gu)dx—/c:gh(x)dx

IN

bf(x)dx— bf(m)da: +
s

/ﬂjf(x)daj—/a:g(x)dx

< €/3+¢/3+4+¢/3==¢.

IN

= +
3

Letting h = g, this proves the Lemma.
The lemma can be generalized to the case where f has values in C. In this case,

b b b
/ f(ac)dxz/ Ref(x)dx—i—i/ Im f (z) dz
and f € R((a,b]) means Re f,Im f € R((a,b]).

Lemma 10.3.2 Let |f| € R((a,b]), where (a,b) is some finite interval and let € > 0.
Then there exists an interval of finite length, [a1,b1] C (a,b) and a differentiable function,

h having continuous derivative such that both h and h' equal 0 outside of [a1,b1] which has
the property that

b
/ If — hldz < ¢ (10.8)
Proof: For g a real valued bounded function, define
gx)+ gz gx)|—g\x
BESTFIC R TG T TC)
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First suppose f is real valued. Then apply Lemma [10.3.2 to fy and f_ to obtain hy and
h_ continuous and vanishing on some interval, [a1, ;] C (a,b) such that

b b
/(f+—h+)d:1c<a/5,/ (f-—h_)dx <e/5
Let h="hy —h_. Then if f (z) > 0, f_ () =0 and so

fa) =h(x) = fy (@) —hy (@) +h(2) = f1 (2) = hy (2) 20
If f(z) <0, then f; (x) =0 and so hy (z) =0 and
h(z) = f(z) = —h_(z) = (=f-(z)) = f- (x) =h_(z) = 0.
Therefore, |f () — h(z)| < fi () — hy () + (f= (x) — h— (2)) and so
b b b
Jie=nde< [(f-haydos [ -nyde< 3

Now if f has values in C, from what was just shown, there exist hi, ho continuous and
vanishing on some interval, [a1, b;] C (a,b) such that

2¢e

b b
/ |Ref—h1|dx,/ [Im f — ho|dx <
a a 5

and therefore,

b b
/|Ref+i1mff(h1+ih2)|d:c§/ |Re f — hy| dz

b
4
+/ |Imffh2|d:v<€€<s.

This proves the lemma.
The lemma is the basis for the Riemann Lebesgue lemma, the main result in the study
of pointwise convergence of Fourier series.

Lemma 10.3.3 (Riemann Lebesque) Let |f| € R((a,b]) where (a,b) is some finite in-

terval. Then .

lim f(t)sin (at + §) dt = 0. (10.9)
Here the integral is the improper Riemann integral defined by

b
I t)sin (at + ) dt
i aHf( )sin (at + )

Proof: Let € > 0 be given and use Lemma [10.3.2 to obtain ¢ such that g and ¢’ are
both continuous and vanish outside [a1,b1] C (a,b), and

b 5
/ lg — fldx < 7 (10.10)

Then

<

b
/ f () sin (at + B) dt
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b
/ (f (1) — g (1)) sin (at + B) dt

b
+/g(t)sin(at—|—ﬂ)dt
b b
< /\f—g|dx—|—/g(t)sin(ozt—|—ﬂ)dt
b1
< §+/ g (t)sin (at + ) dt] .

Integrate the last term by parts.

by . by 8
[ asinars g = =0 gy [T I

an expression which converges to zero since ¢’ is bounded and

—cos (at + B)g

br _
a (t) |a1 - O

because g vanishes at a; and b;. Therefore, taking « large enough,

<£+E*5
5 =

b
/ f(t)sin (ot + §) dt 5

and this proves the lemma.

10.4 Dini’s Criterion For Convergence

Fourier series like to converge to the midpoint of the jump of a function under certain
conditions. The condition given for convergence in the following theorem is due to Dini.
It is a generalization of the usual theorem presented in elementary books on Fourier series
methods. [3].

Recall
lim f(t) = f(z+), and tlim f@=7(z-)

t—x+ r—

Theorem 10.4.1 Let f be a periodic function of period 2 which is in R ([-m, 7).
Suppose at some x, [ (z+) and f (x—) both exist and that the function

is in R ((0,7]) which means
Elir& i h(y) dy ezists (10.12)
Then
lim 8, f (z) = L8P HS(@2) (10.13)

n—o0 2
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Proof: .
Spf(x)= [ Dn(z—y)f(y)dy

-
Change variables  —y — y and use the periodicity of f and D,, along with the formula for
D,, (y) to write this as

Snf ()

™

3 Dy (y) f (z —y)

T 0
/0 Do) f(x—y)dy+ | Dn(y)f(z—y)dy

—T

_ /OWD,L(y)[f(x—y)+f(1‘+y)}dy

/”Sin((n+§)y) [f(w—y)+f(w+y)]dy. (10.14)
0

T sin (%) 2

Note the function

1sin((n+3)y)
Y= -7\
™ sin (5)

while it is not defined at 0, is at least bounded and by L’Hospital’s rule,

iy L (0 1) 20
y—0 T sin (%) T

so defining it to equal this value at 0 yields a continuous, hence Riemann integrable function
and so the above integral at least makes sense. Also from the property that ffﬂ D, (t)dt =1,

T

flat)+fla-) = | Du(lf @t +f(z-)]dy

2 / D) [f (a4) + F (2] dy
0
_ /0 lw [f (x+) + f (z—)]dy

7 sin(Y)
e flat) +f )
r+) + f(x—
Suf () - LT
™ : 1 _ _ _ _
/ Lsin((n+3)v) [f(x y—fa)+f+y) f(x+)} dy (10.15)
0 sin (%) 2
Now the function
2sin (%)
satisfies the condition [10.12. To see this, note the numerator is in R ([0, 7]) because f is.
Therefore, this function is in R ([8,7]) for each § > 0 because sin (%) is bounded below by
sin (%) for such y. It remains to show it is in R ((0,7]). For &1 < ea,
/7r fa—y-fe)+rfaty - fld),
o 2sin (%)

dy

/W
€2

fle—y)—fla)+fla+ty - flz+)
2s1n(%)
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/ )
€1

fla—y)—fla=)+ fx+y) - f(z+)

2sin (%)

:/” f(a:—y)—f(x—)+f(x+y>—f(w+)‘ Y4
o Y 2sin (¥)
- / f(x—y)—f(x—)+f(w+y)—f(x+)‘dy

< L y

_ /” f(ff—y)—f(w—)+f(x+y)—f(x+)’dy
& y
_/” f(x—y)—f(w—)+f(:c+y)—f(x+)’dy
o2 y

Letting {e} be any sequence of positive numbers converging to 0, this shows

{/ fla—y) —f@)+f@ty) = f(at) dy}m
€k k=1

(Y
2sin (5)
is a Cauchy sequence because the difference between the k** and the m!* terms, e;, < €,
is no larger than the difference between the k** and m** terms of the sequence

{/” f(a:—y)—f(w—)+f(x+y)—f(x+)‘dy}°°

Y
which is given to be Cauchy. Since the function,

SH/” fle—y) = fla=)+ f(et+y) — f(at)

2sin (%)
is decreasing, the limit of this function must exist.
Thus the function in [10.16] is in R ((0,7]) as claimed. It follows from the Riemann
Lebesgue lemma, that [10.15 converges to zero as n — oo. This proves the theorem.
The following corollary is obtained immediately from the above proof with minor modi-
fications.

k=1

dy

Corollary 10.4.2 Let f be a periodic function of period 2r which is an element of
R ([—m,7]). Suppose at some x, the function
fla—y+fla+y) —2s

y — (10.17)
y

is in R ((0,7]). Then
lim S, f(x) =s. (10.18)

n—oo
The following corollary gives an easy to check condition for the Fourier series to converge
to the mid point of the jump.

Corollary 10.4.3 Let f be a periodic function of period 27 which is an element of
R ([—m,7]). Suppose at some x, f(x+) and f (x—) both exist and there exist positive con-
stants, K and § such that whenever 0 <y < §

[f (@ —y) = f @) S Ky, |f (@ +y) = f(z+)] < Ky (10.19)
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where 8 € (0,1]. Then
lim 8, f (2) = &P S @2)

n—oo 2

(10.20)

Proof: The condition [10.19| clearly implies Dini’s condition, [10.11. This is because for

O<y<d

‘f(x—y)—f(x—)+f(ar+y)—f(ar+)’<2Kye_1

, <

and

/” f(x—y)—f(w—)+f(w+y)—f(w+)’dy

e Y

< [Camy a5 (U@ - F ) ) - ol

Now

50 — &b

é
/ 2Ky’ ~tdy = 2K
g

which converges to

as ¢ — 0. Thus

e—0+ J,

exists and equals

Sup{/” f(x—y)—f(x—)+f(x+y)—f(x+>‘dy €>O}
€ Y
because it is bounded above by

T i [ 1 @-n =T e - febld

(Why?) This proves the corollary.

As pointed out by Apostol [3], where you can read more of this sort of thing, this is a
very remarkable result because even though the Fourier coeficients depend on the values of
the function on all of [—m, 7], the convergence properties depend in this theorem on very
local behavior of the function.

10.5 Integrating And Differentiating Fourier Series

You can typically integrate Fourier series term by term and things will work out according
to your expectations. More precisely, if the Fourier series of f is

Z akeikx
k=—o0
then it will be true for z € [—7, 7] that

F(z) = f dt = lim Z ak/ et

k=—n
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n eik:r (7]_)]C
=ag(x+m)+ lim a — — — .
o ) n—o0 Z M\ ik ik
k=—n,k#0

I shall show this is true for the case where f is an arbitrary 27 periodic function which
on (—m, ) is the restriction of a continuous function on [—m, x| but it holds for any f €
R ([—m,n]) and in the case of a more general notion of integration, it holds for more general
functions than these. Note it is not necessary to assume anything about the function, f
being the limit of its Fourier series. Let

x

G(x)EF(x)—ao(;v+7r):/ (f () —ao)dt

—T

Then G equals 0 at —7 and 7. Therefore, the periodic extension of G is continuous. Also

|G (2) = G (2)] <

x
/ Mdt‘ < M |z — x|
1

where M is an upper bound for |f (t) — ag|. Thus the Dini condition of Corollary [10.4.3
holds. Therefore for all z € R,

D Age (10.21)
k=—oc0
where )
Ay = o G( ) etk dy

Now from [10.21 and the definition of the Fourler coefficients for f,

G(r)=F(r)—a2r=0=Ag+ lim Y Ay (-1)" (10.22)

k=—n,k#0

Next consider Ay for k # 0.

A = L G(m) e Ty = —/ / ) —ap) dte” kT
2 )

and now this is integrated by parts using the fundamental theorem of calculus. This is the

only place where f is continuous is used. (There are other arguments using, for example,

Fubini’s theorem which could be applied at this stage which require very little about f.

However, this mathematical machinery has not been discussed.)

—ikx T .
A= % <_eik )/ (f (8) — ao) " + 2771ik /_7r (f (@) — ao) e~ **da

—T

Now from the definition of ag,

[ GO-aa=o

—T

and so
1

From [10.21] and [10.22

n n

F(m)—ao(x—i—w):nlinolo Z %eim_ Z ci%(_l)k

k=—n,k#0 k=—n,k#0
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and so

F(z) = z ft)dt = /w aodt + lim Zn: % (eikz B (71)1@)

- - " k= Tn k0 ik
x n z
= / apdt + lim Z ak/ e*tdt
n—oo
- k=—n,k£0 -

This proves the following theorem.

Theorem 10.5.1 Let f be 2w periodic and on (—mw,w) [ is the restriction of a
function continuous on [—m,w|. Then

x x n x )
f(t)dt = / agdt + lim Y~ ay / e*tdt
- - nee k=—n,k#0 -

where ay, are the Fourier coefficients of f.

Example 10.5.2 Let f (z) =z for x € [—m,7) and extend f to make it 2w periodic. Then
the Fourier coefficients of f are

(—1)"i
k

ap =0, a =

Therefore, 5 [ te™™* = % cosk

n

. D% [T
= lim Z 2 et dt

k=—n,k£0
n k . . k
) (=1)%4¢ (sinzk  —cosxk+ (—1)
= Jmo > et
k=—n,k£0

For fun, let x =0 and conclude

L, N N P b
3T = hm > P

k=—n,k£0
_ ol A e R G0
= Jm 2 ;
k=—n,k#0
S DD 4
= lim 2 =

and so

The above theorem can easily be generalized to piecewise continuous functions defined
below.
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Definition 10.5.3 Let f be a function defined on [a,b] . It is called piecewise contin-
uous if there is a partition of [a,b] , {xo, - -,z } such that on [xg_1, xx] there is a continuous
function gy such that f (z) = gi (z) for all x € (x—1, k).

Then the proof of the above theorem generalizes right away to yield the following corol-
lary. It involves splitting the integral into a sum of integrals taken over the subintervals
determined by the partition in the above definition and on each of these one uses a similar
argument.

Corollary 10.5.4 Let f be 27 periodic and piecewise continuous on [—m,7]. Then

t)dt = apdt + lim ak ettt
f@)

- - k=—n,k#£0
where ag are the Fourier coefficients of f.

Of course it is not reasonable to suppose you can differentiate a Fourier series term by
term and get good results.

Consider the series for f (r) = 1if z € (0,7] and f(x) = —1 on (—m,0) with f(0) = 0.
In this case ag = 0.

ap = S (/7T e tdr — /0 eiktdt) - icosmhk —1
2m \Jo - T k

so the Fourier series is

k0

What happens if you differentiate it term by term? It gives

U

k0

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 10.5.5 Suppose for x € [—m, ]
f@=[ 5w+ (-m)

and ' (t) is piecewise continuous. Then if

f(x): Z akeikx

k=—o00

it follows the Fourier series of f' is

o0

E agike™™.

k=—o0
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Proof: Since f’ is piecewise continuous, 27 periodic (why?) it follows from Corollary

10.5.4 -
F)-fem= 3w [ )

k=—oc0 -

where by is the k" Fourier coefficient of f’. Thus
by = i/ﬂ £ (t) e *tdt
2r J_

Breaking the integral into pieces if necessary, and integrating these by parts yields finally

% [f e, vik [ ) e_““tdt}

—Tr

17 — ‘
= zk% g f(t) e *tdt = ikay

where ay, 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

o0

E ikage™®

k=—o0

as claimed. This proves the theorem.

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’ (z) — f’ (y)| < K |z — y| and this is enough to show the Fourier
series converges to f’ (z) thanks to Corollary [10.4.3.

10.6 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 10.6.1 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{(f (@) — gn ()] 2 € [a,b]} = 0.
The expression sup {|f (x) — g, (z)| : @ € [a,b]} is sometimes written? as

I1f = gnllo

2There 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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More generally, if f is a function,

£1lo = sup{|f (2)] : = € [a, 0]}

The sequence is said to converge mean square to f if

b 1/2
lim ||f — gnll, = lim (/ |f—gn|2dx> -0
n—oo n—oo a

10.6.1 Uniform Approximation With Trig. Polynomials

It turns out that if you don’t insist the aj be the Fourier coefficients, then every continuous
27 periodic function § — f (6) can be approximated uniformly with a Trig. polynomial of

the form
DPn (0) = Z akeiko
k=—n

This means that for all € > 0 there exists a p,, (6) such that
1f = pnlly <&
Definition 10.6.2 Recall the nt" partial sum of the Fourier series S, f (x) is given

by

T Uy

Snf(z) = - Dy (z—y) f(y)dy = - Dy (t) f(x —t)dt

where D,, (t) is the Dirichlet kernel,

_1 sin (n + %) t
sin (%)

The " Fejer mean, o, f (z) is the average of the first n of the S, f (x). Thus

Oni1 f (z ZSkf /: <ni1];)Dk(t)>f(x—t)dt

The Fejer kernel is

D, (t) = (27)

Faa (t) = - > Dy (t)
k=0

As was the case with the Dirichlet kernel, the Fejer kernel has some properties.
Lemma 10.6.3 The Fejer kernel has the following properties.

1. Foyq (t) = Fgq (t+2m)

2. [T Fopp(t)dt=1

8. [T Fup (t) f(x—t)ydt =) __, bpe™ for a suitable choice of by.

4. le(t):%,ﬂ 1(t) > 0,F, (t) = F, (—1).
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5. For every § > 0,
lim sup{F,4+1 (t): 7 > [t| >} =0.
In fact, for |t| >4,
2

(n+1)sin® (§) 4

Fn+1 (t) S

Proof: Part 1.) is obvious because Fj,;1 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 Fj,+1 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.).
B (0= (3 2 sin ((+3)1)

BRCESY siln2 (D) 2n kzn:_osm <(k + ;) t) sin (;)

Using the identity sin (a)sin (b) = cos(a —b) — cos (a +b) witha = (k+ 1)t and b= L, it
follows

1 n
Fo(t) = (n+ 1)sin (3) ar kZ:O (cos (kt) —cos(k+1)t)

1—cos((n+1)t)
(n+1)sin® (%) 4r

which completes the demonstration of 4.).
Next consider 5.). Since F, 1 is even it suffices to show

lim sup{F,41(t):7>t>0}=0
n—0o0
For the given ¢,

1—cos((n+1)t) < 2
(n + 1) sin? (g) 47 = (n+1)sin? (g) 4m

Fopi (1) <

which shows 5.). This proves the lemma.
Here is a picture of the Fejer kernels for n=2,4,6.

1.0
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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 10.6.4 Let f be a continuous and 2w periodic function. Then
Jin [1f = o fllg = 0.

Proof: Let € > 0 be given. Then by part 2. of Lemma 10.6.3,

T

1@ =gt @l = | [ 1@ P s |

—T

Fur () f (2 — 1) dy'

-| [ v@-re-mramal

g/_ £ (@) = £ (& — 9)] o (v) dy

) T
- / |f<x>—f<x—y>|Fn+1<y>dy+/ 1 @) — F (@ — )| Fasr (o) dy
—5 )

-5
+/ F @) — f (@ — )| Fapr (v) dy

—T

Since Fj,41 is even and |f| is continuous and periodic, hence bounded by some constant M
the above is dominated by

) T
s[S\f<x>—f(x—y>|Fn+l <y>dy+4M/5 Fop () dy

Now choose ¢ such that for all z, it follows that if |y| < § then
|f(x) = f @z —y)| <e/2.
This can be done because f is uniformly continuous on [—m, 7] by Theorem [6.6.2/ on Page

102 Since it is periodic, it must also be uniformly continuous on R. (why?) Therefore, for
this 4, this has shown that for all =

(@) = onia f (2)] < 2/2 +4M /5 Foi (4) dy

and now by Lemma 10.6.3 it follows

SMm
(n+1)sin® (£) 4n

If = onsrfllg <e/2+ <e

provided n is large enough. This proves the theorem.
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10.6.2 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

1 [7 i
ak=§ . (0)e v

Then using this fact as needed, consider the following computation.
n 2
FO) = Y be™| do

/ﬂ'
-T k=—n

_ /_ i (f 9) — Z bke”“’) <f(9)— Z me—i”) d6

k=—n l=—n

_ /_7; <|f(9)2 + ( f: bkeik9> <§n: z;le“‘))

k=—n l=—n

—F(0) i e~ _7(8) i bkeiW) do

l=—n k=—n

us

=/Zf<9)2cze+;bkbl/

—T

e — on Zaal — 27 Z bray
! k
Then adding and subtracting 27, lax|®,

S EGIREE D IEET ol T
- k k
727'['2{)7[0,[ — 271’2ka+ QWZ |ak|2
l k k

:/ FOF 0 =2 lax|* + 27 (Z (bx — ax) (bkak))

~ [ OF -2l 20 Y e ol

Therefore, to make

as small as possible for all choices of by, one should let by = ay, the k** Fourier coefficient.
Stated another way,

/.

2

FO- Y e oz [T 15 0) - 5.5 0)F 0

k=—n
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for any choice of by. In particular,

T

/ ") - cun S O)F d8 > [ 150~ s.5 00 .

Also,
[ rosi@w = [ 3 @@
-7 T e
=2mag
= > @[ f(O)e*do
k=—n -
= 21 Y ax/?
k=—n
Similarly,

| T@s.r @0 =21 3 ol

k=—n

and a simple computation of the above sort shows that also

/W Suf (0)Suf (0)d0 =21 > ay|*.

k=—n
Therefore, i
o< [ GO -5.50) (TO-570)
= [ 1T OF + 15, OF - T@)5.10) - )5, T @)
= [ ror- s
showing

2 3 < [ s @Fw< [ iro)Fa

k=—n

Now it is easy to prove the following fundamental theorem.

Theorem 10.6.5 Let f € R([—m,x]) and it is periodic of period 2mw. Then

s

lim |f = Snf)? dx = 0.

Proof: First assume f is continuous and 27 periodic. Then by [10.23

/ = SuflPde < / 1 — onsr 2 da

< / 1f = omsr fIE dz = 27 || — o f]I2

237

(10.23)

(10.24)
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and the last expression converges to 0 by Theorem [10.6.4.

Next suppose f € R([—m,n]) and |f ()] < M for all z. Then the construction used
in Lemma [10.3.2 yields a continuous function, A which vanishes off some closed interval
contained in (—m, ) such that

T

>/j If(x)—h(x)|dxzﬁ : |f (x) = h(z)]? de. (10.25)

_c
32M2

Since h vanishes off some closed interval contained in (—m, ), if h is extended off [—, 7]
to be 27 periodic, it follows the resulting function, still denoted by h, is continuous. Then
using the inequality (For a better inequality, see Problem [2.)

(a+b+c)? <4(a®+b*+c?)

/’T 1 = Suf[?de = / (1F = Bl + |h — Suh| +|Suh — S, f1)? du

—T —T

< 4/ (\f—h\2+ |h— S.h|* + \th—Snf\Q) dx

—T

and from [10.24/ and [10.25 this is no larger than

8/ |f—h|2dx+4/ |h — S, h|* dx

—T —T
T

< 16M%+4/ \h — S,h|? dz

= 5+4/ |h — Sph|? dz

—T

and by the first part, this last term converges to 0 as n — co. Therefore, since € is arbitrary,
this shows that for n large enough,

/ If = SufPde < e

This proves the theorem.

10.7 Exercises

1. Suppose f has infinitely many derivatives and is also periodic with period 27. Let the
Fourier series of f be
oo
Z akeike

k=—oc0

Show that

lim £™ap = lim k™a_p =0
k—oo k—oo

for every m € N.
2. The proof of Theorem [10.6.5 used the inequality (a + b + 0)2 <4 (a2 +0% + 02) when-

ever a,b and ¢ are nonnegative numbers. In fact the 4 can be replaced with 3. Show
this is true.
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3. Let f be a continuous function defined on [—m,7|. Show there exists a polynomial, p
such that ||p — f|| < & where

llgll = sup {lg (z)| : @ € [=m, 7]} .

Extend this result 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 [—m, 7). Therefore, you
may consider this as the restriction to [—m, 7] of a continuous periodic function, F.
Now find a trig polynomial,

o(z)=ao+ Zakcoskx—l— by, sin kx
k=1

€

such that [lo — F|| < §. Recall 10.4. Now consider the power series of the trig
functions making use of the error estimate for the remainder after m terms.

4. The inequality established above,

s

2 3 < [ s @Fw< [ ir@)F

k=—n -

is called Bessel’s inequality. Use this inequality to give an easy proof that for all
feR([-m ),

lim f(z)e™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.

5. Suppose f () = X4 ) (¥) . Show

b
lim f(z)sin (az + B)dz = 0.

Use this to construct a much simpler proof of the Riemann Lebesgue lemma than that
given in the chapter. Hint: Show it works for f a step function and then obtain the
conclusion for |f| € R ((a,b]).

6. Let f(z) = « for z € (—m,7) and extend to make the resulting function defined on
R and periodic of period 27. 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.
7. Let f(x) = 2% on (—m,m) 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 = = m.

8. Let f (z) = cosx for x € (0,7) and define f (x) = — cosx for x € (—m,0). Now extend
this function to make it 27 periodic. Find the Fourier series of f.
9. Suppose f,g € R([—m,7]). Show
[ =
% _ﬂfgdx: Z akﬁka

k=—o0

where oy, are the Fourier coefficients of f and 3, are the Fourier coefficients of g.
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10.

11.

12.

FOURIER SERIES

Recall the partial summation formula, called the Dirichlet formula which says that

q q—1
Z apbr = Aqbq — Ap_lbp + Z Ay (bk — bk+1) .
k=p k=p

Here A, = ZZ:I ay. Also recall Dirichlet’s test which says that if limg_.o b = 0, Ag
are bounded, and 3 |by — biy1| converges, then Y apby converges. Show the partial
sums of ), sin kx are bounded for each € R. Using this fact and the Dirichlet test
above, obtain some theorems which will state that ", aj sin ka converges for all x.

Let {a,} be a sequence of positive numbers having the property that lim,, -, na, =0
and for all n € N, na,, > (n 4+ 1) ap41. Show that if this is so, it follows that the series,
Zzozl an sinnx converges uniformly on R. This is a variation of a very interesting
problem found in Apostol’s book, [3]. Hint: Use the Dirichlet formula of Problem [10
on Y. k‘ak% and show the partial sums of > % are bounded independent of x.
To do this, you might argue the maximum value of the partial sums of this series occur
when 22:1 coskx = 0. Sum this series by considering the real part of the geometric

series, > 1_, (e””) and then show the partial sums of ) % are Riemann sums for
a certain finite integral.

The problem in Apostol’s book mentioned in Problem 111 does not require na, to
be decreasing and is as follows. Let {ay},—, be a decreasing sequence of nonnegative
numbers which satisfies lim,, ., na,, = 0. Then

Z ay sin (kx)
k=1

converges uniformly on R. You can find this problem worked out completely in Jones
[21]. Fill in the details to the following argument or something like it to obtain a
proof. First show that for p < ¢, and « € (0, 7),

q
Z ag sin (kx)| < 3a, csc (g) . (10.26)

k=p

To do this, use summation by parts using the formula

2 sin (g) ’

Eq:sin(k-x) _cos((p—3)x) —cos((g+5) )

which you can establish by taking the imaginary part of a geometric series of the form

) (e”)k or else the approach used above to find a formula for the Dirichlet kernel.

Now define
b(p) = sup {na, :n > p}.

Thus b(p) — 0, b(p) is decreasing in p, and if & > n, ap < b(n) /k. Then from [10.26
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and the assumption {ay} is decreasing,

=0 if m=q

Z ay sin (kx)

k=m+1

IN

q m
Z ay, sin (kx) Z ay sin (kx)| +
k=p k=p

< Z?:p %k) |sin (kz)| + 3a, csc (£) if m < q
- > h—p %k) sin (kz)| if m = q.

D ke %k)k‘x +3a,2 if m < g

D ke %k)k:x ifm=gq

IN

(10.27)

where this uses the inequalities
sin (E) > i, sin (z)| < |z| for z € (0, 7).
2 2w

There are two cases to consider depending on whether 2z < 1/q. First suppose that
x < 1/q. Then let m = ¢q and use the bottom line of [10.27/ to write that in this case,

q q
Zaksin(kx) §EZb(k)<b
k=p q k=p

If x > 1/q, then ¢ > 1/x and you use the top line of [10.27 picking m such that

1 1
q>—>m>——1.
T T

Then in this case,

il . i 2w
kzzpaksm(kx) < Z_:E{ka:—k&zpm
< b(p)x(m—p)+6may (m+1)
< b(p)a <;)+6w£(+p)l(m+1)gz5b(p).

Therefore, the partial sums of the series, > aysinka form a uniformly Cauchy se-
quence and must converge uniformly on (0,7). Now explain why this implies the
series converges uniformly on R.

13. Suppose f(z) = > po, arsinkx and that the convergence is uniform. Recall some-
thing like this holds for power series. Is it reasonable to suppose that f’(x) =
> e axk cos kz? Explain.

14. Suppose |ug (z)] < K}, for all z € D where
Z Kj = lim Z Ky, < o0.
k=—o0

Show that Y7 ug (z) converges converges uniformly on D in the sense that for all
€ > 0, there exists N such that whenever n > N,

oo n

Z ug (x) — Z up (x)| <e

k=—o0 k=—n

for all x € D. This is called the Weierstrass M test.
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15.

16.

17.

18.

19.
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Let ag, by, > 0. Show the Cauchy Schwarz inequality

n n 1/2 n 1/2
St < (z) (z)
k=1 k=1 k=1

To do this note that

n

p(t) = Z (a +tby)* >0
k=1
for all . Now pick an auspicious value of ¢, perhaps the value at which p (¢) achieves
its minimum.

Suppose [ is a differentiable function of period 27 and suppose that both f and f’ are
in R ([—m,n]) such that for all z € (=, 7) and y sufficiently small,

T4y
flx+y)—f(z) :/ f'(t) dt.

Show that the Fourier series of f converges uniformly to f. Hint: First show using
the Dini criterion that S, f (z) — f(z) for all . Next let Y7o _ axe’™® be the
Fourier series for f. Then from the definition of aj, show that for k # 0,a; = %a%
where a}, is the Fourier coefficient of f’. Now use the Bessel’s inequality to argue that
Yo |a},|* < oo and then show this implies 3 |ax| < 0o. You might want to use the
Cauchy Schwarz inequality in Problem 15/ to do this part. Then using the version of
the Weierstrass M test given in Problem [14] obtain uniform convergence of the Fourier

series to f.

Let f be a function defined on R. Then f is even if f (0) = f (—0) for all § € R. Also
f is called odd if for all € R, —f () = f (—0). Now using the Weierstrass approxi-
mation theorem show directly that if A is a continuous even 27 periodic function, then
for every € > 0 there exists an m and constants, ag, - - -, a,, such that

h(9) — iak cos® (0)| < e
k=0

for all # € R. Hint: Note the function arccos is continuous and maps [—1, 1] onto
[0, 7] . Using this show you can define g a continuous function on [—1,1] by g (cosf) =
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 simplified
to an expression of the form

Z by, sin (nx)
n=1

and also f (mm) =0 for all m € N.

Consider the symbol > 7 an. The infinite sum might not converge. Summability
methods are systematic ways of assigning a number to such a symbol. The n** Ceasaro
mean o, is defined as the average of the first n partial sums of the series. Thus

n

UHE%ZS]C

k=1
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20.

21.

where
k
Sk.E E aj.
j=1

Show that if Zzil an converges then lim, .., 0, also exists and equals the same
thing. Next find an example where, although ;- a,, fails to converge, lim, . o,
does exist. This summability method is called Ceasaro summability. Recall the Fejer
means were obtained in just this way.

Let 0 < r < 1 and for f a periodic function of period 27 where f € R([—m,7]),

consider
oo

A.f(9) = Z rlFlaetv?

k=—o0

where the a; are the Fourier coefficients of f. Show that if f is continuous, then
lim A,/ (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.

Recall the Dirichlet kernel is
_y1 sin (n + %) t

sin (%)

D, () = (2n)

and it has the property that f:r D,, (t)dt = 1. Show first that this implies

1 (7 sin(nt)cos (t/2)

— dt=1
21 ) . sin (t/2)

and this implies

1 7Tsin(nt)cos(t/Z):
/0— 1

™ sin (t/2)
Next change the variable to show the integral equals

1 (" sin(u)cos (u/2n) 1 "
/O a

™ sin (u/2n) n

Now show that

sin (u) cos (u/2n) 1 2sinu

1
n—oc  sin(u/2n) n  w
Next show that

lim l/ 2s1nudu ~ lim l/ sin (u) cos (u/2n) ldu _1
0 0 sin (u/2n) n

Finally show
R

. sinu T T sinu
lim du=— = du
R—oo Jg U 2 0o U

This is a very important improper integral.
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22. To work this problem, you should first review Problem 25/ on Page 212 about inter-

changing the order of iterated integrals. Suppose f is Riemann integrable on every
finite interval, bounded, and

lim | ()| dt < oo, hm/ ()] dt < 0.

R—o0

Show that " o
lim / f(t)estdt, lim / f(t)e "at
R—oo Jg R—oo J_p

R [eS)
lim / f(t)estat = / ft)ye " dt
R—o0 /o 0

0 0
lim / f(t)e at / f(t)e at
R—o0 —R —00

Oof(t)e*“tdtz Oof(t)e*“sdtJr ’ f(t)ye "dt
/. / [

Now suppose the Dini condition on f, that

L fE=)+ flatt) = (f(z-) + [ (z+))
2t

both exist. Define

and

is a function in R ((0,1]) . This happens, for example if for ¢ > 0 and small,
|f (x+1) — f(z+)| < Ct? for 6 >0

and if
lf(x—1t)— f(z—)| < Ct* fora >0

Now show using Problem 25/ on Page 212] (You fill in the details including modifying
things so that the result of this problem applies.) to conclude

1 R oo
—/ / f () e dte’ds = —/ / f(xz—u)e“duds
TJ-RJ-c0

= / flx—u / e Udsdu = / f(zx bm Rudu

_ 3/ sinu f(z—g) +f(@+5)
0

T Uu 2

Conclude using Problem 21

/ / f () e-itsapeisags — T2 E T @F) f(H) (10.28)

2 (sinu (fr-%)+f(e+%)  fla—)+f(a+)
_;/O ” ( R 5 RZ _ 5 )du
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Explain how the above equals an expression of the form

Z/Rsinu <f($—1u%)+f($+1uz> _f(l"—)‘Ff(fE“‘)
TJo u 2 2

)du+e(R)

where e (R) — 0 as R — co. Now change the variable letting u/R = ¢ and conclude
10.28 equals

2/Olsin(Rt)(f(x—t)+f(x+t)—(f(x—)+f(x+)))dt+e(R)

T 2t

Now apply the Riemann Lebesgue lemma to conclude
lim —/ / f(t) e 5dte’*ds = M

The Fourier transform is defined as

—1t9dt

m/f

and this has shown that under the Dini condition described above and for the sort of
f defined above,

2 R—)oo 277

This is the Fourier inversion formula.
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The Generalized Riemann
Integral

11.1 Definitions And Basic Properties

This chapter is on the generalized Riemann integral. The Riemann Darboux integral pre-
sended 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 af-
ter the two people who invented it and sometimes the gauge integral. Other books which
discuss this integral are the books by Bartle [5], Bartle and Sherbert, [6], Henstock [19], or
McLeod [26]. Considerably more is presented in these references. In what follows, F' will be
an increasing function, the most important example being F' (z) = x.

Definition 11.1.1 ret [a,b] be a closed and bounded interval. A tagged division*
of [a,b] = I 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, § : I — (0,00) is called a
gauge function or simply gauge for short. A tagged division, P is called § fine if

I; C [ti -9 (tz) i+ 0 (tl)} .

A § fine division, is understood to be tagged. More generally, a collection, {(I;,t;)}_, 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].

The following fundamental result is essential.

Proposition 11.1.2 Let [a,b] be an interval and let § be a gauge function on [a,b].
Then there exists a ¢ fine tagged division of |a, b].

Proof: Suppose not. Then one of [a, “7%] or [“TH’, b} must fail to have a § fine tagged
division because if they both had such a § fine division, the union of the two § fine divisions
would be a ¢ fine division of [a,b]. Denote by I; the interval which does not have a § fine
division. Then repeat the above argument, dividing I; 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, {I;} having the property that each interval in the set fails to have a ¢ fine

division and diam (I;) — 0. Therefore,

N2 T = {o}

n beginning calculus books, this is often called a partition. The word, division is a much better word
to use. what the x; do is to “divide” the interval into little subintervals.

247
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where x € [a,b]. Now [x — 0 (), 2 + J (x)] must contain some Ij because the diameters of
these intervals converge to zero. It follows that {(I,x)} is a ¢ fine division of Iy, contrary
to the construction which required that none of these intervals had a ¢ fine division. This
proves the proposition.

With this proposition and definition, it is time to define the generalized Riemann integral.
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 RP which becomes important in multivariable
calculus. For now, just think R if you like. It will be assumed Cauchy sequences converge
and there is something like the absolute value, called a norm although it is possible to
generalize even further.

Definition 11.1.3 Let X bea complete normed vector space. (For example, X =R
or X =C or X =RP.) Then [ : [a,b] — X is generalized Riemann integrable, written as
f € R*[a,b] if there exists R € X such that for all € > 0, there exists a gauge, §, such that
if P={(l;,t;)}—, is 8 fine then defining, S (P, f) by

n

S(P )= f(t:)AF,

i=1

where if I; = [x;_1, ],
AF; = F (z;) — F (z-1)

it follows
S (P, f) — R| <e.

/IdeE/abdeER.

Here || refers to the norm on X for R this is just the absolute value.

Then

Note that if P is §; fine and 6; < § then it follows P is also ¢ fine.

How does this relate to the usual Riemann integral discussed above in Theorem [9.4.2
and the definition of the Riemann integral given before this?

To begin with, is there a way to tell whether a given function is in R* [a, b]? The following
Cauchy criterion is useful to make this determination.

Proposition 11.1.4 A function f : [a,b] — X is in R*[a,b] if and only if for every
e > 0, there exists a gauge function, d. such that if P and Q are any two divisions which
are 0. fine, then

IS (P, f) = 5(Q, f)l <e.

Proof: Suppose first that f € R* [a,b]. Then there exists a gauge, d., and an element
of X, R, such that if P is d. fine, then

|[R—S(P,f) <e/2.
Now let P, be two such ¢, fine divisions. Then
ISP f)=5(@ ) < Ig(Péf)—R|+|R—S(Q7f)\
< 54’5:5

Conversely, suppose the condition of the proposition holds. Let ¢, — 0+ as n — oo and
let §., denote the gauge which goes with ¢,,. Without loss of generality, assume that d.,



11.1. DEFINITIONS AND BASIC PROPERTIES 249

is decreasing in n. Let R, denote the closure of all the sums, S (P, f) where P is d., fine.
From the condition, it follows diam (R.,) < &, and that these closed sets are nested in the
sense that R, 2 R, ., because d., is decreasing in n. Therefore, there exists a unique,
R eng2 R, . Tosee this, let r, € R.,. Then since the diameters of the R, are converging
to 0, {r,} is a Cauchy sequence which must converge to some R € X. Since R, is closed,
it follows R € R., for each n. Letting ¢ > 0 be given, there exists ¢, < ¢ and for P a d,,
fine division,
|S(P,f) —R| <&, <e.

Therefore, R = || ; - This proves the proposition.

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 collection
of functions. Consider the first question. Recall the definition of the Riemann integral given
above which is listed here for convenience.

Definition 11.1.5 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 e > 0, there
exists 6 > 0 such that if

pP= {x07x1a' : 'axn}

is any partition having ||P|| < 9, and z; € [T;—1, ],
I- Zf (z:) (F (x;) — F (zi—1))| < e.
i=1

The number f: f (z) dFis defined as I.

First note that if § > 0 and if every interval in a division has length less than § then the
division is ¢ fine. In fact, you could pick the tags as any point in the intervals. Then the
following theorem follows immediately.

Theorem 11.1.6 Let f be Riemann Stieltjes integrable according to Definition!11.1.5.
Then f is generalized Riemann integrable and the integrals are the same.

Proof: Just let the gauge functions be constant functions.
In particular, the following important theorem follows from Theorem 9.4.6.

Theorem 11.1.7 Let f be continuous on [a,b] and let F' be any increasing integra-
tor. Then f € R*[a,b].

Many functions other than continuous ones are integrable however. In fact, it is fairly
difficult to come up with easy examples because this integral can integrate almost anything
you can imagine, including the function which equals 1 on the rationals and 0 on the
irrationals which is not Riemann integrable. This will be shown later.

The integral is linear. This will be shown next.

Theorem 11.1.8 Suppose a and 8 are constants and that f and g are in R*[a,b].
Then af + Bg € R* [a,b] and

/z(af+ﬁg)dF:°‘/,de+ﬁ/,ng'



250 THE GENERALIZED RIEMANN INTEGRAL

Proof: Let n = m and choose gauges, d, and ¢ such that if P is §, fine,

‘S(P,g)—/ng‘ <7
I
and that if P is dy fine,
‘S(P,f)—/de’ <.
I

Now let 6 = min (d4,df). Then if P is § fine the above inequalities both hold. Therefore,
from the definition of S (P, f),

S(Paf +pBg)=aS(P,f)+BS(P,9g)
and so

‘S(P,afwg)— (ﬂ/lngm/Ide)‘ < ‘55(39)—5/}9%‘

+

aS(P,f)—a/Ide‘ <181n+laln < e.

Since £ > 0 is arbitrary, this shows the number, 3 [ ; 9dF +a / ; fdF qualifies in the definition
of the generalized Riemann integral and so af + Sg € R* [a,b] and

/(af+ﬁg)dF:ﬂ/ng+a/de.
I I I
The following lemma is also very easy to establish from the definition.

Lemma 11.1.9 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 P is § fine then

‘S(f,P)—/Ide‘ <e

Since F' is increasing, it is clear that S (f, P) > 0. Therefore,
[ rir=s(.p) ez
I

and since ¢ is arbitrary, it follows [, fdF > 0 as claimed.
To verify the second part, note that by Proposition [11.1.4] there exists a gauge, § such
that if P,Q are ¢ fine then

But

1S (Re f, P) = 5 (Re [, Q)]

[Re (S (f, P)) —Re (5 (f,Q))]
1S (f, P) = S5(f,Q)

IN

and so the conditions of Proposition 11.1.4 are satisfied and you can conclude Re f € R* [I].
Similar reasoning applies to Im f. This proves the lemma.



11.1. DEFINITIONS AND BASIC PROPERTIES 251

Corollary 11.1.10 If|f], f € R* [a,b], where f has values in C, then

‘/Ide’ §/1|f|dF.

Proof: Let |a| = 1 and « [, fdF = |[; fdF|. Then by Theorem 11.1.8 and Lemma

11.1.9]
fo
I

/ozdez/(Re(af)+iIm(af))dF
I I

/IRe(af)dF—i—i/IIm(af)dF:/IRe(af)dF
| Reaniar < [ ir1ar

Note the assumption that |f| € R* [a,b].
The following lemma is also fundamental.

Lemma 11.1.11 If f € R* [a,b] and [c,d] C [a,b], then f € R* [c, d].

IN

Proof: Let ¢ > 0 and choose a gauge § such that if P is a division of [a,b] which is &
fine, then
IS(P.f)— R| < /2

Now pick a & fine division of [c,d], {(I;,t;)};_, and then let {(I;,¢;)}/_ and {(L;,t;)}/_, .,
be fixed § fine divisions on [a, ] and [d, b] respectively.

Now let P; and @ be § fine divisions of [¢,d] and let P and @ be the respective ¢ fine
divisions if [a, b] just described which are obtained from P; and @1 by adding in {(Z;, tl)}:;ll
and {(I;,t;)};—,,,. Then

By the above Cauchy criterion, Proposition 11.1.4, f € R* [¢,d] as claimed.
Corollary 11.1.12 Suppose ¢ € [a,b] and that f € R*[a,b]. Then f € R*[a,c] and

f € R*[c,b]. Furthermore,
c b
/de:/ de+/ fdF.
I a c

Here [ fdF means f[a’c] fdF.

Proof: Let € > 0. Let §; be a gauge function on [a, ¢] such that whenever P is a ¢; fine
division of [a, ¢],

/Cde— S(P,f) <e/3.

Let d2 be a gauge function on [c, b] such that whenever Ps is a d2 fine division of [c, b],

b
/ FAF = S (Py, )| < 2/3.
c
Let d5 be a gauge function on [a, b] such that if P is a 3 fine division of [a, b]

b
/ FdF — S(P.f)| < /3.
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Now define a gauge function,

5(z) = { min (d1,d3) on [a,c]

min (d2,d3) on [c,b]
Then letting P; be a ¢ fine division on [a, c] and P, be a ¢ fine division on [¢, b], it follows

that P = P; U P, is a 03 fine division on [a,b] and all the above inequalities hold. Thus
noting that S (P, f) = S (P1, f) + 5 (P2, f),

[ gar - ( [ g /j de>

/Ide— (S(Pl,f)+S(P2,f))‘

S(P,f)+ S (P, f)— (/Cde+/bde>|

<

_|_

<

b
S(Pz,f)—/ fdF

/Ide—S(Rf)’+‘S(P1,f)—/cde’+
< ¢/3+¢/3+¢/3=c.

Since ¢ is arbitrary, the conclusion of the corollary follows. This proves the corollary.
The following lemma, sometimes called Henstock’s lemma is of great significance.

Lemma 11.1.13 Suppose that f € R* [a,b] and that whenever, Q is a § fine division of
I,

‘S(Q,f) /Ide’ <.

Then if P = {(I;,t;)};—, is any § fine division, and P' = {(Iij,tij)}r

=1 is a subset of P,
then

j=1 j=1"1i;

Proof: Let (Ji,t) € P\ P. From Lemma I1.1.11, f € R*[J;]. Therefore, letting
{(Jki,tki)}é’;l be a suitable ¢ fine division of Jg,

<n

Ik
| fdF - > f(thi) AF,

i=1

where 77 > 0. Then the collection of these ¢ fine divisions, {(Jxi,txi) ik: , taken together

r

with {(Iij , tij) }jzl forms a ¢ fine division of I denoted by P. Therefore,

sZ'S(P,f)—/Ide‘: ;f(tij)AFi—;/Iij fdF

g
+ Y Y fAR- Y fdr

kg {ir, - in} i=1 ke {iv,eein} ” 7k
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Zf ) AF, - Z/ faF| P\ P'ly

where | P\ P’| denotes the number of intervals contained in P\ P’. It follows that

e+ |P\P|n> Zf ) AF; — Z/ fdF

and since 7 is arbitrary, this proves the lemma.

Consider {(I;,t; )} _, a subset of a division of [a,b]. If § is a gauge and {(I;,1; )}J | s
0 fine, this can always be considered as a subset of a § fine division of the whole interval
and so the following corollary is immediate. It is this corollary which seems of most use and
may also be referred to as Henstock’s lemma.

Corollary 11.1.14 Suppose that f € R* [a,b] and that whenever, Q is a § fine division
of I,

‘S(Q,f) —/Ide’ <e
Then if {(L;,t;)}Yo_, is 0 fine, it follows that
P P
S ft)arm) =Y [ far|<e
Jj=1 j=1"1;

Here is another corollary in the special case where f has real values.

Corollary 11.1.15 Suppose f € R* [a,b] has values in R and that

‘S(P,f) —/Ide’ <e

for all P which is & fine. Then if P = {(I;,t;)}._, is & fine,

n

>

i=1

Proof: Let 7T = {z Lf (L) AF; > [} de} and let Z¢ = {1,---,n} \ Z. Then by Hen-

stock’s lemma

> f(ti) AF, - Z/de

<i)AFi—/I_de’gs

1€l €L i€l

and
> f(t)AF; - Z/de f(ti)AFl-—/ de‘gg
i€ZC i€ZC i€ZC Ii

so adding these together yields 11.1.
This generalizes immediately to the following.
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Corollary 11.1.16 Suppose f € R* [a,b] has values in C and that
‘S(P,f)/de‘ <e (11.2)
I

for all P which is é fine. Then if P = {(I;,t;)}.—, is & fine,

n

>

i=1

f(t) AF; — / de) < de. (11.3)

I;

Proof: It is clear that if [11.2 holds, then
‘S(P,Ref) Re/de‘ <e
I

which shows that Re [, fdF' = [,Re fdF. Similarly Im [, fdF = [,Im fdF. Therefore,
using Corollary 11.1.15

Re f (t;) AF; —/ Rede’ <2
i=1 1i

and
n

2.

i=1

Adding and using the triangle inequality, yields [11.3.

Next is a version of the monotone convergence theorem. The monotone convergence
theorem is one which says that under suitable conditions, if f, — f pointwise, then
I} 7 [ndF — / ; fdF. These sorts of theorems are not available for the beginning calculus
type of integral. This is one of the reasons for considering the generalized integral. The
following proof is a special case of one presented in McLeod [26].

Theorem 11.1.17 Let f, (z) > 0 and suppose f,, € R* [a,b], - fn (2) < frs1 (z)-
and that f(x) = lim,— o fr (z) for all x and that f(x) has real values. Also suppose that
{fl fn}zozl is a bounded sequence. Then f € R*[a,b] and

n—oo

/ fdF = lim [ fudF (11.4)
I I

Proof: The proof will be based on the following lemma. The conclusion of this lemma
is sometimes referred to as equiintegrable.

Lemma 11.1.18 In the situation of Theorem 11.1.17 let € > 0 be given. Then there
exists a gauge, 0, such that if P is § fine, then for allm € N,

‘S(P,fn)—/lfndF’ <e. (11.5)

Proof of the Lemma: Let 3n+ (F (b)) — F (a))n < e.
Claim 1: There exists N € N such that whenever n,j7 > N

‘/IfndF—/lfde’ <. (11.6)
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Proof of Claim 1: Such an N exists because, the sequence, {fI fndF}Zozl is increasing
and bounded above and is therefore a Cauchy sequence. This proves the claim.

Claim 2: There exists a sequence of disjoint sets, {En}zo: n such that for z € E,, it
follows that for all j > n,

|fj (z) — f(2)] <n.
Proof of Claim 2: For n > N, let

F,={z:|fj(x)— f(z)] <nforall j>n}.

Then the sets, F,, are increasing in n and their union equals I. Let Exy = Fx and let
E, = F, \ F,,_1. Therefore, the E,, are disjoint and their union equals I. This proves the
claim.

Claim 3: There exists a gauge function ¢ such that if P = {(I;,t;)}7_, is ¢ fine and if

IjE{iItiEEj},IjE@ifj<N,

then if 7 C {n,n+1,---}

DD falt) AR~ ZZ/ frdF| <277 (11.7)

=T i€Z; VISV

Proof of Claim 3: First note the sums are not really infinite sums because there are only
finitely many tags. Thus Z; = () for all but finitely many j. Choose gauges, 0,,n =1,2,- -
such that if P is d,, fine, then

dF — S (P, f)| <m27" (11.8)

and define § on I by letting
d(x) =min (01 (x), -+, 9, (z)) if v € E,. (11.9)

Since the union of the E, equals I, this defines 6 on I. Note that some of the E,, may be
empty. If n < j, then §, (z) got included in the above minimum for all z € E;,j € J.
Therefore, by Corollary [11.1.14, Henstock’s lemma, it follows that [11.7/ holds. This proves
Claim 3.

Suppose now that P = {(I;,#;)}{_, is ¢ fine. It is desired to verify 11.5. Note first

oo

[rar="Y ¥ RELEICTORND YD ALY
j=min(n,N)i€Z; j=min(n,N) i€,
where as before, the sums are really finite. Recall Z; = () if j < N. If n < N, then by Claim

3,

andF SPf‘ ZZ/fndF Zan JAF,| <n2™" <

j=ni€TL; Jj=ni€Z;

Therefore, [11.5 holds in case n < N.
The interesting case is when n > N. Then in this case,

‘/fndF SPf‘ ZZ/fndF Zani F;

j=Ni€Tl; j=N i€,
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1

< XX [ har- Y Y fwsn

j=Niez; 71 j=Ni€I;

+12 Z/I FadF =% fu(t:) AF, (11.10)

j=ni€I; "t Jj=ni€Zl;

By Claim 3, the last term in 11.10 is smaller than n2~". Thus

n—1 n—1
/IfndFS(P,f)‘ AR I FUED DD IFATIN,

j=Niez; ’1i j=Ni€ZI;

n—1 n—1
<2 10N /I fadF =% /1 fidF (11.11)

j=Ni€I; j=Ni€Z;

n—1 n—1

+12 Z/ FidF =73 f (6) AF; (11.12)
j=Niez; " 1i J=N i€,
n—1 n—1

+1D Y HE)AR =YY fa(ti) AF, (11.13)
J=Ni€T; j=Ni€Z;

Then using Claim 1 on [11.11) the messy term is dominated by

S5 [ ar-50 5 [ gar

J=N i€T; J=Ni€Z;
n—1

< fndF — f’dF>
S X (fpar=f s
n—1

= (fn _fj)dF < ‘ fndF — fde’ <n
2;%2;;”/; JC bé

Next consider the term in 11.12l By Claim 3 with J = {j}

2 Z/I_fdeZ > fi (t:) AF;

J=N i€, J=N i€,
n—1

< Y |X [ nar- XY pean
j=N |iez; /Ti i€,

<

n—1
> m2i <.
J=N
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Finally consider [11.13. By Claim 2,

n—1 n—1
Z Z [ (t:) AF; — Z Z fn (t:) AF;

=N €T, j=Ni€Z,
n—1
< YN NS (t) = fu (t)| AF; < (F (b) — F (a))
J=Ni€eZ,
Thus the terms in [11.11]-[11.13| have been estimated and are no larger than
27" +n+n+n(F () - F(a) <e

by the choice of 1. This proves the lemma.
Now here is the proof of the monotone convergence theorem. By the lemma there exists
a gauge, d, such that if P is § fine then

<e

/:fndF‘ArS(}{jh)

for all n € N. Taking the limit as n — oo in the above inequality,

lim /fndF—S(P,f)‘ <e
I

n—oo

and since ¢ is arbitrary, this shows that

/ fdF = lim | fudF.
I I

n—oo
This proves the theorem.

Example 11.1.19 Let

[ 1lifzeQ
f(‘r)_{ 0ifz¢Q

/Olde:o.

This is obvious. Let f,, () to equal 1 on the first n rational numbers in an enumeration
of the rationals and zero everywhere else. Clearly f, () T f(z) for every z 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.

Then f € R*[0,1] and

Here assume F (z) = .

11.2 Integrals Of Derivatives

Consider the case where F'(t) = t. Here I will write dt 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’(z) exists for all z € [a,b], taking the derivative from the right or left at
the endpoints. What about the formula

b
| Fwde=r®) - sy (11.14)
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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 11.2.1 Let
a?sin (J5) if x € (0,1]
f(””)_{ 0ifz=0

You can verify that f has a derivative on [0,1] but that this derivative is not continuous.

The fact that derivatives are generalized Riemann integrable depends on the following
simple lemma called the straddle lemma by McLeod [26].

Lemma 11.2.2 Suppose f : [a,b] — R is differentiable. Then there exist § (z) > 0 such
that if u <z <wv and u,v € [x —d (z),x + d (z)], then

[f (0) = f (u) = f () (v — )| <ev—ul.
Proof: Consider the following picture.

u T v
I I I
T T T

From the definition of the derivative, there exists 0 (z) > 0 such that if |v — z|, | — u| <
d (z), then

F (@) = f @)= F (@) (w=2)| < S [u—a]

and

€
[/ (@) (v —2) = f(0) + f (2)] < 5 |v - 2]
Now add these and use the triangle inequality along with the above picture to write
[f' (@) (v —u) = (f (v) = f ()| <elv—ul.

This proves the lemma.
The next proposition says [11.14 makes sense for the generalized Riemann integral.

Proposition 11.2.3 Suppose f : [a,b] — R is differentiable. Then f' € R* [a,b] and

b
fO - fla)= [ fao
where the integrator function is F (x) = .

Proof: Let € > 0 be given and let § (x) be such that the conclusion of the above lemma
holds for e replaced with €/ (b — a). Then let P = {(I;,t;)};_, be § fine. Then using the
triangle inequality and the result of the above lemma with Ax; = x; — z;_1,

n

F(0) = fa) =) [ (t:) Az,

i=1

NE

i) = fwioy) = f (t:) Ay

1

<
Il

e/ (b—a)Azx; =c¢.

M-

i=1

This proves the proposition.
With this proposition there is a very simple statement of the integration by parts formula
which follows immediately.
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Corollary 11.2.4 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
fglfi—/ fg'dxz/ f'gdx

The following example, is very significant. It exposes an unpleasant property of the gen-
eralized Riemann integral. You can’t multiply two generalized Riemann integrable functions
together and expect to get one which is generalized Riemann integrable. Also, just because
f is generalized Riemann integrable, you cannot conclude |f| is. This is very different than
the case of the Riemann integrable. 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. When you say a function is generalized
Riemann integrable, you do not say much about it.

Example 11.2.5 Consider the function,

[ a?sin(L) ifz #0

Then [’ (x) exists for all x € R and equals

, | 2zsin ?12 —%cos % ifx #0

Then [’ is generalized Riemann integrable on [0, 1] because it is a derivative. Now let 1 (x)
denote the sign of f (x). Thus

Lif f (2) >
bl@)={ —1if f(a)

Then v is a bounded function and you can argue it is Riemann integrable on [0,1]. However,
Y () f (x) = |f (x)| and this is not generalized Riemann integrable.

11.3 Exercises

1. Prove that if f,, € R*[a,b] and {f,} converges uniformly to f, then f € R* [a,b] and
limy oo [y o = J -

2. In Example [11.2.5 there is the function given

| 2zsin (w%) —%cos (w%) ifx#£0
9(”3):{ Oifz=0

It equals the derivative of a function as explained in this example. Thus g is generalized
Riemann integrable on [0,1]. What about the function, h () = max (0, g (z))?

3. Let f € R*[a,b] and consider the function, z — [ f (t) dt. Is this function continuous?
Explain. Hint: Let € > 0 be given and let a gauge, § be such that if P is ¢ fine then

b
S(P,f)—/ fdx| < /2




260

10.

THE GENERALIZED RIEMANN INTEGRAL

Now pick h < § (x) for some = € (a,b) such that z + h < b. Then consider the single
tagged interval, ([x,x + h],x) where z is the tag. By Corollary [11.1.14

x+h
‘f(x)h/ f@)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 3 to the case where the integrator function is more general. You
need to consider two cases, one when the integrator function is continuous at x and
the other when it is not continuous.

Suppose f € R*[a,b] and f is continuous at z € [a,b]. Show G (y) = [” f(t)dt is
differentiable at x and G’ (z) = f ().

Suppose f has n+1 derivatives on an open interval containing ¢. Show using induction
and integration by parts that

n k c T
f@=r@+> 5 w-ot v 5 [ -0 a
k=1 ¢

Would this technique work with the ordinary Riemann or Darboux integrals?

The ordinary Riemann integral is only applicable to bounded functions. However, the
Generalized Riemann integral has no such restriction. Let f(z) = 2~ '/2 for 2 > 0
and 0 for z = 0. Find fol x~/2dz. Hint: Let f, (z) = 0 for 2 € [0,1/n] and z~1/2
for x > 1/n. Now consider each of these functions and use the monotone convergence
theorem.

Can you establish a version of the monotone convergence theorem which has a de-
creasing sequence of functions, {fi} rather than an increasing sequence?

For E a subset of R, let Xg (x) be defined by

XE(:E):{ life e F

Oifz ¢ E
For F an integrator function, define F to be measurable if for all n € N, X €
R* [-n,n] and in this case, let

n

u(E)sup{ XE(t)dt:neN}

—n

Show that if each £} is measurable, then so is U2 ; E); and if £ is measurable, then
so is R\ E. Hint: This will involve the monotone convergence theorem.

The gamma function is defined for > 0 as

[eS) R
I'(z)= / e 1t = lim ettt
0

R—oo [

Show this limit exists. Also show that
Fz+1)=aT(x), T'(1)=1.

How does T (n) for n an integer compare with (n — 1)!1?
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11. This problem outlines a treatment of Stirling’s formula which is a very useful approx-
imation to n! based on a section in [30]. It is an excellent application of the monotone
convergence theorem. Follow and justify the following steps. The impoper integrals
are defined as in Problem 10. Here z > 0.

o0
I(z+1) :/ ettt dt
0
First change the variables letting t = 2 (1 +u) to get I' (z + 1) =

(o)
e‘“’x“‘l/ (e (1+u))* du
-1

Next make the change of variables u = 5\/% to obtain ' (z + 1) =

JBe-geH1/2) /o} (e\ﬁ (1 + 5\/§> ) s

The integrand is increasing in x. This is most easily seen by taking In of the integrand
and then taking the derivative with respect to x. This derivative is positive. Next
show the limit of the integrand is e~%". This isn’t too bad if you take the In and then
use L’Hospital’s rule. Consider the integral. Explain why it must be increasing in z.
Then use Lemma 5.4.3| on Page 82 which is about interchanging the order of sup and
the monotone convergence theorem. Tell where it is used and explain why it can be
used in the following computation. Remember, this theorem pertains to a sequence of

functions.
. > —sy/Z 2 ’
lim e = | 1454/ — ds
Tr— 00 7\/? €T
oo 2 z
= sup/ eVi 1+ 5\/> ds
>0 _\/g x

sup sup sup ! /T 4] (s) (es\/f <1 + s

[NE]

z>0y>02>0.J—2
Y

= supsupsup /2] (s) (e—s\/g <1 +s

y>02>02>0J—2

x
v 2
= supsup lim X[_ = ](s) (e_s H (1 +S\/7>> ds
y>02z>0T7>® J_, 2Y €T

Y 2 o0 2
supsup/ e % ds E/ e % ds
y>02>0J—2 —0o

Now Stirling’s formula is
r 1 o
lim ﬂ = / e~ ds
T— 00 \/§€_$$w+(1/2) oo
where this last improper integral equals /7 thanks to Problem 29 on Page [214.

12. To show you the power of Stirling’s formula, find whether the series

= nle™
>

n=1
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converges. The ratio test falls flat but you can try it if you like. Now explain why, if
n is large enough

nl > % (/00 6_52d3> V2e it (1/2) = o\/2e it (1/2)

— 00
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permutations and combinations, 29
gamma function, 214, 260 piecewise continuous, 231
gauge function, 247 pointwise convergence
generalized Riemann integral sequence, 104
Cauchy criterion, 248 series, [107
geometric series, [70 power series, [143
greatest lower bound, 28 power set, [35, [42

present value of an annuity, 26

product rule, 126

properties of integral
properties, 189

Heine Borel, 54
Henstock, 247
Holder’s inequality, 195

improper integral, 207

. . quadratic formula, [30
integration by parts, 194

integration by parts formula, 204 Raabe’s test, 139

interior point, [55 radius of convergence, 144
intermediate value theorem, [98 range, [43

intervals, [14 ratio test, [78

inverse image, 145 rational function, 45

real numbers, 9

recurrence relation, 146
recursively defined sequence, [67
recursively defined sequence, |46
limit of a function. 113 regular Sturm Liouville problem, 210
limit point, 55 ’ removable discontinuity, 89
Lipschitz, 103 Riemann integrable, [179

' Riemann Lebesgue lemma, 224
Rolle’s theorem, [132

root test, 78

Russell’s paradox, 37

Kurzweil, 247

least upper bound, 28
limit comparison test, [73

local maximum, 128

local minimum, 128
locally finite, 59

lower semicontinuous, 103

Schroder Bernstein theorem, 38
second derivative test, 140
second mean value theorem, 211
sequence of partial sums, (69
sequences, 46

sequential compactness, 54, 102
sets, 139

Simpson’s rule, 208, 209
squeezing theorem, 116
squeezing theorem, |51

nested interval lemma, 53 Stirling’s formula, 261
nonremovable discontinuity, 90

mathematical induction, 21
max. min.theorem, 98
maximizing sequence, 103
mean square convergence, 233
mean value theorem

for integrals, 206
Merten’s theorem, 84
minimizing sequence, 103
multinomial expansion, [30

tagged division, 247

odd, 242 Taylor series, 143
open set, 55 Taylor’s formula, 209
order, [15 total variation, 202

trapezoid rule, 209
p series, 74 triangle inequality, [32



INDEX 267

uniform convergence, 233
sequence, 105, 137
series, 107
uniformly Cauchy
sequence, 106
uniformly continuous, [102), 212
upper and lower sums, [177
upper semicontinuous, 103

Weierstrass, 90

Weierstrass approximation theorem, [110
Weierstrass M test, 107, 241

well ordered, 21



