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Chapter 1

Introduction

The difference between advanced calculus and calculus is that all the theorems are
proved completely and the role of plane geometry is minimized. Instead, the notion of
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.



CHAPTER 1. INTRODUCTION



Chapter 2

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
Q E{— such that m,n € Z,n # 0}
n
are each subsets of R as indicated in the following picture.
-4 -3 -2 -1 0 1 2 3 4

[ I 1I/2I I

A
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 x+ 0=z, (additive identity).



10 CHAPTER 2. THE REAL AND COMPLEX NUMBERS

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

Axiom 2.1.4 (z+y)+z=2x+ (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 1z = x, (multiplicative identity).

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

Axiom 2.1.9 z (y + z) = xy + 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 z/y =
z (y~'). It is assumed that the reader is completely familiar with these axioms in the
sense that he or she can do the usual algebraic manipulations taught in high school and
junior high algebra courses. The axioms listed above are just a careful statement of
exactly what is necessary to make the usual algebraic manipulations valid. A word of
advice regarding division and subtraction is in order here. Whenever you feel a little
confused about an algebraic expression which involves division or subtraction, think of
division as multiplication by the multiplicative inverse as just indicated and think of
subtraction as addition of the additive inverse. Thus, when you see z/y, think = (y’l)
and when you see x — y, think = + (—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) =77 It
makes a difference doesn’t it? However, the so called binary operations of addition and
multiplication are associative and so no such confusion will occur. It is conventional to
simply do the operations in order of appearance reading from left to right. Thus, if you
see 6 — 3 — 4, you would normally interpret it as the first of the above alternatives.

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.
2. 00=0, —(—z) ==z,

3 (-H(-1)=1,(-)ax=—x

4. If vy = 0 then either x =0 or y = 0.

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

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

which implies
0+y=0+=2.

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 0z = 0. From the definition of the additive identity
and the distributive law it follows that

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

0 = (=0z) + 0z = (—0z) + (0x + 0z)
((=0x) 4+ 0z) + 0z = 0 + 0z = Oz

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

x4+ (—2)=0

and so x = — (—x) as claimed.
To demonstrate 3.,
(D (@+(-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) z = —z, use 2.
and the distributive law to write

z+(-r=az(14+(-1)) =20=0.

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

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

y=(a'2)y=2""(zy) =270 =0.

This proves 4. B

Recall the notion of something raised to an integer power. Thus y? = y x y and
b= = & etc.

Also, there are a few conventions related to the order in which operations are per-

formed. Exponents are always done before multiplication. Thus zy? = z (y2) and is not

equal to (xy)2 . Division or multiplication is always done before addition or subtraction.
Thus z — y (2 + w) =  — [y (2 + w)] and is not equal to (z — y) (2 + 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.



12 CHAPTER 2. THE REAL AND COMPLEX NUMBERS

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

Zm‘7£x1+x2—|—-~-+xm.

j=1

Thus this symbol, Z;”:l x; means to take all the numbers, x1,x2, -+ ,Tp 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 22:1 (2k +1) = 48.

Be sure you understand why

m+1 m

g Tk = E Tk + Tm1-
k=1 k

=1

As a slight generalization of this notation,
m
ij =T+ 0+ Ty
j=k
It is also possible to change the variable of summation.
m
Zajjle +zot+- -+ Ty,
j=1

while if r is an integer, the notation requires

m-+r
E xjfr:x1+-r2+"'+xm
j=14r

and so Y0 x; = Z;n:llr Ty
Summation notation will be used throughout the book whenever it is convenient to
do so.

Example 2.1.13 Add the fractions, " + .

You add these just like they were numbers. Write the first expression as 0 z(@=1)

z2+y)(z—1)
2
and the second as % Then since these have the same common denominator,
you add them as follows.
T _ z(x—1) y (22 +y)
?+y x-—1 (@2 +y)(@—-1)  (z-1)(z*+y)

22—z + yx? + 2
(2 +y)(z—1)
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2.2 Exercises

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

4. Add the fractions —*5 + i—;%

3

5. Find a formula for (z + 1), (z +y)*, and (z +y)*. Based on what you observe

for these, give a formula for (z + y)° .
6. When is it true that (x +y)" = 2™ + y"?

7. Find the error in the following argument. Let x = y = 1. Then zy = y? and so
ry — 2?2 = y? — 22, Therefore, z (y — z) = (y — 2) (y + =) . Dividing both sides by
(y — x) yields x = x + y. Now substituting in what these variables equal yields
1=1+1.

8. Find the error in the following argument. vz2 + 1 = z + 1 and so letting z = 2,
V/5 = 3. Therefore, 5 = 9.

9. Find the error in the following. Let x = 1 and y = 2. Then % = T}_y = % +

<=

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

10. Find the error in the following argument. Let z =3 and y =1. Then 1 =3 -2 =
3-B-l)=z—yl—y =@—y (r-y =2°=4

11. Find the error in the following.

Ty +y

=y+y=2y.
Now let z = 2 and y = 2 to obtain

3=4

12. Show the rational numbers satisfy the field axioms. You may assume the associa-
tive, 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 = {z € Z : x > 2}. This notation says: the set of all integers, z,
such that x > 2.

If A and B are sets with the property that every element of A is an element of
B, then A is a subset of B. For example, {1,2,3,8} is a subset of {1,2,3,4,5,8}, in
symbols, {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} D {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} =
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{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:xz € Aorz € 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={z:z € Aand z € B}.

When with real numbers, [a, b] denotes the set of real numbers, z, such that a < <'b
and [a,b) denotes the set of real numbers such that a < x < b. (a,b) consists of the set
of real numbers, x such that a < x < b and (a, b] indicates the set of numbers, = such
that @ < 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 —oc is that these
are not real numbers. Therefore, they cannot be included in any set of real numbers.
It is assumed that the reader is already familiar with order which is discussed in the
next section more carefully. The emphasis here is on the geometric significance of these
intervals. That is [a,b) consists of all points of the number line which are to the right
of a possibly equaling a and to the left of b. In the above description, I have used the
usual description of this set in terms of order.

A special set which needs to be given a name is the empty set also called the null set,
denoted by @. Thus () 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 ) 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={zr € A:z ¢ 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 RT which is assumed to satisfy the following axioms.

Axiom 2.4.1 The sum of two positive Teal numbers is positive.
Axiom 2.4.2 The product of two positive real numbers is positive.

Axiom 2.4.3 For a given real number x one and only one of the following alternatives
holds. FEither x is positive, x = 0, or —x is positive.

Definition 2.4.4 z <y ezactly when y + (—x) =y —x € RT. In the usual way,
x <y is the same as y > v and v < y means either v <y or x = y. The symbol > is
defined similarly.
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Theorem 2.4.5 The following hold for the order defined as above.

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

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

If £ <0 and y <0, then xy > 0.

If x > 0 then =1 > 0.

If v <0 then =1 < 0.

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

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

S S N T

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

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

Proof: First consider O, the transitive law. Suppose z < y and y < z. Why is
x < 27 In other words, why is z —x € R*? It is because z —x = (2 — y) + (y — x) and
both z — y,y — x € RT. Thus by EZZ0 above, z — 2z € RT and so z > x.

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

(y+2)+ (1) (z+2)

= y+(-Dz+z+(-1)z
= y—z Rt

(y+2)+—(x+2)

Next consider B. If z < 0 and y < 0, why is xy > 0?7 First note there is nothing
to show if either x or y equal 0 so assume this is not the case. By 233 —z > 0 and
—y > 0. Therefore, by B4 and what was proved about —z = (—1) z,

(—z)(=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 @. If 2 > 0 why is 27! > 0? By 23 either 27! = 0 or —z~! € RT.
It can’t happen that £~ = 0 because then you would have to have 1 = Ox and as was
shown earlier, 0z = 0. Therefore, consider the possibility that —z~! € R*. This can’t
work either because then you would have

(-2 'z =(-1)(1)=-1

and it would follow from EZZ3 that —1 € R*. But this is impossible because if z € RT,
then (—1) z = —z € RT and contradicts 23 which states that either —z or x is in RT
but not both.
Next consider B. If < 0, why is 7! < 0?7 As before, 7! # 0. If z=! > 0, then as
before,
-z (1:71) =—-1cR*

which was just shown not to occur.
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Next consider B. If x < y why is xz < yz if z > 07 This follows because
yz —wz=z(y —x) € RT

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

zx—z2y=2z(x—y) eRT

by what was proved in B.
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 < .

Definition 2.4.6 |z| = { zifr 20,

—x if x < 0.
Note that |z| can be thought of as the distance between 2 and 0.
Theorem 2.4.7 |zy| = |2||y].
Proof: You can verify this by checking all available cases. Do so. B
Theorem 2.4.8 The following inequalities hold.
[z +yl < el + 1yl 2] = [yl < fe—yl.
Either of these inequalities may be called the triangle inequality.

Proof: First note that if a,b € R* 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 b2 — 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

v’ —a®>=(b+a)(b—a) e RT.
By the above theorem on order, (a + b)f1 € RT and so using the associative law,
(@+b) " ((b+a)(b—a) = (b—a) € RT
Now
e +yl” = (e+y)’ =a"+ 2y +y°
< 2l + lyl® + 212yl = (2| + Jy])?

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,

r=x-y+y

SO
| <z =yl +y|
and so
lz| = lyl <z —yl =y — =]
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Now repeat the argument replacing the roles of x and y to conclude
lyl — [z <[y —=|.

Therefore,
yl = |zl < ly — ]

This proves the triangle inequality.
Example 2.4.9 Solve the inequality 2x +4 <z —8

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

Example 2.4.10 Solve the inequality (z + 1) (22 — 3) > 0.

If this is to hold, either both of the factors, x 4+ 1 and 2z — 3 are nonnegative or they
are both non-positive. The first case yields x +1 > 0 and 26 —3 > 0so z > —1 and
xr > % yielding x > % The second case yields z + 1 < 0 and 2z — 3 < 0 which implies
r<-—-1land z < % Therefore, the solution to this inequality is x < —1 or z > %

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

Here the problem is to find x such that z2 + 2z + 4 > 0. However, 22 + 2z +4 =
(x + 1)2 + 3 > 0 for all x. Therefore, the solution to this problem is all z € R.

Example 2.4.12 Solve the inequality 2oz +4 < x — 8
This is written as (—oo, —12].
Example 2.4.13 Solve the inequality (z + 1) (22 — 3) > 0.

This was worked earlier and z < —1 or z > 2 was the answer. In terms of set

2
notation this is denoted by (—oo, —1] U [2, 00).
Example 2.4.14 Solve the equation |x — 1| = 2

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

Example 2.4.15 Solve the inequality |2z — 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 < 2and so —1/2 < z < 3/2. In other words, —1/2 < z and z < 3/2.

Example 2.4.16 Solve the inequality |2o — 1] > 2.

This happens if 2z — 1 > 2 or if 2z — 1 < —2. Thus the solution is > 3/2 or
x < —1/2. Written in terms of intervals this is (%, oo) U (foo, f%) .
Example 2.4.17 Solve |z + 1| = |2z — 2|

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

Example 2.4.18 Solve |z + 1| < |2z — 2|
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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. |x +1| =2+ 1 when 2 > —1 and |z + 1| = —1 — = when z < —1. Therefore,
it is not hard to draw its graph. Similar considerations apply to the other relation. The
result is

y=lz+1]

Equality holds exactly when x = 3 or x = % as in the preceding example. Consider x
between % and 3. You can see these values of  do not solve the inequality. For example
x = 1 does not work. Therefore, (%, 3) must be excluded. The values of  larger than 3
do not produce equality so either |z + 1| < |22 — 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, £]. It follows the
solution set to this inequality is (—oo, %] U [3,00).

Example 2.4.19 Suppose € > 0 is a given positive number. Obtain a number, § > 0,
such that if |z — 1| < 6, then |2? — 1| <e.

First of all, note |22 — 1| = |z = 1||z + 1| < (|z| + 1) |z — 1|. Now if |z — 1] < 1, it
follows |z| < 2 and so for |z — 1| < 1,

2?2 — 1| < 3]z —1].

Now let 6 = min (1, %) . This notation means to take the minimum of the two numbers,
L and 5. Then if [z — 1] <4,

[ — 1] <3le 1] <3 ==

2.5 Exercises

1. Solve (3z +2) (x — 3) < 0.
2. Solve (3z 4 2) (z —3) > 0.

3. Solve 2% < 0.

4. Solve% <1

5. Solve (z —1) 2z +1) < 2.
6. Solve (z — 1) (2z + 1) > 2.
7. Solve 22 — 2z < 0.

8. Solve (z +2) (z —2)* <0.
9. Solve 244 >0
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3z+9
10. Solve i1 = L

2
11. Solve TZ22EL < 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 |z — 3| < 2.

16. Show |z| = V2.

17. Solve |z + 2| < |3z — 3|.

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 23131 > 1.

22. Solve 2 > 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 |x — 6] < 1, then |x| < 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 |\/x — 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 k slots with these integers
starting from left to right if whenever an integer from S, has been used, it cannot be
re used in any succeeding slot?

k of these slots

e e s I

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)=nin—-1)(n—-2)---(n—k+1)



20 CHAPTER 2. THE REAL AND COMPLEX NUMBERS

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

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

n!

(n—k)!

P(n,k)=

Now consider the number of ways of selecting a set of k different numbers from S,,. For
each set of k numbers there are P (k,k) = k! ways of listing these numbers in order.
n
k
Sy, it must be the case that

Therefore, denoting by the number of ways of selecting a set of k numbers from

Therefore,

How many ways are there to select no numbers from S,,? Obviously one way. Note the
above formula gives the right answer in this case as well as in all other cases due to the
definition which says 0! = 1.

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

n times

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

Then you know the result will be sums of terms of the form az*y™~*. What is a;? In
other words, how many ways can you pick x from k of the factors above and y from
the other n — k. There are n factors so the number of ways to do it is

(i)

Therefore, a 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.

o =3 (1)

k=0

2.7 'Well Ordering Principle And Archimedean Prop-
erty

Definition 2.7.1 A set is well ordered if every nonempty subset S, contains a
smallest 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.
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In particular, the natural numbers defined as
N={1,2,---}

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

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

Proof: Let T = ([a,00) N Z)\ S. Thus T consists of all integers larger than or equal
to a which are not in S. The theorem will be proved if T' = 0. 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 > a and
b—1¢ S becauseif b—1€ S, thenb—1+1=1>€ 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. B

Mathematical induction is a very useful device for proving theorems about the inte-
gers.

. . 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
Z Z k> 4+ (n+ 1
k=1 =1
n(n+1)(2n+1)
6
The step going from the first to the second line is based on the assumption that the

formula is true for n. This is called the induction hypothesis. Now simplify the expression
in the second line,

+(n+1)>°.

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

5 +(n+1)%.

This equals

(n+1)(”(2”6+”+(n+1))

and

n(2n+1) _6(n+1)+2n*+n

T"ﬂ‘(ﬂ‘i‘l)— 5

:(n+2)(2n+3)
6

Therefore,

S, n+1)(n+2)(2n+3)

2= G

m+D((n+1)+1)2(n+1)+1)

6 )
showing the formula holds for n 4 1 whenever it holds for n. This proves the formula by
mathematical induction.
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Example 2.7.5 Show that for alln € N, % . % 23;1 < \/ﬁ

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 Von+12n+4 2

V2n+1
2n+2

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 " (2n+2)°

which occurs if and only if (2n 4 2)® > (2n 4 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 Archimedean property states that whenever x € R, and
a > 0, there exists n € N such that na > x.

This is not hard to believe. Just look at the number line. Imagine the intervals
[0,a), [a,2a),[2a,3a), - . If < 0, you could consider a and it would be larger than x.
If x > 0, surely, it is reasonable to suppose that £ would be on one of these intervals, say
[pa, (p + 1) a). This Archimedean property is quite important because it shows every
fixed real number is smaller than some integer. It also can be used to verify a very
important property of the rational numbers.

Axiom 2.7.7 R has the Archimedean property.

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

Proof: Let z be the smallest positive integer. Not surprisingly, = 1 but this
can be proved. If < 1 then 22 < x contradicting the assertion that x is the smallest
natural number. Therefore, 1 is the smallest natural number. This shows there is no
integer, y, satisfying x < y < x + 1 since otherwise, you could subtract  and conclude
0 <y—a <1 for some integer y — x.

Now suppose y —z > 1 and let

S={weN:w>y}.

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

<0

—~ =
y—z<y—(k—-1)=y—-k+1<1
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contrary to the assumption that y — x > 1. Therefore, x < kK — 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 v <
r<y.

Proof:Let n € N be large enough that
n(y—z)>1.
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 TR there exists m € Z such that
nr <m < ny

and so take r =m/n. W
Definition 2.7.10 A4 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 ;—g. What did you do? You likely did a process of
long division which gave the following result.

79

Bh = 3 with remainder 13.

This meant
79 = 3(22) + 13.

You were given two numbers, 79 and 22 and you wrote the first as some multiple of
the second added to a third number which was smaller than the second number. Can
this always be done? The answer is in the next theorem and depends here on the
Archimedean property of the real numbers.

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 +r.

Proof: Let S = {n € N: an > b} . By the Archimedean property this set is nonempty.
Let p+ 1 be the smallest element of S. Then pa < b because p + 1 is the smallest in S.
Therefore,

r=b-—pa>0.
If r > a then b — pa > a and so b > (p+ 1) a contradicting p + 1 € S. Therefore, r < a
as desired.

To verify uniqueness of p and r, suppose p; and r;, ¢ = 1,2, both work and ro > ry.
Then a little algebra shows

T2 —T1

P11 — P2 = 6(0,1).
Thus p; — ps is an integer between 0 and 1, contradicting Theorem PEZT3. The case
that r; > 7o cannot occur either by similar reasoning. Thus r; = 5 and it follows that
p1=p2. W

This theorem is called the Euclidean algorithm when a and b are integers.
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2.8 Exercises

1.

10.

11.

12.

By Theorem 21 it follows that for @ < b, there exists a rational number between
a and b. Show there exists an integer k such that

k
— <b
a<2m<

for some k, m integers.

. 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% = in* 4+ in% 4 in%

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 >°)'_, k* in the following way. Look for a formula in the form An® + Bn? +
Cn® + Dn? + En + F. Then try to find the constants A4, 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+0(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,%")_; ﬁ > /n.

If 7 # 0, show by induction that > ,_, ar® = gt

r—1 r—1°

. . n n(n+1
Prove by induction that ), _, k= %

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

Consider the geometric series, > »_, ar*~!. Prove by induction that if r # 1, then
k=1

n
k—1 a—ar"
E ar’ " =— .
-
k=1

This problem is a continuation of Problem . 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+ 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 = 100 (1 4 r)*.
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13.

14.

15.

16.

In general, the amount you would have at the end of n months would be 100 (1 + )" .
(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 + )" in the bank. In an ordinary annuity, you make payments,
P at the end of each payment period, the first payment at the end of the first
payment period. Thus there are n payments in all. Each accrue interest at the
rate of r per payment period. Using Problem [, find a formula for the amount
you will have in the bank at the end of n payment periods? This is called the
future value of an ordinary annuity. Hint: The first payment sits in the bank for
n — 1 payment periods and so this payment becomes P (1 + r)"fl . The second
sits in the bank for n — 2 payment periods so it grows to P (1 + r)ni2 , etc.

Now suppose you want to buy a house by making n equal monthly payments.
Typically, 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 because 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, () which when invested at a rate
of r per payment period would yield P at the end of k payment periods? Thus
from Problem [ Q (1 +7)* = P and so Q = P (1+r) ". Thus this payment
of P at the end of n payment periods, is worth P (1 +r)7k 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=Y "Pa+r)".

k=1

Using Problem [, 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 I3
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 (:chy)1 =lz+ 1y, (z +y)2 =
22+ 2zy 492, and (x4 y)° = 23 + 322y + 3xy® + y®. Give a conjecture about that
(x+y)°.

Based on Problem [ conjecture a formula for (z + y)" and prove your conjecture
by induction. Hint: Letting the numbers of the n!” row of Pascal’s triangle

1Blaise Pascal lived in the 1600’s and is responsible for the beginnings of the study of probability.
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17.

18.

19.

20.

21.
22.
23.
24.

25.

26.
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be denoted by (7). (7). -+, (!) in reading from left to right, there is a relation

between the numbers on the (n + 1)St row and those on the nt" row, the relation
being ("zl) = () + (,",)- This is used in the inductive step.

Let (}) = #k‘)'k‘ where 0! =1 and (n + 1)! = (n + 1) n! for all n > 0. Prove that

whenever £ > 1 and k < n, then ("Zl) = (Z) + (kfl). Are these numbers, (Z) the

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

The binomial theorem states (a+b)" = Y;'_o (7)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 — p)”—’f = np.

n n+1
Using the binomial theorem prove that for all n € N, (1 + %) < (1 + L) .

n+1
Hint: Show first that (Z) = W By the binomial theorem,
k factors
n n k n
1 n\ (1 n-(n—1)---(n—k+1)
1 — — — = .
()~ G) -2

k=0 k=0

n-(n—1)---(n—k+1

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

n+1
the binomial expansion for (1 + #) except that n is replaced with n + 1

n+1

whereever this occurs. Argue the term got bigger and then note that in the
n+1

binomial expansion for (1 + %ﬂ) , there are more terms.

Prove by induction that for all & > 4, 2F < k!
Use the Problems EI and B0 to verify for all n € N| (1 + %)n <3.
Prove by induction that 1+ Y ;i (i!) = (n + 1)..

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

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

Let ( & ]? i ) denote the number of ways of selecting a set of k; things, a set
1, 2,3

of ko things, and a set of k3 things from a set of n things such that Z?Zl k; = n.

Find a formula for ( ) . Now give a formula for a trinomial theorem, one

n
kv, ko, ks
which expands (z +y + 2)" . Could you continue this way and get a multinomial
formula?
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2.9 Completeness of R

By Theorem P4, between any two real numbers, points on the number line, there
exists a rational number. This suggests there are a lot of rational numbers, but it is not
clear from this Theorem whether the entire real line consists of only rational numbers.
Some people might wish this were the case because then each real number could be
described, not just as a point on a line but also algebraically, as the quotient of integers.
Before 500 B.C., a group of mathematicians, led by Pythagoras believed in this, but
they discovered their beliefs were 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 /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 © € 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 l is an upper bound and
that every other upper bound is no smaller than 1 is called a least upper bound, l.u.b. (S)
or often sup (S) . If 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. In an appendix, there is a proof that the real numers can be obtained as
equivalence classes of Cauchy sequences of rational numbers.

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 6 > 0,
SN (sup (S) — &,sup (S)] # 0.

If inf (S) exists, then for every § > 0,
S N [inf (S),inf (S) 4+ 6) # 0.

Proof:Consider the first claim. If the indicated set equals @, then sup (S) — ¢ is an
upper bound for S which is smaller than sup (S), contrary to the definition of sup (.5)
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as the least upper bound. In the second claim, if the indicated set equals @, then
inf (5) 4+ ¢ would be a lower bound which is larger than inf (S) contrary to the definition
of inf (S) .This proves the proposition.

2.10 Existence Of Roots

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

Lemma 2.10.1 Suppose n € N and a > 0. Then if 2™ — a # 0, there exists § > 0
such that whenever

y€(x—0d,z+9),

it follows y™ — a # 0 and has the same sign as " — a.

Proof: Using the binomial theorem,

n—1

n n—k L n
<k>(y—x) ¥+

k=0

Let |y — x| < 1. Then using the triangle inequality, it follows that for |y — z| < 1,

n—1
n k
-t <ly-a Y lelt =Clo-ul
k=0

n
k
is less than |z™ — a| . For example, you could let

. |z™ — al
= -1
§ = min ( 50

where, as indicated, C' = ZZ;& |:c|k Let 4 be small enough that the right side

Then ify € (x — d,2 +9),
ly" — 2" < Clz —y| <C6 < |a" —q

It follows that on the number line, y™ must be between a and z". Consequently,
y™ — a # 0 and has the same sign as 2" — a. (Draw a picture.) W

n C c "

Theorem 2.10.2 Let a > 0 and let n > 1. Then there ezists a unique x > 0
such that z" = a.
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Proof: Let S denote those numbers y > 0 such that " —a < 0 for all t € [0, y]. One
such number is 0. If @ > 1, then a short proof by induction shows a™ > a and so, in this
case, S is bounded above by a. If a < 1, then another short argument shows (1/a)" > a
and so S is bounded above by 1/a. By completeness, there exists z, the least upper
bound of S. Thus for all y < z,y™ — a < 0 since if this is not so, then x was not a
least upper bound to S. If ™ — a > 0, then by the lemma, y™ — a > 0 on some interval
(x — 0,24 6). Thus z fails to be a the least upper bound because an upper bound is
x—06/2. If 2™ —a < 0, then by the lemma, y™ —a < 0 on some interval (x — §,z + J)
and so x is not even an upper bound because S would then contain [0,z + ¢). Hence
the only other possibility is that ™ —a = 0. That is, = is an n'* root of a.

This has shown that a has a positive nt"* root. Could it have two? Suppose z,z
both work. If z > z, then by the binomial theorem,

o= (x+z—x)"=§n:< ’; )x”_k(z—x)k

k=0
n—1 n—1
= x"+Z( Z )m"k(z—x)k:a—kz ( Z )a:"k(z—x)k>a.
k=0 k=0

Turning the argument around, it is also not possible that z < z. Thus the n** root is
also unique. W

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

2.11 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 inf S € S.

2. Show that if S # ) and is bounded above (below) then sup S (inf.S) is unique.
That is, there is only one least upper bound and only one greatest lower bound.
If S = 0 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?

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

4. Which of the field axioms is being abused in the following argument that 0 = 27

Let x =y = 1. Then

2

0=a’—y’=(@@—-y) (x+y)

and so
0=(z—y)(z+y).

Now divide both sides by = — y to obtain

O=x+y=1+1=2.

5. Give conditions under which equality holds in the triangle inequality.
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12.
13.
14.

15.

16.
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Let k < n where k and n are natural numbers. P (n, k), permutations of n things
taken k at a time, is defined to be the number of different ways to form an ordered
list of k of the numbers, {1,2,--- ,n}. Show

P(n,k‘):n-(n—1)~-~(n—k+1)=m.

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 @. Hint: When you take (z + y)" , note

that the result will be a sum of terms of the form, ayz” *y* and you need to de-

termine what ay should be. Imagine writing (z +y)" = (x +y) (z +y) - (z +y)
where there are n factors in the product. Now consider what happens when you
multiply. Each factor contributes either an z 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 @ that the number of subsets of a
given finite set containing n elements is 2".

Let n be a natural number and let k; + ko + - - - k. = n where k; is a non negative

integer. The symbol
n
kiky -k,

denotes the number of ways of selecting r subsets of {1,--- ,n} which contain
ki, 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 z%ry = % + % for z and y positive real numbers?

Derive a formula for the multinomial expansion, (3°F_, a;)" which is analogous
to the binomial expansion. Hint: See Problem B.

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

Find a formula for x in terms of @ and b and square roots of expressions involving
these numbers. Hint: First divide by a to get

b
22+ 2w+ <=0
a’  a
Then add and subtract the quantity b?/4a?. Verify that
2 b, P b 2
r+-r+-—=|z+—) .
a 4a? 2a

Now solve the result for z. The process by which this was accomplished in adding
in the term b2 /4a? is referred to as completing the square. You should obtain the

quadratic formula®?,
—b £ Vb2 — 4ac
r=——>":
2a

2The 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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17.

18.

19.

20.

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 () is smallest by
completing the square. Also determine f (R) and sketch the graph of f. Hint:

3(1:24—71;—17):3(332—1—7304—49—49—17>
3

/(@ ;

NIARAE R
6 36 3/

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

Show that if it is assumed R is complete, then the Archimedean property can be
proved. Hint: Suppose completeness and let a > 0. If there exists x € R such
that na < z 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 + 17

Suppose you have an infinite sequence of numbers a; < as < --- . Also suppose
there exists an upper bound L such that each ay < L. Review what it means for
the limit of a sequence to exist and verify that lim,, o a, = sup {a}. In other
words, the limit equals the least upper bound of the numbers {a;,aq,---}.

2.12 The Complex Numbers

Just as a real number should be considered as a point on the line, a complex number
is considered a point in the plane which can be identified in the usual way using the
Cartesian coordinates of the point. Thus (a,b) identifies a point whose x coordinate is
a and whose y coordinate is b. In dealing with complex numbers, such a point is written
as a + ib. For example, in the following picture, I have graphed the point 3 4+ 2i. You
see it corresponds to the point in the plane whose coordinates are (3,2) .

3424

Multiplication and addition are defined in the most obvious way subject to the
convention that i2 = —1. Thus,

and

(a+1ib)+ (c+id) = (a+c)+i(b+4d)

(a+ib) (c+id) = ac+iad+ ibc+i*bd
= (ac—bd)+1i(bc+ ad).
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Every non zero complex number, a + ib, with a? + b? # 0, has a unique multiplicative
inverse. .
1 a—ib  a b

atib a?+b @10 a2+
You should prove the following theorem.

Theorem 2.12.1 The complex numbers with multiplication and addition de-
fined as above form a field satisfying all the field axioms listed on Page Q.

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

a+ib=a—1b.

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

(a+1b) (a+ ib) = a* + b°.
Definition 2.12.2 Define the absolute value of a complex number as follows.
la + ib| = Va2 + b2.
Thus, denoting by z the complexr number, z = a + b,
2| = (22)"/2.

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 2.12.3 : Let z = a+ib and w = c+id. Then |z —w| = \/(a — )’ + (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

\/(2—1)2+(5—8)2:\/ﬁ

On the other hand, letting z =2 +i5 and w =148, z —w =1 — 43 and so

(z—w)(z—w)=(1-13)(1+1:3) =10
so |z — w| = 4/10, the same thing obtained with the distance formula.

Notation 2.12.4 From now on I will sometimes use the symbol F to denote either C
or R, rather than fussing over which one is meant because it often does not make any
difference.

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

Theorem 2.12.5 Let z,w e C. Then

w+ 2| < fwl +[2], [[2] = [w]] < |z — w].
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Proof: First note |zw| = |z| |w|. Here is why: If z = z + iy and w = u + iv, then
|zw|* = |(@ + iy) (u+ iv)[* = |vu = yo + i (20 + yu)|®
= (zu —y)* + (zv + yu)? = 220 + 20 + 220 + 2
Now look at the right side.
|2

12| [w]® = (z + iy) (z — iy) (u + ) (u—iv) = 2% + y?0? + 2202 + y2u?,

the same thing. Thus the rest of the proof goes just as before with real numbers. Using
the results of Problem B on Page B4, the following holds.

|2 + w|?

(z+w)Z+wW) =2Z+ 20 + wzZ +ww

= |2+ |w|’ + 2w + Wz

= |2’ +|w|’ + 2Rezw

|21* + w]* +2 2] = |21 + [w|* +2 2] [w]
(2] + fw])?

IN

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

and so
2] = w| < |z —w| = |w — 2|

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

which implies the desired inequality. This proves the theorem.

2.13 Exercises
1. Let z =5+ 19. Find 2z~ 1.
2. Let z =2+ 7 and let w = 3 — i8. Find 2w, z + w, 22, and w/z.

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

4. For those who know about the trigonometric functions from calculus or trigonom-
etry®, De Moivre’s theorem says

[r (cost +isint)]" = 7™ (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.

5. Using De Moivre’s theorem from Problem B, derive a formula for sin (5x) and one
for cos (5z). Hint: Use Problem I8 on Page and if you like, you might use
Pascal’s triangle to construct the binomial coefficients.

3T will present a treatment of the trig functions which is independent of plane geometry a little later.
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If z,w are complex numbers prove Zw = Zw and then show by induction that

Z1 " Zm = 21 Zm. Also verify that > ,_, zx = >4, 2. 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 (z) = AT+ ap_12" "+ - -4a12+ao where all the a;, are real numbers.
Suppose also that p(z) = 0 for some z € C. Show it follows that p (Z) = 0 also.

I claim that 1 = —1. Here is why.

—l==y/-1y=1=/(-1))=V1=1.

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

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

1=10/Y = (cos 2 + i sin 27)"/* = cos (x/2) + isin (7/2) = i.

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

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

Suppose you have any polynomial in cosf and sin 6. By this I mean an expression
of the form Y0 (375 aap cos™ fsin® 6 where ans € C. Can this always be

m—+n
y=—(n+m)

n+m

written in the form bycosyl + 371", 1) CrsinTO? Explain.

Does there exist a subset of C, CT which satisfies 220 - E23? Hint: You might
review the theorem about order. Show —1 cannot be in C*. Now ask questions
about —i and i. In mathematics, you can sometimes show certain things do not
exist. It is very seldom you can do this outside of mathematics. For example,
does the Loch Ness monster exist? Can you prove it does not?



Chapter 3

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

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

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

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

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

Axiom 3.1.5 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.

{r €Z: 2 =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

35
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there is no way to determine to everyone’s satisfaction whether a given judge is an
activist. Also, just because something is grammatically correct does not mean
it makes any sense. For example consider the following nonsense.

S = {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
consideration. What is a collection? Maybe it would be better to say “set of sets” or,
given a set whose elements are sets there exists a set whose elements consist of exactly
those things which are elements of at least one of these sets. If S is such a set whose

elements are sets,
U{A:Ae 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,

114

AeS

signifies the Cartesian product.

The Cartesian product is the set of choice functions, a choice function being a func-
tion 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 A
if A is 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°={zeX: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 under-
stood 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
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out to be illogical even though such usage may be grammatically correct. Quantifiers
are used often enough that there are symbols for them. The symbol V is read as “for
all” or “for every” and the symbol 3 is read as “there exists”. Thus VV33 could mean
for every upside down A there exists a backwards E.

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

U{A®:4eS}=(n{A:4e8)°

and
N{A°:AeS}=(U{A:4e8)°.

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

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

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€eX 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 =1y1. The domain of f is defined as

D(f)={x: (z,y) € [},

written as [ : D (f) = Y. Another notation which is used is the following

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

This is called the inverse image.
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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 (z) 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 =1,
f(A)=C, g(D)=B.
The following picture illustrates the conclusion of this theorem.

X Y

A — | C=f(4)

B=g(D)| ~— D

Proof:Consider the empty set, § C X. If y € Y \ f(0), 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
Ap C X satisfies P if whenever y € Y\ f (4o), g (y) ¢ Ao.

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

Let A=UA. If y e Y\ f(A), then for each Ag € A, y € Y \ f(Ap) and so g (y) ¢ Ao.
Since g (y) ¢ Ap for all Ag € 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. It was just shown that g (D) C B.

Suppose x € 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{z}. But y ¢ f(A) and so since A
satisfies P, it follows g (y) ¢ A. Hence g (y) =« and so « € g (D). Hence g (D) = B. B

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

Proof:Let A, B,C, D be the sets of TheoremB=Z3 and define

fx) fzeA
h(x)_{ g t(x)ifreB
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Then h is the desired one to one and onto mapping. W
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 eachi € I. f is a choice
function written as
fe H Xi

i€l
if f(i) € X; for eachiel.

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

HXHA(Z).

icl

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

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

Proof: Foreachy € Y, f~(y) = {x € X : f(x) =y} # 0. Therefore, by the axiom
of choice, there exists fo_l € Her f~1(y) which is the same as saying that for each
yeY, fit(y) € f~'(y). Similarly, there exists g;* (x) € g~* () for all z € X. Then
fo ! is one to one because if fo ! (y1) = fy * (y2), then

y1=f (f(fl (y1)) = f (le (y2)) = yo.

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

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 60 mapping N one to one and onto
S.(When 0 maps a set A to a set B, this will be written as 6 : 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 s also at
most countable. If either X orY is countable, then X XY is also countable.

Proof:It is given that there exists a mapping 1 : N — X which is onto. Define
7 (i) = z; and consider X as the set {z1,x2,x3, - }. Similarly, consider ¥ as the set
{y1,y2,y3, - }. It follows the elements of X xY are included in the following rectangular
array.

(1,y1) (z1,y2) (21,y3) --- < Those which have x; in first slot.
(x2,91) (m2,y2) (2z2,y3) --- < Those which have x5 in first slot.
(x3,91) (x3,92) (x3,y3) --- < Those which have x3 in first slot. -
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Follow a path through this array as follows.

(x1,51) — (21,92) (r1,y3) —
v e
(72,91) (w2,92)
I a
(3737:U1)

Thus the first element of X X Y is (21, y1), the second element of X X Y is (21, y2), the
third element of X x Y is (z2,y1) etc. This assigns a number from N to each element
of X xY. 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 o : N — X which is one to one and onto. Let 8 : X XY — N
be defined by B8 ((z,y)) = a~!(x). Thus 3 is onto N. By the first part there exists a
function from N onto X x Y. Therefore, by Corollary BZ2Z3, there exists a one to one
and onto mapping from X x Y to N. B

Theorem 3.2.8 If X and Y are at most countable, then X UY 1is at most
countable. If either X orY are countable, then X UY is countable.

Proof:As in the preceding theorem,
X = {.’E17.’1727.'I}3,' }

and
Y = {y11y27y37" }
Consider the following array consisting of X UY and path through it.

1 — X9 r3 —
e /
Y1 — 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 x Y.
Suppose without loss of generality that X is countable and o : N — X is one to one and
onto. Then define 3 (y) = 1, for all y € Y,and 8 (z) = o' (z). 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 BZZ3 yields the conclusion. B

Note that by induction this shows that if you have any finite set whose elements are
countable sets, then the union of these is countable.

3.3 Equivalence Relations

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

Definition 3.3.1 Let S be a set. ~ is an equivalence relation on S if it satisfies
the following axioms.
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1. x~x forallz €S. (Reflexive)
2. If x ~y then y ~ x. (Symmetric)

3. Ifx ~y andy ~ z, then x ~ 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 et ~ 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 [z] = [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? (This is not hypothetical. Tyrants usually
seek to deprive others of their agency to do what they want. Do they have a right
to do this?)

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: Aesp°.
5. Let S be a set of sets show
BUU{A: AeS}=U{BUA: AeS}.
6. Let S be a set of sets show
Bnu{A:AeS}=uU{BnA:AecS}.
7. 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?
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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

We say a number is an algebraic number if it is the solution of an equation of the
form
anz” + -+ a1z +ay=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 x? — 2 = 0. Using the
observation that any such equation has at most n solutions, show the set of all
algebraic numbers is countable.

Let A be a nonempty set and let 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={z € A:xz ¢ f(z)}. If f is onto, then f (y) =S
for some y € A. Is y € f (y)? Note this argument holds for sets of any size.

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

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

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

a; = 4110412013 * -
az = (21022023 - *
ag = (31032033 * " *

Then consider the sequence ajiassass--- . Obtain a sequence which can’t be in
the list by considering the sequence b1b2b3 - - - where by, is obtained by changing
akr. Explain why this sequence can’t be any of the ones which are listed.

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

Prove Theorem B33.

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 (S).

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).



Chapter 4

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 Consider two sets, D and R along with a rule which assigns
a unique element of R to every element of D. This rule is called a function and it is
denoted by a letter such as f. The symbol, D (f) = D is called the domain of f. The
set R, also written R (f), is called the range of f. The set of all elements of R which
are of the form 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 () = 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{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

1 _m .
{ = if x = T in lowest terms for m,n € Z

0 if x is not rational (4.1)

f(x) =

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.

43
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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.

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

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

(f9)(x) = f(z)g(z).

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)yn{z e D(g):g(x) #0}

defined as
(f/9)(x) = f(x)/g(x).

Iff :D(f) > X and g: D(g9) = Y, then go f is the name of a function whose domain
18

{fzeD(f): f(z)eD(g)}
which is defined as
gof(z)=g(f(x)).

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

Sometimes people get hung up on formulas and think that the only functions of
importance are those which are given by some simple formula. It is a mistake to think
this way. Functions involve a domain and a range and a function is determined by what
it does. This is an old idea. See Luke 6:44 where Jesus says essentially that you know
a tree by its fruit. See also Matt. 7 about how to recognize false prophets. You look
at what it does to determine what it is. As it is with people and trees, so it is with
functions.

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

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

gof(t)=+1+Q2t+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.
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Note that in this last example, it was necessary to fuss about the domain of g o 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.

Definition 4.1.9 For 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 [ is one to
one, the inverse function f~' is defined on f (D (f)) and f=! (y) = x where f (z) = y.
Thus from the definition, f~' (f (z)) = = for all x € D (f) and f (f’1 (y)) =y for all
y € f(D(f)). Defining id by id (z) = 2 this says fo f~! =id and f~' o f =id. Note
that this is sloppy notation because the two id are totally different functions.

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(@) =an2" +ap_12" '+ +az +ag

where the a; are real or complex numbers and n is a nonnegative integer. In this case
the degree of the polynomial, f () 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 (x) = 32° + 922 + 7x + 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
2
z°+8
T@="5T
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):xeX 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.
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Definition 4.1.12 ret f:D(f) = R(f) be a function. The graph of f consists
of the set,

{(z,9) 1y = f(2) forzeD(f)}.

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

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 (1), f(2),f(3) etc. when referring to sequences. In the above
context, fi is called the first term, fri1 the second and so forth. It is also common to
write the sequence, not as f but as {f;};o, or just {f;} for short.

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

This gives a sequence. In fact, ay = 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 a,y; from knowledge of aj,---,a,. This rule which specifies a,; from
knowledge of aj for kK < n is known as a recurrence relation.

Example 4.2.3 Let a; = 1 and ay = 1. Assuming ay, -+ ,Gpt1 ar€ known, Gpio =
Ap + Apt1-

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 ret {an} be a sequence and let ny < my < 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 {ay} .

For example, suppose a,, = (n? + 1) . Thus a; = 2, ag = 10, etc. If
np=1,ny,=3,n3=25,---,n =2k —1,
then letting by = ay, , it follows

by, = ((2k71)2+1) — 42— 4k 4 2.
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4.3 Exercises

1. Let g(t) =2 —t and let f(t) = 1. Find g o f. Include the domain of g o f.

2. Give the domains of the following functions.

(a) f(z) =315
(b) f(z)=+Va*-4
(c) f(z)=v4—a?
(d) f(.l?) = 3if5
() f(z)= /%7

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

4. Suppose a1 = 1,a2 = 3, and a3 = —1. Suppose also that for n > 4 it is known
that a, = ap—1 + 2an_2 + 3a,_3. Find a7. Are you able to guess a formula for the
k" term of this sequence?

5. Let f:{teR:t# —1} = R be defined by f (t) = 154%1 Find f~! if possible.

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

7. Let f (t) be defined by

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

Find f~! if possible.

8. Suppose f: D (f) = R(f) is one to one, R(f) C D(g), and g: D(g9) = 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.

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) = 7.

13. Suppose a,, = % and let nj; = 2*. Find by, where by, = Q-

14. If X; are sets and for some j, X; = (), the empty set. Verify carefully that
[[im, Xi = 0.
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Suppose f(z) + f (%) = 7z and f is a function defined on R\ {0}, the nonzero
real numbers. Find all values of x where f (z) = 1 if there are any. Does there
exist any such function?

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

In the situation of the Fibonacci sequence show that the formula for the n'" term
can be found and is given by

5

N 2

V5 <1+¢5>" V5 (1—¢5>"

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, an42 = an + an41 of the form r™.
You will be able to show that there are two values of » which work, one of which
isr= % Next you can observe that if 7 and 75 both satisfy the recurrence

relation then so does cr}” + 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 = As. Thus Ay = A; (14 r) + P. Then at
the beginning of the third payment period you would have A5 (1 +7) + 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+ )+ 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: (1+7),and s = —L£.

T

A well known puzzle consists of three pegs and several disks each of a different
diameter, each having a hole in the center which allows it to be slid down each
of the pegs. These disks are piled one on top of the other on one of the pegs,
in order of decreasing diameter, the larger disks always being below the smaller
disks. The problem is to move the whole pile of disks to another peg such that
you never place a disk on a smaller disk. If you have n disks, how many moves
will it take? Of course this depends on n. If n =1, you can do it in one move. If
n = 2, you would need 3. Let A, be the number required for n disks. Then in
solving the puzzle, you must first obtain the top n — 1 disks arranged in order on
another peg before you can move the bottom disk of the original pile. This takes
A, _1 moves. Explain why A, = 24,,_1 + 1,A4; = 1 and give a formula for A,.
Look for one in the form A, = Cr™ 4 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.
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4.4 The Limit Of A Sequence

The concept of the limit of a sequence was defined precisely by Bolzano.® The following
is the precise definition of what is meant by the limit of a sequence.

Definition 4.4.1 4 sequence {an} -, converges to a,

lim a, =a ora, = a
n—oo

if and only if for every € > 0 there exists ne 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
sufficiently 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, la, —a| = \/(xn —2)° + (yn — ).
Recall the way you measure distance between two complex numbers.

Theorem 4.4.2 If limy, . a, = a and lim,,_,, a,, = G then a4 = a.

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

6 —a| < |a—an|+|an—al
< et+e<l|a—al/2+|a—a|/2=|a—al,

a contradiction. W

_ 1
Example 4.4.3 Let a, = o

Then it seems clear that

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

it follows that n? +1 > e~ ! and so

1

0< ——
n2+1

=a, <€..
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.

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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Example 4.4.4 Let a, = n?

Then in this case lim,,_, oo a,, does not exist.
Example 4.4.5 Let a, = (—1)".

In this case, lim, oo (fl)n does not exist. This follows from the definition. Let
e = 1/2. If there exists a limit, , then eventually, for all n large enough, |a, — | < 1/2.
However, |a, — an+1]| = 2 and so,

2=an — ant1| <l|an =+ |l —any1| <1/2+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—oo

Also suppose x and y are in F. Then

lim za, + yb, = xa + yb (4.2)
n—oo
lim a,b, = ab (4.3)
n— o0
Ifb #0,
an a
lim — = —. 4.4
B, T Y

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

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

lanb, —abl < lapby, — anb| + |anb — ab|
< an|[bn = b + [b] |an — af
< (la| +1) by = b[ + |b] [y, — a] .

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

b, —b
b =8 < 5

_°  _and |an, —a| < ©
(lal +1)° " 2

(bl +1)°
Such a number exists because of the definition of limit. Therefore, let
ne > max (ny,ng) .
For n > n,,
|anbn —abl < (Ja| + 1) [bn — b + [b] |an — a
< (la]+1)

This proves E3. Next consider B
Let € > 0 be given and let n; be so large that whenever n > n;,

14

|by, — b| < CR
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Thus for such n,

an @ anb — aby, 2
S et Qe | P Y b— ab,
b, b bby, b lla abl + Jab = aba]]
2 2al
< Zan —al + 25 by, — bl
10| |b]?

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

lan — a| < elol nd |b, — b| < L
o —) L n NS
Letting n. > max (n1,ns), it follows that for n > n.,

an @ 2 2al

dn _ 2 Zan — al + 2 b, — b

2¢lb| | 2]l b

—t ——— <.
ol 4 T pPA(al+1) - °

<

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

Theorem 4.4.7 Suppose limy, o0 @, = a = limy,_, b, and a, < ¢, < b, for
all n large enough. Then lim,,_, o ¢, = a.

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

Then for such n,
len —al < lap —al+ |b, —al <e.

The reason for this is that if ¢, > a, then
len —al=cn —a <b, —a<|ay, —al+ |b, — al
because b, > ¢,. On the other hand, if ¢, < a, then
len —al=a—cp, <a—ap <|la—ay|+|b—"0,|. W
As an example, consider the following.

Example 4.4.8 Let

1
=(-1)"=
cn = (1) n
and let b, = %, and a, = f%. 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,, oo 7™ = 0. Whenever |r| < 1.
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Proof:If 0 < 7 < 1 if follows r~! > 1. Why? Letting a = % — 1, it follows

1
r=—:
1+«

Therefore, by the binomial theorem,

1 1

0<r® = 7 < .
" 1+a)" ~ 14an

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

An important theorem is the one which states that if a sequence converges, so does
every subsequence. You should review Definition 224 on Page BB at this point.

Theorem 4.4.10 ret {zn} be a sequence with lim, o ¢, = x and let {x,, } be
a subsequence. Then limy_, oo Tp, = .

Proof: Let € > 0 be given. Then there exists n. such that if n > n, then |z, — 2| <
€. Suppose k > ne. Then ny > k > n. and so

|zn, — x| <e
showing limy_,oc Zpn, = x as claimed. W

Theorem 4.4.11 rLet {z,} be a sequence of real numbers and suppose each
Tn < 1 (Zland lim, o ©, = x. Then x < [(>1). More generally, suppose {x,}
and {y,} are two sequences such that lim, oz, = = and lim, o0 Yy = y. Then if
Ty < yp for all n sufficiently large, then x <y.

Proof: Suppose not. Suppose that z,, <[ but = > [. Then for n large enough,
|z, — x| < —1

and so
x — xn < x — | which implies z,, > [

a contradiction. The case where each x,, > [ is similar. Consider now the last claim.
For n large enough,

Y= (Yn—¢€) — (Tn+€) > (Yo — Tn) — 26 < —2¢

Since ¢ is arbitrary, it follows that y —x > 0. B

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, = [ak,bk} and suppose that for allk =1,2,--- |
Iy 2 It
Then there exists a point, ¢ € R which is an element of every Iy,.
Proof:Since Ij; D Ij 41, this implies
ab < aFtl ok > phtL (4.5)

Consequently, if k <[,
al <al <b <o (4.6)

Now define
czsup{al:l:1,2,--~}

By the first inequality in B3, and B3
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. The reason for
the last inequality in 22 is that from B8, b is an upper bound to {al =k k+1,--- } .
Therefore, it is at least as large as the least upper bound. B

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,,_, o ST

2" +7(5")

3. Find limn*)oo an)

4. Find lim, s 1/ (n? + 6n) — n. Hint: Multiply and divide by +/(n? 4+ 6n) + n.

5. Find limy, 00 Y op_; 767

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

rntl 1

7. For |r| < 1, find limy, o0 > 7*. Hint: First show Y p_ rF = T— — L.

recall Theorem EZ3.

Then

n+1
8. Using the binomial theorem prove that for all n € N, (1 + %)n < (1 + n%rl) .

Hint: Show first that (}) = W By the binomial theorem,
k factors
n n k n
I n\ (1) _ n-(n—1)---(n—k+1)
(2 -2 G) S

k=0




o4

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
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n-(n—1)---(n—k+1)

AT and note that a similar term occurs in the

Now consider the term

n+1
this occurs. Argue the term got bigger and then note that in the binomial expan-

n+1
binomial expansion for (1 + -1 ) except you replace n with n 4+ 1 whereever

n+1
sion for (1 + ﬁ) , there are more terms.

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

Use the Problems E0 and B to verify for all n € N, (1 + %)n <3.

Prove lim,,_, o (1 + %)n exists and equals a number less than 3.
Using Problem MM, prove n"*t! > (n + 1)" for all integers, n > 3.
Find lim,,_,~ nsinn if it exists. If it does not exist, explain why it does not.

Recall the axiom of completeness states that a set which is bounded above has a
least upper bound and a set which is bounded below has a greatest lower bound.
Show that a monotone decreasing sequence which is bounded below converges to
its greatest lower bound. Hint: Let a denote the greatest lower bound and recall
that because of this, it follows that for all ¢ > 0 there exist points of {a,} in
[a,a + ¢].

Let A, = >}, m for n > 2. Show lim,,_o A,, exists and find the limit.
Hint: Show there exists an upper bound to the A,, as follows.

i 1 i 1 1
Zk(k—l) B Z(k—l_k>
k=2 k=2
= 1—lg1.
n

Let H,, = ZZ:1 k% 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 N2, 1,, and NS ,J,,. Repeat the same problem for
I, =(-1/n,1/n] and J, = [0,2/n).

Show the set of real numbers [0, 1] is not countable. That is, show that there can
be no mapping from N onto [0,1]. Hint: Show that every sequence, the terms
consisting only of 0 or 1 determines a unique point of [0, 1] . Call this map 7. Show
it is onto. Also show that there is a map from [0, 1] onto S, the set of sequences of
zeros and ones. This will involve the nested interval lemma. Thus there is a one
to one and onto map « from S to [0, 1] by Corollary BZ3. Next show that there
is a one to one and onto map from this set of sequences and P (N). Consider

9({‘111};:0:1) ={n:a, =1}

Now suppose that f : N — [0,1] is onto. Then # o=t o f is onto P (N). Recall
that there is no map from a set to its power set. Review why this is.

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

4.7.1 Sequential Compactness

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

Definition 4.7.1 4 set, K C F 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.

Proof: Let {z,} C [a,b] = ;. Consider the two intervals [a, %F2] 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 I;. Now do for I; what was done for Iy. Split it
in half and let Is be the interval which contains z,, for infinitely many values of n.
Continue this way obtaining a sequence of nested intervals Iy 2 Iy DO Is D I3--- where
the length of I,, is (b — a) /2". Now pick n; such that x,, € I;, ny such that ny > ny
and z,, € Iz, ng such that ng > ng and z,, € I3, etc. (This can be done because in each
case the intervals contained x,, for infinitely many values of n.) By the nested interval
lemma there exists a point ¢ contained in all these intervals. Furthermore,

|Zn, —c| < (b—a)27F

and so limy_,00 T, =c € [a,0]. A

4.7.2 Closed And Open Sets

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

Definition 4.7.3 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, © which are closer to p than § is denoted by

B(p,d)={z €F:|z—p| <d}.

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

What is an example of an open set? The simplest example is an open ball.
Proposition 4.7.4 B (p,d) is an open set.

Proof: It is necessary to show every point is an interior point. Let x € B (p,9).
Then let » = 6 — |x — p|. It follows r > 0 because it is given that | — p| < §. Now
consider z € B (z,r).

lz—pl < [z—al+|z—pl
< rt+lr—pl=—lr—pl+lz—pl=¢
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and so z € B(p,d). That is B (z,r) C B(p,d). Since x was arbitrary, this has shown
every point of the ball is an interior point. Thus the ball is an open set. B

Definition 4.7.5 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 (z,7) contains a point of A which is
not equal to x.

Example 4.7.6 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 4.7.7 Consider A = (a,b), an open interval. If x € (a,b), let
r=min (|z —al,|z—b|).
Then B (x,r) C A because if |y — x| < r, then

y—a = y—z+r—a>x—a-—|y—z

= lza—a|l-|ly—z|>|z—a|—7>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 4.7.8 Let A be a nonempty set. A point a is a limit point of A if and
only if there exists a sequence of distinct points of A,{a,} which converges to a, none
of which equal a. Also a nonempty set, A is closed if and only if it contains all its limit
points.

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, aq,--- ,a, have been chosen such that none are
equal to a and for each k <n, a, € B(a,1/k), let

a_a‘1|7"'a|a_an|}'

0 < 7rpy1 < min {n—li—f
Then there exists a,+1 € B(a,7p41) N A with an41 # a. Because of the definition of
Tn+tl, Gnt1 1S not equal to any of the other ay for k¥ < n+ 1. Also since |a — an| < 1/m,
it follows lim,,_, o a,, = a. Conversely, if there exists a sequence of distinct points of A
converging to a none of which equal 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. 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,8) € A 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 € AY, since it is not a limit point of A, there exists § > 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 A®. Since a € A® was arbitrary, this shows every point
of A® is an interior point and so A® is open. W

Corollary 4.7.9 Let A be a nonempty set and denote by A’ the set of limit points
of A. Then AU A’ is a closed set and it is the smallest closed set containing A.
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Proof: Is it the case that (AU A’) is open? This is what needs to be shown if the
given set is closed. Let p ¢ AU A’. Then since p is neither in A nor a limit point of A,
there exists B (p,r) such that B (p,r) N A = 0. Therefore, B (p,r) N A’ = () also. This
is because if z € B (p,r) N A’, then

B(z,7—|p—2z2]) € B(p,7)

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

Now suppose C' O A and C' is closed. Then if p is a limit point of A, it follows from
Theorem B3 that there exists a sequence of distinct points of A converging to p. Since
C' is closed, and these points of A are all in C, it follows that p € C. Hence C D AU A’.
[ |

Theorem 4.7.10 If K is sequentially compact and if H is a closed subset of K
then H 1is sequentially compact.

Proof: Let {x,} C H. Then since K is sequentially compact, there is a subsequence,
{zp, } which converges to a point, x € K. If z ¢ H, then by Theorem B8, which says
H¢ is open, it follows there exists B (z,r) such that this open ball contains no points
of H. However, this is a contradiction to having x,, — x which requires x,,, € B (z,r)
for all k large enough. Thus « € H and this has shown H is sequentially compact. B

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

Corollary 4.7.11 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. B
In fact, one can go the other way.

Proposition 4.7.12 A nonempty set K C R is sequentially compact if and only if
it is closed and bounded.

Proof: From the above corollary, if the set is closed and bounded, then it is se-
quentially compact. Suppose now that K is sequentially compact. Why is it closed and
bounded? If it is not bounded, then you could pick {k,} -, such that |k,| > n. Since
K is sequentially compact, it follows that there is a subsequence, {knj} which satisfies

lim ko, =k € K

J—00

However, this is impossible because this convergence can only take place if {knj }511
is bounded which it is not. Thus K is bounded. Why must it be closed? Suppose
K fails to contain p where p is a limit point of K. Then from Theorem EZZ3 there
exists a sequence of distinct points of K {p,} such that lim, ,.cp, = p ¢ K. This
is a contradiction because the sequential compactness of K requires the existence of a
subsequence {py, } such that limy_, o pn, = ¢ € K. However, limy_,oo pn, = p and so
p € K after all. This proves the proposition. B
What about the sequentially compact sets in C?

Definition 4.7.13 A4 set S C C is bounded if there is some r > 0 such that
SCB(0,r).
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Theorem 4.7.14 Let H C C. Then H is closed and bounded if and only if H
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+iy:z€|-rr]andye[-nrr]}=Q

because if x+iy € B (0,r), then \/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,r] and {y,} is a sequence of points in

[—r,r]. Tt follows from Theorem BT there exists a subsequence of {z,}, {x,, } which

converges to a point z in [—r,r]. Then {y,, } is a sequence of points in [—r,r] and so it
o0

oo
has a subsequence, {ynkl} which converges to a point y € [—r,r]. Thus {znkl}
1=1 1=1
o0
converges to © € [—r,r] by Theorem EZTO and as just noted, {ynkl} converges to

=1
y € [-r,7]. It follows from the definition of distance in C that

Tny, +iYn,, = T+ 1y € Q.

However, H is closed and so z + iy € H.

Now suppose H is sequentially compact. Why is it closed and bounded? If it is
not bounded, then there exists {2z} C H and this sequence is not bounded. Therefore,
there is a subsequence, {z,, } such that limy_, |25, | = co. However, since H is sequen-
tially compact, this requires that there exists a further subsequence which converges to
something in H, which is impossible because convergent sequences must be bounded.
If H is not closed, then there exists a point w which is a limit point of H but not in
H. Since it is a limit point, there exists a sequence {z,} C H of distinct points such
that lim,,_,~ 2, = w. However, a subsequence must converge to a point in H but this
implies that w € H because every subsequence converges to w. Hence w € H after all
which is a contradiction. H

What are some examples of closed and bounded sets in F?

Proposition 4.7.15 Let D (z,7) denote the set of points,
{weF:|w-2z <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,7) and [a,b] + i [c,d] are sequentially compact.
Proof: In case F = R, there is nothing to show.
D(z,r)=[z—71,2z+7]

Therefore, assume F = C in what follows. Consider D (z,r) first. First note the set is
bounded because
D (z,7) € B(0,]z| +2r)

Here is why. Let € D (z,7). Then |z — z| < r and so
2] <z —z| 4+ |2| <r+|z| < 2r+]z].

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

lv —yl <|y—=zl—r
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and so by the triangle inequality,
2=zl =[z—yl—ly—2[>|z—yl+r—|z—yl=r

Thus the complement of D (z,r) is open and so D (z,r) is closed.
The second kind of set is sequentially compact. If 2, + iy, € [a,b] +i[c,d]. Then
there is a subsequence such that {x,,} converges to a point = in [a,b] and a further

subsequence {ynk_l } which converges to a point y in [¢,d]. Then
lim z,, +iyn, =z +iy € [a,b] +ilc,d].
l—o0 L L

Therefore, this set is both closed and bounded. B

4.7.3 Compactness And Open Coverings

In Proposition 712 it was shown that sequential compactness in R is the same as
closed and bounded. Here we give the traditional definition of compactness and show
that this is also equivalent to closed and bounded.

Definition 4.7.16 A4 set K is called compact if whenever C is a collection of
open sets such that K C UC, there exists a finite subset of open sets {Uy, - , Uy} CC
such that K C U™, U;. In words, it says that every open cover admits a finite subcover.

Proposition 4.7.17 Every closed interval [a,b] is compact.

Proof: Suppose not. Then there exists an open cover C which admits no finite
subcover. Consider the two intervals [a, ‘%H’] , [‘%H’, b] . At least one of these fails to
have a finite open cover from C. Otherwise, there would be a finite open cover of [a, b].
Pick the interval which fails to have a finite open cover from C. Call this interval I5. It
is half the length of I} = [a,b]. Now do for I5 exactly what was done for I;. Split it in
half and take the half which fails to have a finite subcover. Continue obtaining a nested
sequence of closed intervals such that the length of I,, is 27! times the length of I;. By
the nested interval lemma, there exists a point p which is in all these intervals. Thus
p € U € C. Therefore, there exists § > 0 such that (p —d,p+9) C U. Now for all n
large enough, the length of I,, which contains p, is less than §. Hence, I,, is contained in
U contrary to the definition of I,, which required that it admit no finite subcover from
c. n

Now here is the main result, often called the Heine Borel theorem.

Theorem 4.7.18 Let K be a nonempty set in R. Then K is compact if and
only if K is closed and bounded.

Proof: First suppose K is closed and bounded. Then K C [—p, p] for suitably large
p. Thus from Proposition BZZT4, [—p, p] is compact. Then if C is an open cover of K,
it follows that D = C U (R\ K) is an open cover of [—p,p]. It follows that there are
finitely many of the open sets in D which cover K. However, R\ K contains no points
of K and so if this finite set includes this one, you can simply delete it and still have an
open cover of K.

Conversely, suppose that K is compact. Why is it closed and bounded? Suppose
first it is not closed. Then there exists a limit point p which is not in K. By Theorem
IC7R there exists a sequence of distinct points of K {p,,} such that lim, .o p, =p ¢ K.
Then p is the only limit point of this sequence. Hence

Cn = UpZ,p U {p}
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is a closed set. Then since p ¢ K,
{R\ G}y

is an open cover of K but it admits no finite subcover. This is because the sequence
of open sets is increasing and R \ C,, fails to contain p, € K. Thus K is closed. Why
is K bounded? If not, there exists a sequence {k,},., C K such that |k,| > n. This
sequence cannot have any limit points. Hence U2, k;j = C), is a closed set. The open
sets {R\ Cy,},2, provide an open cover which admits no finite subcover since it is an
increasing sequence of open sets, the n!” of which fails to include k,,. B

This theorem and the earlier result shows that in R, sequential compactness, com-
pactness and closed and bounded are all the same thing. The same conclusion can be
drawn for C.

4.8 Exercises

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

2. Show that if H is closed and U is open, then H \ U is closed. Next show that
U\ H is open.

3. Show the finite intersection of any collection of open sets is open.

4. Show the finite union of any collection of closed sets is closed.

ot

Suppose {Hn}g:1 is a finite collection of sets and suppose x is a limit point of
UN_| H,,. Show x must be a limit point of at least one H,,.

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

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

© % N o

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

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

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

12. Give an example of a set of open sets whose intersection is the natural numbers.

13. Explain why F and () are sets which are both open and closed when considered as
subsets of F.

14. 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
AUA.

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

16. Suppose { K, } is a sequence of sequentially compact nonempty sets which have the
property that K,, O K, 1 for all n. Show there exists a point in the intersection

of all these sets, denoted by N9, K.

17. 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.



4.8.

18.

19.
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Show that any finite union of sequentially compact sets is compact.

Start with the unit interval, Iy = [0,1]. Delete the middle third open interval,
(1/3,2/3) resulting in the two closed intervals, I; = [0,1/3]U[2/3,1]. Next delete
the middle third of each of these intervals resulting 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 = N2, 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 M 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.

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

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

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].

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, By, -+ , By,
such that

K C Uzllek

In words, every open cover of open balls admits a finite subcover.

Show every sequentially compact set in C is a closed subset of some rectangle of
the form [—a, a] X [—a, a]. From Problem B3, what does this say about sequentially
compact sets being compact? Explain.

Now suppose K is a compact subset of F which means every open cover admits a
finite subcover. Show that K must be contained in some set of the form [—r,r] +
i[—r,r]. When you have done this, show K must be sequentially compact. Hint:
If the first part were not so, {(—n,n) x (—n,n)} -, would be an open cover but,
does it have a finite subcover? For the second part, you know K C [—r, r]+i [—r, 7]
for some r. Now if {z, + z'yn}zc=1 is a sequence which has no subsequence which
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converges to a point in K, you know from Proposition I-ZT3 and Theorem B3, since
[—r,r] +14 [—r,7] is sequentially compact, there is a subsequence, {Zn, + Yn, }rey
which converges to some z + iy € [—r,7] + i[—r,r]. Suppose x + iy ¢ K and
consider the open cover of K given by {O,,} -, where

O,={y:|ly—z| >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.

27. Show that every uncountable set of points in F has a limit point. This is not nec-
essarily 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 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 > n;. Then from
the definition,
lan — an,| < 1.
It follows that for all n > nq,
lan| < 1+ |an,]|.

Therefore, for all n,
n

] <1 Jan, |+ Jax|. W
k=1

Theorem 4.9.3 If a sequence {a, } inTF 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

€
|an—a|<§

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

E g
\an—amlS\an—a|+|a—am|<§+§=€

showing that, since € > 0 is arbitrary, {a,} is a Cauchy sequence. B
The following theorem is very useful.
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Theorem 4.9.4 Suppose {an} is a Cauchy sequence in F and there exists a
subsequence, {an, } which converges to a. Then {a,} also converges to a.

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

lag —al < lag —an,| + lan, —a
< ¢g/24+¢/2=c. 1

The next definition has to do with sequences which are real numbers.

Definition 4.9.5 7he sequence of real numbers, {ay}, is monotone increasing
if for all n, an, < any1. The sequence is monotone decreasing if for all n, a, > apy1.
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 fol-
lowing theorem which gives a version of completeness in terms of Cauchy sequences.
This is often more convenient to use than the earlier definition in terms of least upper
bounds and greatest lower bounds because this version of completeness, although it is
equivalent to the completeness axiom for the real line, also makes sense in many situ-
ations where Definition 2 on Page B does not make sense, C for example because
by Problem IA on Page B4 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 non-
empty 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 b; be an upper bound. Pick s; € S. If s; = by, the
least upper bound has been found and equals by. If (s1 + b1) /2 is an upper bound to
S, let this equal by. If not, there exists by > so > (s1 +b1) /2 so let bo = by and sy 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 (b1 — 81)
Therefore, if m > n
|bn - bm| <byp—8m <byp — 5, < 2t (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>s—b
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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 = {—x : x € 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 EIA {a,} C [a,b] for
some numbers a, b. By Theorem 272 there is a subsequence, {a,, } which converges to
x € [a,b]. By Theorem BT, the original sequence converges to x also. B

Theorem 4.9.7 If either of the above conditions for completeness holds, then
whenever {a,} is a monotone increasing sequence which is bounded above, it converges
and whenever {b,} is a monotone sequence which is bounded below, it converges.

Proof: Let a = sup{a, :n > 1} and let € > 0 be given. Then from Proposition
I3 on Page B4 there exists m such that a — e < a,, < a. Since the sequence is
increasing, it follows that for all n > m, a — ¢ < a, < a. Thus a = lim,, ., a,,. The
case of a decreasing sequence is similar. Alternatively, you could consider the sequence
{—a,} and apply what was just shown to this decreasing sequence. W

By Theorem I 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 is complete.

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

|Im + Zym - (In + 7;yn)|

|5Cm _$n| S
|ym 7yn| <

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

4.9.1 Decimals

You are all familiar with decimals. In the United States these are written in the form
.a1a203 - - - 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 1—20 + % + %. Now what is meant
by a nonterminating decimal?

Definition 4.9.10 rLet .aiaz - -+ be a decimal. Define

n

i Z 3

.ajag - = l1m — .
n— o0 10k
k=1

Proposition 4.9.11 The above definition makes sense. Also every number in [0,1]
can be written as such a decimal.

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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Proof: Note the sequence {Zk 11k }Oo , 1s an increasing sequence. Therefore, if
there exists an upper bound, it follows from Theorem B2 that this sequence converges
and so the definition is well defined.

k=1 k=1
Now
10 10% a 10 10 10 10% 10%
k=1 k=1 k=1 k=2
1 1
10 107+l
and so

1 _10/1 1 10 1
<= — )<= = =,
10F =9 \10 10n71) =9 \10) 9
Therefore, since this holds for all n, it follows the above sequence is bounded above. It
follows the limit exists.
Now suppose = € [0,1). Let 1§ < < “11—“ where a; is an integer between 0 and 9.

0
If integers aq,- - - , a, each between 0 and 9 have been obtained such that

k=1

n

a, +1
ZW*QKZW 107

k=1
n
Z Ak
10
k=1
and so there exists a,11 such that

Ant1 . " ay Ani1 + 1
< — _ nw: = -
o =10 (m Zlk>< 10

(22:1 = 0). Then from the above,

B

which shows that

Therefore,
n
L ay,
o=l g

because the distance between the partial sum up to n and z is always no more than
1/10™. In case x = 1, just let each a, = 9 and observe that the sum of the geometric
series equals 1. W

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

Theorem 4.9.12 The interval [0,1) is not countable.
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Proof: Suppose it were. Then there would exist a list of all the numbers in this
interval. Writing these as decimals,

T1 = .011012013014015 * **
T2 = .021022023014025 * * *
T3 = .a31032033034035 * * *
Consider the diagonal decimal,
-A11A22033044 * **

Now define a decimal expansion for another number in [0, 1) as follows.
Yy = .b1b2b3b4 e
where |by, — agx| > 4. Then
4
— >
|y xk| = 10k
Thus y is not equal to any of the z; which is a contradiction since y € [0,1). B

4.9.2 lim sup and lim inf

Sometimes the limit of a sequence does not exist. For example, if a,, = (—1)", then
lim,, o an, 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 B4 along with the simple properties of these
things.

Definition 4.9.13 Denote by [—o0, 00] the real line along with symbols co and
—o00. 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 [—oo, 00|,
lim,, 00 Ay, equals oo if the only upper bound of the set {A,} is co. If {An} is bounded
above by a real number, then lim, ., A, is defined in the usual way and equals the
least upper bound of {A,}. If {An} is a decreasing sequence of points of [—oo, 0],
lim,, o A, equals —oo if the only lower bound of the sequence {A,} is —oo. If {A,} is
bounded below by a real number, then lim,, ., A, is defined in the usual way and equals
the greatest lower bound of {A,}. More simply, if {A,} is increasing,

nlin;o A, =sup{4,}

and if {A,} is decreasing then
nh_}rr;O A, =inf{A,}.

Lemma 4.9.14 Let {a,} be a sequence of real numbers and let U,, = sup {ay. : k > n}.
Then {Uy,} is a decreasing sequence. Also if L, = inf{ay : k > n}, then {L,} is an
increasing sequence. Therefore, limy,_ o L, and lim,_, ., U, both exist.

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

From the lemma, the following definition makes sense.
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Definition 4.9.15 Let {an} be any sequence of points of [—o0, 0]

lim sup a, = lim sup{ay: k > n}
n—o0 n—o0

lim inf a, = lim inf{a; : k> n}.
n—oo n—oo
Theorem 4.9.16 Suppose {a,} is a sequence of real numbers and that

lim sup a,
n—roo

and

lim inf a,
n—oo

are both real numbers. Then lim, .~ a, exists if and only if

lim inf a, =lim sup a,
n—oo n—oo

and in this case,

lim a, =lim inf a, =lim sup a,.
n—oo n—oo n—oo

Proof: First note that
sup{ag : k > n} > inf {ay : k > n}

and so from Theorem BT,

lim sup a,

lim sup{ax: k> n}
n— 00 n—00

Y%

nh—>H;o inf {ag : k > n}

lim inf a,.
n—oo

Suppose first that lim,,_, a, exists and is a real number. Then by Theorem I3 {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 : k > N}, there exists n; > N such that
sup{ag : k> N} < a,, +¢/3.

Similarly, there exists no > N such that
inf {ax : k> N} > a,, —¢/3.

It follows that

2
sup{ak:kzN}—inf{ak:kzN}g|an1_an2|_|_§<€_

Since the sequence, {sup {ay : k > N}}%_, is decreasing and {inf {aj : k > N}}3_; is
increasing, it follows from Theorem EZ—1T1

0< lim sup{ag:k>N}— lim inf{ap:k>N}<e
N—o0 N—oo

Since ¢ is arbitrary, this shows

lim sup{ag:k >N} = lim inf{ay: k> N} (4.8)
N—00 N—o0
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Next suppose ER. Then

I\}im (sup{ar : k> N} —inf{ar : k> N}) =0
—00

Since sup {ay : k > N} > inf {aj : K > N} it follows that for every e > 0, there exists
N such that
sup{ag : k> N} —inf{ar : k> N} <e

Thus if m,n > N, then
|am —an| < €

which means {a,} is a Cauchy sequence. Since R is complete, it follows from Theorem
T4 that lim,,_, o, a, = a exists. By Theorem B4, the squeezing theorem, it follows

a =lim inf a, =lim sup a, A
n—oo n— 00

With the above theorem, here is how to define the limit of a sequence of points in

[—o0, 0]

Definition 4.9.17 rLet {an} be a sequence of points of [—00,00] . Then lim, o ap,
erists exactly when

lim inf a, =lim sup a,
n—oo n—oo

and in this case
lim a, =lim inf a, =lim sup a,.
n—oo n— oo n—oo

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

Theorem 4.9.18 Ssuppose {an} is a sequence of points of [—o0, 00| . Let

A =lim sup a,-
n—roo

Then if b > X, it follows there exists N such that whenever n > N,
an <b.
If ¢ < X, then a,, > ¢ for infinitely many values of n. Let
v =lim inf a,.
n—oo
Then if d < =y, it follows there exists N such that whenever n > N,
an > 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
definition and it is the sort of thing you must do yourself. Here is one other simple
proposition.

Proposition 4.9.19 Letlim, ;o a, = a > 0. Then

lim sup apb, = alim sup b,.
n— o0 n— oo
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Proof: This follows from the definition. Let A, = sup{arb; : k > n}. For all n
large enough, a,, > a — € where ¢ is small enough that a — e > 0. Therefore,

An > sup{by : k >n}(a—¢)

for all n large enough. Then

lim sup a,b, = lim A, =lim sup a,b,
n—oo n—oo n—oo
>  lim (sup{by: k>n}(a—e¢))
n— 00

(a —¢e)lim sup by,
n— oo

Similar reasoning shows

lim sup apb, < (a+ ¢)lim sup b,
n— o0 n—00

Now since € > 0 is arbitrary, the conclusion follows. B

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 4.9.20 Let S be a nonempty set. Then diam (S) is defined as
diam (S) =sup {|z — y| : z,y € S}.

This is called the diameter of S.

Theorem 4.9.21 Let {F,},2, be a sequence of closed sets in F such that

lim diam (F,) =0

n—oo

and Fy, D 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 {py}
is a Cauchy sequence. Therefore, it converges to a point, p by completeness of F. Since
each Fj, is closed, it must be that p € F}, for all k. Therefore, p € N72, Fy,. If ¢ € NZ2 | F,
then since both p, q € Fy,

Ip— ql < diam (F}).

It follows since these diameters converge to 0, |p — ¢| < € for every €. Hence p =¢. B
A sequence of sets, {G,,} which satisfies G,, 2 G, for all n is called a nested
sequence of sets.
The next theorem is a major result called Bair’s theorem. It concerns the intersection
of dense open sets.

Definition 4.9.22 an open set U C F is dense if for every x € F and r >
0,B (z,r)NU # 0.

Theorem 4.9.23 Let {U,} be a sequence of dense open sets. Then N,U, is
dense.
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Proof: Let p € F and let 79 > 0. T need to show D N B(p,rg) # 0. Since U; is
dense, there exists p; € Uy N B(p,70), an open set. Let p; € B(p1,r1) € B(p1,r1) C
Uy N B(p,7o) and 71 < 271, This is possible because U; N B (p,70) is an open set and
so there exists r1 such that B (p1,2r;) C Uy N B (p,79). But

B (p1,71) € B(p1,71) € B (p1,2r1)

because B (p1,71) ={z € X : d(z,p) <r1}. (Why?)

There exists pa € Us N B(p1,71) because Us is dense. Let
p2 € B(p2,r2) € B(p2,72) C U N B(py,r1) € Uy NU2 N B(p, o).
and let 75 < 272. Continue in this way. Thus
T < 277
B(pn,rm) CULNUzN...0 U, N B(p,70),

B(pna Tn) g B(pn—lv Tn—l)-

The sequence, {p,} is a Cauchy sequence because all terms of {p;} for k > n are
contained in B (py, ), a set whose diameter is no larger than 27". Since X is complete,
there exists po, such that

lim p;, = pec.
n—r oo

Since all but finitely many terms of {p,} are in B(pm,rm), it follows that p. €
B(ppm, rm) for each m. Therefore,

Poo € N1 B(Pm, ) € NZ,U; N B(p, o). A

The countable intersection of open sets is called a G5 set.

4.10 Exercises

1. Suppose x = .3434343434 where the bar over the last 34 signifies that this repeats
forever. In elementary school you were probably given the following procedure for
finding the number x as a quotient of integers. First multiply by 100 to get 100z =
34.34343434 and then subtract to get 99z = 34. From this you conclude that x =
34/99. Fully justify this procedure. Hint: .34343434 = lim,,_,o, 34> 7 _; (Ttlx))k
now use Problem [.

2. Let a € [0,1]. Show a = .ajasas - -+ for some choice of integers in {0,1,2,--- 9},
ai1,as,--- 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.
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Using Corollary B2, show that there exists a one to one and onto map 6 from the
natural numbers N onto Q, the rational number. Denoting the resulting countable
set of numbers as the sequence {r,}, show that if = is any real number, there exists
a subsequence from this sequence which converges to that number.

Consider the number whose decimal expansion is .010010001000010000010000001- - - .

Show this is an irrational number.

Prove /2 is irrational. Hint: Suppose v/2 = p/q where p, ¢ are positive integers
and the fraction is in lowest terms. Then 2¢* = p? and so p? is even. Explain why
p = 2r so p must be even. Next argue ¢ must be even.

Show that between any two integers there exists an irrational number. Next show
that between any two numbers there exists an irrational number. You can use the
fact that /2 is irrational if you like.

Let a be a positive number and let 1 = b > 0 where b2 > a. Explain why there

exists such a number, b. Now having defined z,, define z,+1 = % (:177, + xi) .

Verify that {x,} is a decreasing sequence and that it satisfies 2 > a for all n and
is therefore, bounded below. Explain why lim,, .. x, exists. If x is this limit,
show that 2 = a. Explain how this shows that every positive real number has a
square root. This is an example of a recursively defined sequence. Note this does
not give a formula for z,,, just a rule which tells how to define 41 if x,, is known.

Let a; = 0 and suppose that a, 1 = 97%. Write as, a3, as. Now prove that for

all n, it follows that a, < % + %\/5 Find the limit of the sequence. Hint: You
should prove these things by induction. Finally, to find the limit, let n — oo in
9

both sides and argue that the limit a, must satisfy a = 5=

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

Show the following converge to 0.

(b) %5

Suppose lim,, s z,, = x. Show that then lim,, .., % 22:1 rr = x. Give an exam-
ple where lim,, ., x,, does not exist but lim,, % 22:1 x, does.

Suppose € (0,1). Show that lim,,_,, 7™ = 0. Hint: Use the binomial theorem.
r= l—ié where § > 0. Therefore, r™ = ﬁ < Hﬁ’ etc.

Prove lim,, ;o {/n = 1. Hint: Let ¢,, = {/n—1so 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 [B1].

Find lim,, . (2™ + 5)1/" for x > 0. There are two cases here, x < 1 and = > 1.
Show that if x > 1, the limit is x while if z < 1 the limit equals 1. Hint: Use the
argument of Problem M. This interesting example is in [IT].

Find limsup,,_,,, (—1)" and liminf, . (—1)" . Explain your conclusions.

Give a careful proof of Theorem EZITH.
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Let A = limsup,,_,, a,. Show there exists a subsequence, {a,,} such that

lim a,, = A\

k—o0 i
Now consider the set S of all points in [—o0, 00] such that for s € S, some subse-
quence of {a,} converges to s. Show that S has a largest point and this point is
lim sup,, _, oo @n.-

Let {a,} C R and suppose it is bounded above. Let
S = {z € R such that « < a,, for infinitely many n}

Show that for each n, sup (S) < sup{ax : k > n}. Next explain why sup (S) <
limsup,, ., ar. Next explain why the two numbers are actually equal. Explain
why such a sequence has a convergent subsequence. For the last part, see Problem
3 above.

Let A = liminf, o a,. Show there exists a subsequence, {a,, } such that limy_, o an, =

A. Now consider the set, S of all points in [—o0, o] 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 a,. Formulate a similar conclusion to Problem [ in terms of lim inf
and a sequence which is bounded below.

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

lim inf a, < lim inf b,,
n— o0 n— oo

lim sup a, < lim sup b,.

n—oo n—oo
Prove that
lim sup (—a,) = —1lim inf a,.
n—oo n—00
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—00 n—oo

Prove that if lim,,_,~, b, = b, then

lim sup (b, + a,) =b+1lim 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—oo n—oo n— oo

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

n—oo n—oo n—oo

Hint: You need to consider whether the right hand sides make sense. Thus you
can’t consider —oo + 0.

Give an example of a nested sequence of nonempty sets whose diameters converge
to 0 which have no point in their intersection.
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27.

28.

Give an example of a nested sequence of nonempty sets S, such that S, 2 Sn+1
whose intersection has more than one point. Next give an example of a nested
sequence of nonempty sets Sy, Sp, 2 Sn+1which has 2 points in their intersection.

For F = R or C, suppose F = U2, H,, where each H,, is closed. Show that at
least one of these must have nonempty interior. That is, one of them contains an
open ball. You can use Theorem EIZ3 if you like.
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Chapter 5

Infinite Series Of Numbers

5.1 Basic Considerations

Earlier in Definition =21 on Page B9 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 ap = nlgl;lo Z g
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 {d ,_, . ak}zozm in the above is
called the sequence of partial sums. This is always the definition. Here it is understood
that the ay are in F, but it is the same definition in more general situations.

From this definition, it should be clear that infinite sums do not always make sense.
Sometimes they do and sometimes they don’t, depending on the behavior of the partial
sums. As an example, consider 220:1 (fl)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 -, ﬁ

1 _ 1 1 N 1 _ N 1 1 _ 1
Note ormoqy = 7 — »gq and so 2 n=1 n(ntl) > on=1 (E - Tﬂ) = -3yt L

Therefore,
R 1 , 1
lim —_—— = lim ([———+1) =1.
N—>oon:1n(n+1) N-=oo N+1

Proposition 5.1.3 Let a, > 0. Then {3>°)_, ar},_,  is an increasing sequence. If
this sequence is bounded above, then Zkoim ay converges and its value equals

sup{Zak:n—m,m+1,~~}.

k=m

When the sequence is not bounded above, Z:o:m ay diverges.

(6]
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oo . . .
Proof: It follows {>7,_, ax} _  is an increasing sequence because

n+1 n

Zak— Zak:anHZO.
k=m k=m

If it is bounded above, then by the form of completeness found in Theorem EZ9@ on Page
B3 it follows the sequence of partial sums converges tosup {d>_,_, 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 I3 on Page 62. W

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 ;- aj < 0o to denote the case
where convergence occurs and »_,- ay = oo for the case where divergence occurs. Be
very careful you never think this way in the case where it is not true that all a; > 0.
For example, the partial sums of > .-, (—=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 >, 7. The study of this series depends on simple high school algebra
and Theorem EZ9 on Page BI. Let S, = >, _,r*. Then

n+1

n
rk rS, = E rhtl = E k.
k=0 k=1

Therefore, subtracting the second equation from the first yields

M=

S, =

b
Il

0

(1—7r)S, =1—p"F!

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

S, =
1—r

By Theorem EZM, 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, ZZO:O r™ converges and equals 1% if
|r| <1 and diverges if |r| > 1.

If the series do converge, the following holds.

Theorem 5.1.5 if Y g @i and >~ by both converge and x,y are numbers,

then - -
Z ap = Z Af—j (51)
k=m k=m+j

Zxakerbk:xZakerZbk (5.2)
k=m k=m k=m

Z ag| < Z |a] (5.3)
k=m k=m

where in the last inequality, the last sum equals +o0o if the partial sums are not bounded
above.
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Proof: The above theorem is really only a restatement of Theorem EZA on Page
and the above definitions of infinite series. Thus

n+j
E ar = lim E ar = lim E p—j = E Ak—j-
’I’L‘)OO n— o0
k=m+j k=m+j

To establish B2, use Theorem B4 on Page B to write

n—00

Z rap +yby = lim Z xay + ybi

=m
n n
= nlgrolo (z Z ar +vy Z bk>
k=m k=m
(oo} (oo}
SIS 3
k=m k=m
Formula B3 follows from the observation that, from the triangle inequality,

Zak < Z |ay|

k=m

and so

Z Qar < Z |ak|
k=m

Recall that if limnﬁoo An = A, then lim,,_, |An| = |A|.
Example 5.1.6 Find > (2” + si) )

= hm

From the above theorem and Theorem BT,

oo (o] o0
5 6 1 1
>(aty) - X mri g
n=0 n=0 n=0
1 1
5 6 =19.
= (12) " T=(1/3)
The following criterion is useful in checking convergence. All it is saying is that the
series converges if and only if the sequence of partial sums is Cauchy. This is what the
given criterion says. However, this is not new information.

Theorem 5.1.7 Let {a} be a sequence of points in F. The sum > pe, Gk CON-
verges if and only if for all € > 0, there exists ne such that if ¢ > p > ne, then

zq:ak <e. (5.4)
k=

Proof: Suppose first that the series converges. Then {>°;_ ax} . is a Cauchy
sequence by Theorem B3 on Page BA. Therefore, there exists n. > m such that if
qg>p—1>n.>m,

q p—1
E ap — E ak| =
k=m k=m

Next suppose B4 holds. Then from B3 it follows upon letting p be replaced with
p+1that {d;_, . ak}zo:m is a Cauchy sequence and so, by Theorem ETI, it converges.
By the definition of infinite series, this shows the infinite sum converges as claimed.

q
> ap| <e. (5.5)
k=p
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5.1.1 Absolute Convergence
Definition 5.1.8 A4 series

is said to converge absolutely if
(oo}
> lax]
k=m

converges. If the series does converge but does mot converge absolutely, then it is said
to converge conditionally.

Theorem 5.1.9 If 22 ax converges absolutely, then it converges.

Proof: Let € > 0 be given. Then by assumption and Theorem BT, there exists
ne such that whenever ¢ > p > n.,

q
Z |ak| < €.
k=p

Therefore, from the triangle inequality,

By Theorem B2, Z;o:m ay, converges. ll

In fact, the above theorem is really another version of the completeness axiom. Thus
its validity implies completeness. You might try to show this.

One of the interesting things about absolutely convergent series is that you can “add
them up” in any order and you will always get the same thing. This is the meaning of
the following theorem. Of course there is no problem when you are dealing with finite
sums thanks to the commutative law of addition. However, when you have infinite sums
strange and wonderful things can happen because these involve a limit.

Theorem 5.1.10 Let6: N — N be one to one and onto. Suppose
> a
k=1

converges absolutely. Then

Z Ag(k) = Z ag
k=1 k=1

Proof: From absolute convergence, there exists M such that

oo

> al <e

k=M+1

Since 6 is one to one and onto, there exists N > M such that {1,2,--- , M} C
{6(1),0(2),---,0(N)}. It follows that it is also the case that

(oo}

> laow| <e

k=N+1
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This is because the partial sums of the above series are each dominated by a partial
sum for Y27 /. lag| since every index 6 (k) equals some n for n > M + 1. Then since
¢ is arbitrary, this shows that the partial sums of ) agx) are Cauchy. Hence, this series
does converge and also

M N oo
Zak_zae(k) < Z lax| < e
k=1 k=1 k=M-+1

Hence

< +

0o M M N
E ak — E ak E ap — E ag (k)
k=1 k=1 k=1 k=1

o0

< Z lag| + ¢+ Z |a9(k)|<35

k=M+1 k=N+1

Z ag — Z ag (k)
k=1 k=1
N 00
Z ao(k) — Z ag(k)
k=1 k=1

Since ¢ is arbitrary, this shows the two series are equal as claimed. B
So what happens when series converge only conditionally?

+

Example 5.1.11 Consider the series Y o, (-1)" +. Show that there is a rearrange-
ment which converges to 7 although this series does converge. (In fact, it converges to
—1In2 for those who remember calculus.)

First of all consider why it converges. Notice that if S,, denotes the n'" partial sum,
then

1 1
Son =Sz = oo —5— <0
1 1
Son41 — Son—1 = 72n+1+%>0
1
Sop — Sop_1 = —
2 on—1 o

Thus the even partial sums are decreasing and the odd partial sums are increasing. The
even partial sums are bounded below also. (Why?) Therefore, the limit of the even
partial sums exists. However, it must be the same as the limit of the odd partial sums
because of the last equality above. Thus lim,, .., S, exists and so the series converges.
Now I will show later below that >, i and ), Tlfl both diverge. Include enough
even terms for the sum to exceed 7. Next add in enough odd terms so that the result
will be less than 7. Next add enough even terms to exceed 7 and continue doing this.
Since 1/k converges to 0, this rearrangement of the series must converge to 7. Of course
you could also have picked 5 or —8 just as well. In fact, given any number, there is a
rearrangement of this series which converges to this number.

Theorem 5.1.12 (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, b, converges, then Y >~ a, converges.
2. If Y07, a,, 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 an < apn + Z bn
n=m n=m n=n*+1
n* 0o
< Z ap, + Z b

n=m n==k
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yg oo . . . .
Thus the sequence,{>, _ an}p:m is bounded above and increasing. Therefore, it con-
verges by completeness. The second claim is left as an exercise. B

Example 5.1.13 Determine the convergence of ., n—lz

For n > 1,

Now

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

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

Theorem 5.1.14 Let Gn, by > 0 and suppose for all n large enough,

a a
0<a< 2<2c<b<oo.
by, ~ by

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

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

%>aand§—:<b

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

and so the conclusion follows from the comparison test. l
The following corollary follows right away from the definition of the limit.
Corollary 5.1.15 Let a,,b, > 0 and suppose

lim % =\ € (0, 00).

n—o0 by,

Then Y an, and Y b, converge or diverge together.

: 1
Example 5.1.16 Determine the convergence of > po T
This series converges by the limit comparison test above. Compare with the series

of Example BT T3.
(%) vnt+2n+7

lim —*~——~— = lim

n— oo 1 n— oo n2
Vnt42n+7
. 2 7

Therefore, the series converges with the series of Example BETT3. How did I know what
to compare with? I noticed that v/n? + 2n + 7 is essentially like vn4 = n? for large



5.1. BASIC CONSIDERATIONS 81

enough n. You see, the higher order term n* dominates the other terms in n* 4+ 2n + 7.
Therefore, reasoning that 1/v/n* + 2n + 7 is a lot like 1/n? for large n, it was easy to see
what to compare with. Of course this is not always easy and there is room for acquiring
skill through practice.

To really exploit this limit comparison test, it is desirable to get lots of examples of
series, some which converge and some which do not. The tool for obtaining these exam-
ples here will be the following wonderful theorem known as the Cauchy condensation
test.

Theorem 5.1.17 Let an > 0 and suppose the terms of the sequence {ay} are
decreasing. Thus a, > any1 for all n. Then

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

converge or diverge together.

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

Claim:
n 2"n n
Z?kagk—l > Zak > Z2k_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 2"t — 2" = 2" and the terms, a,, are decreasing,

n+1 n 2"
Z 2ka2k—1 = 2"+1a2n + Z 2ka2k71 > 2"+1a2n + Z ag
k=1 k=1 k=1
gntl 2m n n+1
> ag > 2" agnt1 + Zak > 2"agn+1 + Z 2k71a2k = Z 2k71a2k- n
k=1 k=1 k=0 k=0

Example 5.1.18 Determine the convergence of Y poy k% where p 1s a positive number.
These are called the p series.

Let a,, = nip Then asn = (2%,)" From the Cauchy condensation test the two series

Oo—and 002” — ”:°° ARG !
_1nlp =0 21p =0 o

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, 220:1 n~1
diverges while Y07 | n~2 converges.

Example 5.1.19 Determine the convergence of Y o, ﬁ.

Use the limit comparison test.

1
i )y
n—o0 1
( vV n2+100n)
and so this series diverges with > 77, 1.
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
s §
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Theorem 5.1.20 If Z;’o:m an converges, then limy,_ . a, = 0.

Proof:Apply Theorem B2 to conclude that

n
Jim an = Jim >, o =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,, oo n™' =0 but > 2 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.

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

oo 2"4n
a Zn:l n2n
St Lok
n=1 n22n
Dot 7
n=1 2n+1
100

(d Zzo:l T1.01™
3. Find the exact values of the following infinite series if they converge.
(a) 252 ﬁ
(b) X1 5
(©) s e
@ 2 (- 749)
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. Suppose Y ;- | ai converges and each aj > 0. Does it follow that Y ;- af also

converges?

. Find a series which diverges using one test but converges using another if possible.

If this is not possible, tell why.

16 an and Y02 by, both converge and ay,, by, are nonnegative, can you con-

clude the sum, Y >° | a,b, converges?

CIf 220:1 a, converges and a, > 0 for all n and b, is bounded, can you conclude

> mq Gnby converges?

. Determine the convergence of the series >, (37_, %)—n/2 :

. Is it possible there could exist a decreasing sequence of positive numbers, {a,}

n=1 an

fairly difficult problem.)Hint: You might do something like this. Show

such that lim, e a, = 0 but 3°° (1 — a"“) converges? (This seems to be a

. 1—=z 1—=x
lim

a—1 —In (z) " In (1/x) =1

Next use a limit comparison test with

gln< an >

Ap+1

Go ahead and use what you learned in calculus about In and any other techniques
for finding limits. These things will be discussed better later on, but you have
seen them in calculus so this is a little review.

Suppose Y a, converges conditionally and each a,, is real. Show it is possible to
add the series in some order such that the result converges to 13. Then show it is
possible to add the series in another order so that the result converges to 7. Thus
there is no generalization of the commutative law for conditionally convergent
infinite series. Hint: To see how to proceed, consider Example BT TTI.

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. Some-
times, 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

n

A, = Zak, A_1=A;=0.
k=1

Then if p < ¢

q q q q
Z anby, = Z by, (An - An—l) = Z bnAn - Z bnAn—l
n=p n=p n=p n=p
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q g—1 q—1
= bndn— D bpsrAn =bgAg —byA,_ 1+ An(by—bn1)  (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, = > _, ay, is bounded and lim,,_, b, =
0, with b, > b,41 for all n. Then

Z anbn

n=1

CONVETGES.

Proof:This follows quickly from Theorem BEI72. Indeed, letting |A,| < C, and
using the partial summation formula above along with the assumption that the b,, are
decreasing,

q q—1
> anbn| = |bgAg = bpAp 1+ > Ay (by — bpi1)
n=p n=p

q—1
< C byl + 18,) + C X (b = bus)
n=p

= C(lbq‘ + |bp|) + C(bp - bq)

and by assumption, this last expression is small whenever p and ¢ are sufficiently large.
|

Definition 5.3.2 1f b, > 0 for all n, a series of the form ok (—1)k by or
>k (=1)""1 by, is known as an alternating series.

The following corollary is known as the alternating series test.

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

Proof:Let a,, = (—1)" . Then the partial sums of > a, are bounded and so Theo-
rem B=3 applies. B

In the situation of Corollary B=33 there is a convenient error estimate available.

Theorem 5.3.4 Let by, > 0 for alln such that b, > by, 41 for alln andlim,_, b, =
0 and consider either .0 (=1)" b, or 0%, (=1)" "' b,,.. Then

0o N
S (=) by = 3 (1| < [bwaal
n=1 n=1
0o N
Z(_l)n71 bn_ Z(_l)Tkl bn < |bN+1|
n=1 n=1

See Problem B on Page E3 for an outline of the proof of this theorem along with
another way to prove the alternating series test.

oo

Example 5.3.5 How many terms must I take in the sum, Y~ |

than % to > 2 (=1)" 7121“?

(—1)" =t to be closer
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From Theorem BZ3A, 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)" < =
S e~ S Y S

n=1

Definition 5.3.6 4 series > ap is said to converge absolutely if > |an| con-
verges. It is said to converge conditionally if > |ay| fails to converge but > a,, converges.

Thus the alternating series or more general Dirichlet test can determine convergence
of series which converge conditionally.

5.3.2 Ratio And Root Tests

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

Theorem 5.3.7 Suppose |a,| > 0 for all n and suppose

lim |21l _
n—oo |ay|

Then
o0 diverges if r > 1
Z an {  converges absolutely if r < 1
n=1 test fails if r =1

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

Ap+1

0< <R

Ganp

where r < R < 1. Then
|an+1| < R|an|

for all such n. Therefore,
|an,+pl < Rlan, +p-1] < R® |an, +p—2| <+ < RP |ap,| (5.7)

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

To verify the divergence part, note that if » > 1, then B2 can be turned around for
some R > 1. Showing lim, _, |a,| = co. Since the nt® term fails to converge to 0, it
follows the series diverges.

To see the test fails if » = 1, consider Y.n~! and Y n~2. The first series diverges
while the second one converges but in both cases, » = 1. (Be sure to check this last
claim.) W

The ratio test is very useful for many different examples but it is somewhat unsatis-
factory mathematically. One reason for this is the assumption that a,, > 0, necessitated
by the need to divide by a,, and the other reason is the possibility that the limit might
not exist. The next test, called the root test removes both of these objections. Before
presenting this test, it is necessary to first prove the existence of the p' root of any
positive number. This was shown earlier in Theorem ETI3A but the following lemma
gives an easier treatment of this issue based on theorems about sequences.
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Lemma 5.3.8 Let a > 0 be any nonnegative number and let p € N. Then a'/?
exists. This is the unique positive number which when raised to the pt™ power gives c.

Proof: Consider the function f(x) = P — «. Then there exists b; such that
f(b1) > 0 and ay such that f(a;) < 0. (Why?) Now cut the interval [a;,b;] into two
closed intervals of equal length. Let [ag, bs] be one of these which has f (az) f (b2) < 0.
Now do for [as, bs] the same thing which was done to get [ag, b2] from [a1,b;]. Continue
this way obtaining a sequence of nested intervals [ay, by] with the property that

b, —ap = ol=k (bl - 0,1) .
By the nested interval theorem, there exists a unique point x in all these intervals.

Generalizing Theorem B slightly to include the product of of the terms of finitely
many sequences, it follows from Theorem B2 that

J @) f (@)= lim f (@) f (b) <0
Hence f(z) =0. B

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

oo
Z an converges absolutely.

n=1

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

o0
E an diverges.
n=1

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

Vlan| < R.

Proof: Suppose first that |a.,
for all n > ng. Then for such n,

Therefore, for such n,
lan| < R"

and so the comparison test with a geometric series applies and gives absolute convergence
as claimed.

Next suppose |a, > 1 for infinitely many values of n. Then for those values of n,
la,| > 1 and so the series fails to converge by the n'* term test. B

Stated more succinctly the condition for the root test is this: Let

|1/n

r=lm sup |a,|"/"

n—oo

then
S converges absolutely if r < 1
Z ar < test fails if r =1
k=m diverges if r > 1

To see the test fails when r = 1, consider the same example given above, > % and

1 n
Zn n2*

A special case occurs when the limit exists.
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Corollary 5.3.10 Suppose lim,, o, |an|1/” exists and equals v. Then

converges absolutely if r < 1

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

Proof: The first and last alternatives follow from Theorem BEZ3X9. To see the test
fails if » = 1, consider the two series Y7 | % and > 7, # both of which have r» = 1 but
having different convergence properties. The first diverges and the second converges. B

5.4 Double Series

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

oo oo 0o oo
PIDILTED DI
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 oo o0 oo
DD k= )
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
DD =) )
k=m j=m j=mk=m

because addition is commutative. However, there are limits involved with infinite sums
and the interchange in order of summation involves taking limits in a different order.
Therefore, it is not always true that it is permissible to interchange the two sums. A
general rule of thumb is this: If something involves changing the order in which two
limits are taken, you may not do it without agonizing over the question. In general,
limits foul up algebra and also introduce things which are counter intuitive. Here is an
example. This example is a little technical. It is placed here just to prove conclusively
there is a question which needs to be considered.

Example 5.4.1 Consider the following picture which depicts some of the ordered pairs
(m,n) where m,n are positive integers.
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The numbers next to the point are the values of apy,. You see an, = 0 for all n,
as1 = a,a13 = b,amy = ¢ for (m,n) on the line y = 1 + x whenever m > 1, and
Apmn = —c for all (m,n) on the line y = x — 1 whenever m > 2.

Then > " amp =aifn=1,> " am, =b—cifn=2andifn > 2,3 am, =
0. Therefore,

Z Zamnza—kb—c.
n=1m=1
Next observe that > >° | @y, = bif m =
0 if m > 2. Therefore,

LY amn = at+cifm=2,and > 7 | apmp =

Zzava:b+a+C

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 ¢, j, 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.

Definition 5.4.2 ret f(a,b) € [—o0,00] for a € A and b € B where A, B
are sets which means that f (a,b) is either a number, co, or —oo. The symbol, 400
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,ec 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 beEB acA
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Proof: Note that for all a,b, f (a,b) < sup,cpsup,c4 f (a,b) and therefore, for all
a, supyep f (a,b) < supyepsup,ca f (a,b). Therefore,

sup sup f (a,b) < supsup f (a,b).
acAbeB beB acA

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 [—o0o, 00|, then
sup {A,} = lim A,.
n— oo

Proof: Let sup ({4, : n € N}) = r. In the first case, suppose r < co. Then letting
e > 0 be given, there exists n such that A, € (r —e,r]. Since {4, } is increasing, it
follows if m > n, then r — e < A, < A,, < r and so lim,,_.oc A, = 7 as claimed. In
the case where r = oo, 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, = co. The other case is that » = —oco. But in this case, 4,, = —oo for all
n and so lim, oo A, = —0c0. R

Theorem 5.4.5 Let a;; > 0. Then

o0 o0 o0 o0
E E Gij = E E aij.
j=11:i=1

i=1 j=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 co and so oo is the value of the sum.

Next note that
oo oo oo n
ZZaij > supZZaij
n

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

because for all j,
o0 n
Do >y ai.
=7 =7

Therefore,

00 0o n m n
23 e 2533 oy = swp lim 353 ay

Jj=r i=r Jj=r i=r Jj=r i=r
m

n n m
= sup lim E g a;j = sup g lim g aij
i=r Jj=r

n

i=r j=r
n oo n oo oo oo
= sup E E Q5 = lim E E Q55 = E E Qi
i=r j=r i=r j=r i=r j=r

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

Theorem 5.4.6 Let a;; € F and suppose

00 oo
ZZ\aij|<oo .

i=r j=r
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Then

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

and every infinite sum encountered in the above equation converges.

Proof:By Theorem bZ3
DD layl =2 layl < oo
Jj=r i=r i=r j=r

Therefore, for each j, Y72, |a;;| < oo and for each i, 3272 |a;;| < oo. By Theorem
BT on Page 73, Zf; Qij, Zji, ai; both converge, the first one for every j and the
second for every i. Also,

oo | oo oo oo
D |2 | <D layl <o
Jj=r |i=r Jj=r i=r
and
oo | 0o oo oo
D |2 | <D layl <o
i=r |j=r i=r j=r
so by Theorem BT again,
o0 o0 o0 o0
E Qg E E Q5
Jj=r i=r =7 j=r

both exist. It only remains to verify they are equal. By similar reasoning you can
replace a;; with Rea;; or with Ima;; in the above and the two sums will exist.

The real part of a finite sum of complex numbers equals the sum of the real parts.
Then passing to a limit, it follows

SIS SIS
ReZZaij = ZZReaij
Jj=r i=r j=ri=r
and similarly,

Imiiaw = iilmalj

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

Note 0 < (|a;;| + Rea;;) < 2]a;j|. Therefore, by Theorem BZ3 and Theorem B3 on
Page [[@

ZZMH“—FZZRGQM = ZZ(MU\—I—Reaij)

j=r i=r Jj=r i=r j=r i=r
oo oo
= > (laij| + Reay))
i=r j=r
oo oo oo oo
= S el + Y R,
i=r j=r i=r j=r

= ZZ|GU|+ZZRG(IU

j=r i=r i=r j=r
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and so
oo oo oo o0 oo oo oo oo
Reg E a;j = E E Rea;; = E E Reaij:ReE E ij
j=r i=r Jj=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. H

One of the most important applications of this theorem is to the problem of multi-
plication of series.

Definition 5.4.7 Let 3°° a; and S35° b, be two series. For n > r, define

n
Cn = E arbp_pyr
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:
(ao +ar+az+az---)(bo+br+by+b3--+)

and start multiplying in the usual way. This yields
apby + (a0b1 + boal) + (aobz +a1by + azbo) + .-

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

0 o )
D a) b= e
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 oo, a; and Zj‘;r bj both converge absolutely®. Then

(o) (0] -2e
i=r j=r n=r

where

n
Cn = § akbn—k+r~
k=r

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

0o
Cn = § pnkakbnfk%»r'
k=r

1 Actually, it is only necessary to assume one of the series converges and the other converges abso-
lutely. 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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Also,

o0

(o) o0 oo
SO puklarl bararl = D lanl >k buril
k=rn=r k=r n=r
o0 o0
= Z ‘ak:‘ Z |bn—k:+r|
n=k

k=r
= > ekl D [bnr-n)|
k=r n=k

o0 o0
= > larl > bm| < 0.
k=r m=r

Therefore, by Theorem 620

[e%S) oo n oo 0o
E Cn = E E akbn7k+r:§ § pnkakbnfk‘+r
n=r n=r k=r n=r k=r
[eS) ) [eS) [
== E ag E pnkbn—k+r: E ag § bn—k+r
k=r n=r k=r n=k
[e'S) 9]
= Qg bm [ |
k=r m=r

5.5 Exercises

1. Determine whether the following series converge absolutely, conditionally, or not
at all and give reasons for your answers.
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2. Suppose Y >, a, converges. Can the same thing be said about Y - | a2? Explain.

3. A person says a series converges conditionally by the ratio test. Explain why his
statement is total nonsense.

4. A person says a series diverges by the alternating series test. Explain why his
statement is total nonsense.

5. Find a series which diverges using one test but converges using another if possible.
If this is not possible, tell why.
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10.

11.
12.

13.
14.

15.

EXERCISES 93

I3 L a, and Y007 by both converge, can you conclude the sum, > | anby

converges?

. I£ 377 | a,, converges absolutely, and b, is bounded, can you conclude Y 7, anby

converges? What if it is only the case that Zzozl an converges?

. Prove Theorem B2334. Hint: For > > | (—1)" b, show the odd partial sums are

n=1
all no larger than > 2, (—1)" b, and are increasing while the even partial sums

are at least as large as ) .- | (—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 B33 in the following alternating series to tell how large n must be

so that ’ZZOZI (—=1)*ar — Xr_, (=1)" ag| is no larger than the given number.

(a) o2, (=1)* L, 001
(b) S0, (-1 &, 001
(¢) o2y (=D &, 001

=

= Tg‘)—‘

Consider the series Y 7 o (—1)" \/nlﬁ Show this series converges and so it makes

2
sense to write (ZZOZO (=" \/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 BEZR 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 = Y - | z; means: For every € > 0 there
exists N such that if n > N, then |w — >, _, 2| < €. Here the absolute value is
the one which applies to complex numbers. That is, |a + b = Va? + b2. Show
that if {a,} is a decreasing sequence of nonnegative numbers with the property
that lim, ,o a, = 0 and if w is any complex number which is not equal to 1
but which satisfies |w| = 1, then ) 2 w™a, must converge. Note a sequence
of complex numbers, {a, + ib,} converges to a + ib if and only if a, — a and
b, — b. See Problem B on Page B3. There are quite a few things in this problem
you should think about.

Suppose limy_, o 5 = 5. Show it follows lim,,_, o %22:1 SE = S.

Using Problem I3 show that if Z;’;l aj—J converges, then it follows
1 n
nh_}rrgo - Z aj = 0.

j=1

2, L = oo. That is, there
=1 p;

are enough primes that the sum of their reciprocals diverges. Hint: Let ¢ (n)
denote the number of primes less than equal to n. Then explain why

A 1 #(n) , -
=< 1+) < el/Ph — 221 1/Pk
(5= I

Show that if {p;};-, are the prime numbers, then )

and consequently why lim, . ¢ (n) = co and Y o,
details for the above.

]% = oo. You supply the
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Chapter 6

Continuous Functions

The concept of function is far too general to be useful in calculus. There are various
ways to restrict the concept in order to study something interesting and the types of
restrictions considered depend very much on what you find interesting. In Calculus,
the most fundamental restriction made is to assume the functions are continuous. Con-
tinuous functions are those in which a sufficiently small change in z results in a small
change in f (). They rule out things which could never happen physically. For exam-
ple, 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
functions which are not continuous at the point .

29 o

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 (z¢) is too large. This is called a
removable discontinuity because the problem can be fixed by redefining the function at
the point xy. Here is another example.

You see from this picture that there is no way to get rid of the jump in the graph
of this function by simply redefining the value of the function at xy. That is why it is
called a nonremovable discontinuity or jump discontinuity. Now that pictures have been
given of what it is desired to eliminate, it is time to give the precise definition.

95
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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 § > 0 such that whenever y € D (f) and

ly — x| <o

it follows that
[f(z) = f(y)l <e.

A function f 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 con-
tinuous at x when it is possible to make f(y) as close as desired to f (x) provided
y is taken close enough to x. In fact this statement in words is pretty much the way
Cauchy described it. The completely rigorous definition above is due to Weierstrass.
This definition does indeed rule out the sorts of graphs drawn above. Consider the
second nonremovable discontinuity. The removable discontinuity case is similar.

24¢

2

To+ 0

For the ¢ shown you can see from the picture that no matter how small you take 4,
there will be points, x, between x¢—¢ and xg where f (z) < 2—e. In particular, for these

L 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 engineer but became a mathematician although he made fundamental contributions to physics and
engineering. Cauchy was one of the most prolific mathematicians who ever lived. He wrote several
hundred papers which fill 24 volumes. He also did research on many topics in mechanics and physics
including elasticity, optics and astronomy. More than anyone else, Cauchy invented the subject of
complex analysis. He is also credited with giving the first rigorous 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 allegiance to the new ruler and ended up leaving his family
and going into exile for 8 years.

Notwithstanding his great achievements 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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values of z, |f (x) — f (zo)| > €. 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
| = if x is rational
f ) = { 0 if = is irrational *

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

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

lz| < |ysl = |f (y1) — f (y2)]
<|f () = f@)+[f(2) = f(y2)| <2e=]z],

which is a contradiction. Since a contradiction is obtained by assuming that f is contin-
uous at x, it must be concluded that f is not continuous there. To see f is continuous
at 0, let € > 0 be given and let 6 = ¢. Then if |y — 0| < § = ¢, Then

|f (y) — f(0)] =0 if y is irrational

|f (y) — f(0)| = |yl < e if y is rational.
either way, whenever |y — 0] < ¢, it follows |f (y) — f (0)] < € and so f is continuous at
x = 0. How did I know to let § = ¢? 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) = —bx + 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. Then if 0 <
|z — (=3)] < 4, it follows from this inequality that

1
=52 +10— (25) = 5 Jo = (=3)| < 5= =<,

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) = v/2x + 12 is continuous at x = 5.
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First note f (5) = v/22. Now consider:

22 412 — 22
V2r +12 — \/22‘ ===
‘ V27 + 12 + /22
2 1
— 5| < —V22|x — 5|

e el 11
\/2x+12+\/22‘ 11

whenever |z — 5| < 1 because for such z, v/2z + 12 > 0. Now let £ > 0 be given. Choose

0 such that 0 < 6 < min (1, E\gﬁ) . Then if |z — 5| < 4, all the inequalities above hold

and
2 2 V22
VBT -V < ——lo-5l < =" =
’ V22 | | V22 2
Exercise 6.0.5 Show f (r) = —3x2 + 7 is continuous at x = 7.

First observe f (7) = —140. Now

|-32% +7— (=140)| = 3|z + 7| |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 — ] that |z| < 1+ 7. Therefore, if |z — 7| < 1, it follows that

|-32% +7— (=140)| < 3((1+7)+7) |z — 7|

=3(1427)|z—7 =84z 7.

Now let & > 0 be given. Choose § such that 0 < § < min (1, ). Then for |z — 7| < 4,
it follows

|—32% 47— (—140)| < 84|z — 7| < 84 (;71) —.

The following is a useful theorem which can remove the need to constantly use the
g,0 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)N
D (g) and a,b € F.

2. If and f and g are each continuous at x, then fg is continuous at . If, in addition
to this, g (x) # 0, then f/g is continuous at x.

3. If [ is continuous at x, f (x) € D (g) CF, and g is continuous at f (z),then go f
18 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 §; > 0
such that whenever |z — y| < 41, it follows |f (z) — f (y)| < sy and there exists
d2 > 0 such that whenever [z — y| < 42, it follows that |g (z) — g (y)| < sz~ Then
let 0 < § < min(d1,d2). If |z — y| < J, then everything happens at once. Therefore,
using the triangle inequality

laf (z) +bf (x) — (ag (y) + bg (y))|
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< lalIf () — £ ()] + bl | (=) — g (9)]
g £
<:a'<20aw+b|+1>>*‘w'<2uar+w+1>><:a

Now consider 2.) There exists §; > 0 such that if |y — x| < 01, then |f (z) — f (v)] <
1. Therefore, for such y,

If )l <1+]f ()]
It follows that for such v,

[fg(x) = fa)| <|f (@) g(x) —g(x) f W]+ () f(y) = f(y)g W)l

<lg@If (@) = F I+ 1f W)y (x) =g (y)l
<A +lg @[+ 1 @D g @) —gWl+1f () = f )]
<@+lg@)+I1f @Dy (@) =gl +1f (@)=l

Now let € > 0 be given. There exists d2 such that if |z — y| < 2, then

€

9@ =Wl < s @I F @

and there exists d3 such that if |[z—y| < d5, then

[f (@) = Fy)l <

22419 (= )Hlf( )

Now let 0 < § < min (d1,d2,03) . Then if |[z—y| < §, all the above hold at once and so

Ifg(x) = fg(y)| <

2+ lg @)+ @) [lg (x) =g W)+ f (@) = f W)]]

c e
<@+r@ 1O (s pEreD  rer R e D)

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

9 (2) =g ()] <lg (x)| /2

and so by the triangle inequality,

—lg@)/2<lg W) —lg (@) <lg(x)]/2

which implies |g (y)| > [g ()] /2, and [g (y)| < 3[g ()] /2.
Then if |z—y| < min (g, d1),

‘%?_f?ﬂszw(
g\x gl\y

=E£.
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< |g(i)|2 1 (@) 9 (W) = F W) g )+ F 0) 9 (v) — £ (W) g (@)]

< |g(i)|2 g W 1£ @) — £ @]+ 1 W g (v) — 9 ()]

<|g<i>|2 2o @IF @~ 7 @)+ 0+ @)l ) — g (@)
< |g(2)| (L+21f @) +21g @D ] (&) — F W)] + 19 () — 9 (@]

=M{|f(z) = f W)l +19(y) —g @)l
where M is defined by

2
g (z)[°

Now let 05 be such that if [x—y| < d2, then

M =

(L+2[f (2) +2]g (2)])

€. _
£ @)~ £ )] < S
and let d3 be such that if |x—y| < d3, then

l9() —g (@) < M7

Then if 0 < § < min (o, 1, d2,d3), and |z—y| < J, everything holds and

10 10|y o
‘g(m) g(y)‘<M[f() F@)I+1g(y) =g @)l

Ear—1, €ar1
<M|SMT oM =
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 z, f () € D (g) CF, and g is continuous at
f (x) ,then go f is continuous at x. Let € > 0 be given. Then there exists n > 0 such that
if ly—f (x)] <nand y € D(g), it follows that |g (y) — g (f (z))| < e. From continuity of
f at z, there exists 6 > 0 such that if |x—z| < d and z € D (f), then |f (z) — f (2)] < 7.
Then if |[z—z| < d and z € D (go f) C D(f), all the above hold and so

lg(f(2)) —g(f (@) <e.

This proves part 3.)

To verify part 4.), let € > 0 be given and let 6 = . Then if |z—y| < §, the triangle
inequality implies

[f (@) = F ()l = [lz] = ]l

<l|z—y|<d=e.

This proves part 4.) and completes the proof of the theorem. B
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6.1 Equivalent Formulations Of Continuity

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)—TF 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 —z| < 6, then |f (z) — f (y)| < e.
However, there exists ns such that if n > ngs, then |z, —z| < § and so for all n this
large,

|f (z) = f(an)| <€

which shows f (z,) — f (z).

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

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

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

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

fla)<i(=1).
Proof: Since f(x,) <1 and f is continuous at x, it follows from Theorem BT

and Theorem BT,
f (@) = Tim [ () <1

n—oo

The other case is entirely similar.

The following is a useful characterization of a continuous function which ties together
many of the above conditions. I am being purposely vague about the domain of the
function and its range because this theorem is a general result which holds whenever it
makes sense.

Theorem 6.1.3 Let f be a function defined on D (f). The following are equiv-
alent.

1. f is continuous on D (f)

2. For every e > 0 and x € D (f) there exists 6 > 0 such that if |y — x| < § and
y € D(f), then |f (z) = f(y)| <e.

3. For everyx € D (f), ifx, — x where each x,, € D (f), then f (z) = lim, oo f (xn).
4. Whenever U is open, f~1(U) equals the intersection of an open set with D (f).

5. Whenver C is closed, f=1(C) is the intersection of a closed set with D (f).
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Proof: To say that f is continuous on D (f) is to say that it is continuous at every
x € D (f). Therefore, 1.) implies 2.). If 2.) holds then by definition f is continuous at
every € D (f) so it is continuous on D (f). Thus the first two conditions are equivalent.
These are equivalent to the third condition by Theorem BI. Thus the first three
conditions are equivalent. Now suppose the fouth condition holds that “inverse images
of open sets are open”. Why is f continuous at 2 € D (f)? This is obviously so because
if you take U = B (f (z),¢), then f~1 (B (f (z),e)) =V ND(f). Sincex € VN D (f),
it follows that there is some § > 0 such that B (:c d) C V since V is open. Therefore,
ity € B(z,0) N D(f), it follows that f (y ) € B(f(z),e) and so in other words, if
|z —y| < ¢ with y € D(f), then |f(z) — f(y)] < e. Hence f is continuous at every
x € D(f). Thus f is continuous on D ( f) Conversely, suppose f is continuous on
D (f) and let U be open. Consider x € f~!(U). By assumption f is continuous at z.
Let € > 0 be such that B(f (z),e) C U. Then by the definition of continuity, there
exists 0, > 0 such that if |y — x| < J, and y € D (f), then f (y) € B(f (z),¢). In other

words,
B(x,86:)ND(f) S f7H(B(f(x),e) S [ (U)

Hence

F7H0) = Usesr (B (@.6:) N D (£)) = (Use s+ B (2.6,)) N D (/)

which is the intersection of an open set with D (f). Thus the first four conditions are
equivalent. Now let C be closed and suppose condition 4.)

fHoyufH(e) =D
Since every x € D (f) either has f (z) € C or f (z) ¢ C.
(fH@enD))u(f(C9)nD(f) =D(/)
Now since C' is open, there is an open set V such that
FHeY)nD(f)=vnD(f)

Hence f~1(C)N D (f) = VE N D(f). Thus 4.) implies 5.). Now assume 5.). Then
if C is closed, there is a closed set H such that f='(C)N D (f) = HN D(f). Then
HYND(f)=f"*(CY ND(f) which is an open set intersected with D (f). It follows,
since a generic open set is of the form C¢, that 4.) holds. B

6.2 Exercises

1. Let f(z) = 2z + 7. Show f is continuous at every point x. Hint: You need to let
e > 0 be given. In this case, you should try § < e/2. Note that if one § works in
the definition, then so does any smaller 6.

2. Suppose D (f) = [0,1]JU{9} and f () = x on [0, 1] while f (9) = 5. Is f continuous
at the point, 9?7 Use whichever definition of continuity you like.

3. Let f(z) = 2% + 1. Show f is continuous at x = 3. Hint:
[f (@) = fB) = |2 +1—(9+1)]
=|z+ 3|z — 3.
Thus if | — 3| < 1, it follows from the triangle inequality, |x| < 1+ 3 =4 and so
|f (z) = f 3)] < 4]z —3].

Now try to complete the argument by letting 6 < min (1,e/4). The symbol, min
means to take the minimum of the two numbers in the parenthesis.
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. Let f(z) = 222 + 1. Show f is continuous at z = 1.

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

at every point.

. Let f (z) = |2z + 3|. Show f is continuous at every point. Hint: Review the two

versions of the triangle inequality for absolute values.

%H. Show f is continuous at every value of z.

Tz

. If x € R, show there exists a sequence of rational numbers, {x, } such that z,, — =

and a sequence of irrational numbers, {2/} such that z/, — x. Now consider the
following function.

0 if  is irrational

flz) = { 1 if z is rational

Show using the sequential version of continuity in Theorem BT that f is discon-
tinuous at every point.

. If z € R, show there exists a sequence of rational numbers, {x,,} such that z,, — =

and a sequence of irrational numbers, {z/,} such that z/, — 2. Now consider the
following function.

fz) = x if z is rational
)= 0if  is irrational

Show using the sequential version of continuity in Theorem B that f is contin-
uous at 0 and nowhere else.

Suppose y is irrational and y,, — y where y,, is rational. Say y, = pn/¢,. Show
that lim,, . ¢, = 00. Now consider the function

f(z)= P

0 if z is irrational
% if z = g where the fraction is in lowest terms

Show that f is continuous at each irrational number and discontinuous at every
nonzero rational number.

Suppose f is a function defined on R. Define
ws f(x) =sup{[f (y) = f(2)| 19,2 € B(2,0)}

Note that these are decreasing in §. Let
w =infw
f(x) inf ws f(x)

Explain why f is continuous at x if and only if wf () = 0. Next show that

(o] () = 0) = iy U {2 500y f () < - |

Now show that U2, {x cwamyf () < %} is an open set. Explain why the set

of points where f is continuous must always be a G set. Recall that a G set is
the countable intersection of open sets.

Show that the set of rational numbers is not a G set. That is, there is no sequence
of open sets whose intersection is the rational numbers. Extend to show that no
countable dense set can be G5. Using Problem [, show that there is no function
which is continuous at a countable dense set of numbers but discontinuous at every
other number.
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Use the sequential definition of continuity described above to give an easy proof
of Theorem BETIA.

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

__ Ty
ViV TR g

at some point in your argument.

Using Theorem EIIA, 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) = x is continuous and then use the Theorem ETIH. 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) (¢ — 2®) . 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 § = i? Would this § work
for a given € > 07 This shows that the idea that a continuous function is one for
which you can draw the graph without taking the pencil off the paper is a lot of
nonsense.

Give an example of a function f which is not continuous at some point but |f| is
continuous at that point.

Find two functions which fail to be continuous but whose product is continuous.
Find two functions which fail to be continuous but whose sum is continuous.
Find two functions which fail to be continuous but whose quotient is continuous.

Suppose f is a function defined on R and f is continuous at 0. Suppose also that
fx+y) = f(x)+ f(y). Show that if this is so, then f must be continuous at
every value of x € R. Next show that for every rational number, r, f (r) =rf (1).
Finally explain why f (r) = rf (1) for every r a real number. Hint: To do this
last part, you need to use the density of the rational numbers and continuity of f.

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 CF 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
{zn, } and a point in K, = such that x,, — x. Then by Theorem BT, f (x,,) — f (z) €
R and this is a contradiction to f (z,, ) > nk. Thus f must be bounded above. Similarly,
f must be bounded below. B
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Example 6.3.2 Let f (z) = 1/z for z € (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 et K 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, x1, Ty € K such that for oll x € K,

fla) < f(x) < f(x2).
Proof: By Lemma B f(K) has a least upper bound, M. If for all z € K,
f(z) # M, then by Theorem EIIM, the function g(z) = (M — f ()" = -t

M—f(z)
is continuous on K. Since M is the least upper bound of f (K) there exist points,

2z € K such that (M — f(x)) is as small as desired. Consequently, g is not bounded
above, contrary to Lemma B3. 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, x;. Thus
h(xz1) > h(z) forall z € I and so M — f (z1) > M — f (x) for all z € T which implies
flr1) < f(x)forallzcI. W

In fact a continuous function takes compact sets to compact sets. This is another of
those big theorems which tends to hold whenever it makes sense. Therefore, I will be
vague about the domain and range of the function f.

Theorem 6.3.4 et D (f) 2 K where K is a compact set. Then f (K) is also
compact.

Proof: Suppose C is an open cover of f(K). Then by Theorem B3, since f is
continuous, it satisfies the inverse image of open sets being open condition. For U € C,

f~H(U) =0y nD(f), where Oy is open

Thus {Oyp : U € C} is an open cover of K. Hence there exist {Oy,,---, Oy, } each open
whose union contains K. It follows that {Us,--- ,U,} is an open cover of f (K). B

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.

(a, () 7\6 /.

a Z b
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You see in the picture there is a horizontal line, y = ¢ and a continuous function
which starts off less than ¢ at the point a and ends up greater than ¢ at point b. The
intermediate value theorem says there is some point between a and b shown in the
picture as z such that the value of the function at this point equals ¢. 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. Here is a useful
lemma.

Lemma 6.4.1 If f is continuous on the closed interval [a,b] and for some x €
[a,b], f(x) # ¢, then there exists 6 > 0 such that for y € [a,b] N (x — 3§,z + ), the
sign of f(y) — ¢ is constant. That is, it is either always positive or always negative
depending on the sign of f (x) — c.

Proof: Let ¢ = |f () — ¢| > 0 by assumption. Then let ¢ correspond to this € in
the definition of continuity.

Case 1: f(z) —c¢>0. Then for y € [a,b]N(z =,z +9), f(x) — fly) < f(x)—c
and so 0 < f(y) —c.

Case 2: f(r)—c < 0. Thenfory € [a,b]N(x —d,x +0), f(y)—f () < c— f (x)and
so0> f(y)—c. N

Next here is a proof of the intermediate value theorem.

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

Proof: Let d = %% and consider the intervals [a,d] and [d,b]. If f (d) > c, then on
[a,d], the function is < ¢ at one end point and > ¢ at the other. On the other hand, if
f(d) <e¢, 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 c¢. 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 x in all these intervals. In the n* interval, let z,,, ¥, be points of this interval such
that f(x,) < ¢, f(yn) > c. Now |z, —2| < (b—a)27" and |y, — 2| < (b—a)27™ and
so x, — x and y,, — x. Therefore,

f@) —c= lim (f(zn) —¢) <0

n—oo

while
f(@)=e= lim (f (v) =) 2 0.

Consequently f (z) = ¢ and this proves the theorem. The last step follows from Theorem
sl |

Here is another proof of this major theorem.

Proof: Since f (a) < ¢, the set, S defined as

S={ze€lab]: f(t)<cforalltelaz]}

is nonempty. In particular a € S. Note that b ¢ S by assumption. Let z = sup (5).
By Lemma B2, since f (a) < c it follows that z € (a,b). By the same lemma again, if
f(z) # ¢, then z # sup (S). Hence f(z) =c. B

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].
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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 1 < y1, x1,y1 € (a,b) such
that
(@ (y1) = ¢ (21)) (y1 — 21) > 0.
If for some other pair of points, o < yo with 2,y € (a,b), the above inequality does
not hold, then since ¢ is 1 — 1,

(¢ (y2) — ¢ (22)) (y2 — x2) <0.
Let y = twq + (1 — t) 22 and y¢ = ty1 + (1 — t) y2. Then z; < y; for all ¢ € [0, 1] because
try <ty; and (1 —t)za < (1 —1)y2

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

h(t)= (6 (ye) — ¢ (20)) (ye — ).

Since h is continuous and h (0) < 0, while h (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 contra-
dicting the assumption that ¢ is one to one. It follows ¢ is either strictly increasing or
strictly decreasing on (a,b).

This property of being either strictly increasing or strictly decreasing on (a, b) carries
over to [a, b] by the continuity of ¢. Suppose ¢ is strictly increasing on (a, b) . (A similar
argument holds for ¢ strictly decreasing on (a,b).) If z > a, then let z,, be a decreasing
sequence of points of (a,z) converging to a. Then by continuity of ¢ at a,

6(a) = lim 6(2) < 6(21) < 6 (a).
Therefore, ¢ (a) < ¢ (x) whenever x € (a,b) . Similarly ¢ (b) > ¢ (z) for all x € (a,b). R
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=1: (c,d) — (a,b) is continuous.

Proof 1: Since f is either strictly increasing or strictly decreasing, it follows that
f (a,b) is an open interval, (¢,d). Assume f is decreasing. Now let = € (a,b). Why is
f~1is continuous at f ()? Since f is decreasing, if f () < f (y),theny = f~1 (f (y)) <
x = f71(f(z)) and so f~! is also decreasing. Let ¢ > 0 be given. Let ¢ > 7 > 0 and
(2 —n,@+1) C (a,b). Then f (z) € (f (z+1), f (& — 7). Let

6 =min(f(z) = f(z+n),f(x—n) = f(2)).

Then if
|f(2) = f (2)] <6,
it follows
z=fTHfR)el@—nz+n)C(r—crte)
SO

@) =2 = R) - @) <e
This proves the theorem in the case where f is strictly decreasing. The case where f is
increasing is similar. W
Proof 2: Note that since f is either strictly increasing or strictly decreasing, it maps
an open interval to an open interval. Now let U be an open set. Thus U = U,cpl,
where I, is an open interval. Then

(f_l)il (U) = (f_l) (UZL’EUII) = UmeU (f_l) (Iz)
= User (F7Y) 7 (I N (a,0)) = Uper f (I N (a,b))

which is a union of open intervals and is therefore, open. B

-1 -1



108 CHAPTER 6. CONTINUOUS FUNCTIONS

6.5 Connected Sets

Some sets are connected and some are not. The term means roughly that the set is in
one “one piece”. The concept is a little tricky because it is defined in terms of not being
something else. First we give another definition.

Definition 6.5.1 et S be a set. Then S, called the closure of S consists of
SUS" where S' denotes the set of limit points of S.

Note that it is obvious from the above definition that if S C T, then S C T.
Definition 6.5.2 A set S is said to be separated if it is of the form
S=AUB, where ANB=BNA=0
A set S is connected if it is not separated.

Example 6.5.3 Consider S = [0,1) U (1,2]. This is separated. Therefore, it is not
connected.

To see this, note that [0, 1) = [0, 1] which has empty intersection with (1, 2]. Similarly
(1,2] = [1,2] and has empty intersection with [0, 1).
One of the most important theorems about connected sets is the following.

Theorem 6.5.4 Suppose U and V' are connected sets having nonempty intersec-
tion. Then U UV is also connected.

Proof: Suppose UUV = AU B where ANB = BN A = (). Consider the sets ANU
and B NU. Since

(ANU)N(BNU)=(AnU)N(BNU) =0,

It follows one of these sets must be empty since otherwise, U would be separated. It
follows that U is contained in either A or B. Similarly, V' must be contained in either
A or B. Since U and V have nonempty intersection, it follows that both V and U are
contained in one of the sets A, B. Therefore, the other must be empty and this shows
U UV cannot be separated and is therefore, connected. B

How do connected sets relate to continuous real valued functions?

Theorem 6.5.5 Let f X — R be continuous where X is connected. Then
f(X) is also connected.

Proof: To do this you show f(X) is not separated. Suppose to the contrary
that f(X) = AU B where A and B separate f(X). Then consider the sets f~1 (A)
and f~1(B).If 2 € f~1(B), then f(z) € B and so f(z) is not a limit point of A.
Therefore, there exists an open ball U of radius ¢ for some ¢ > 0 containing f (z)
such that U N A = (). But then, the continuity of f and the definition of continuity
imply that there exists § > 0 such that f (B (z,6)) C U. Therefore z is not a limit
point of f~1 (A). Since z was arbitrary, it follows that f~! (B) contains no limit points
of f=1(A). Similar reasoning implies f~! (A4) contains no limit points of f=1(B). It
follows that X is separated by f~! (A4) and f~! (B), contradicting the assumption that
X was connected. H

On R the connected sets are pretty easy to describe. A set, I is an interval in R
if and only if whenever z,y € I then (z,y) C I. The following theorem is about the
connected sets in R.
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Theorem 6.5.6 A set C in R is connected if and only if C is an interval.

Proof: Let C' be connected. If C' consists of a single point p, there is nothing
to prove. The interval is just [p,p]. Suppose p < ¢ and p,q € C. You need to show
(p.q) CC.If

z € (p,g) \C

let CN(—o0,z) = A, and C N (z,00) = B. Then C = AU B and the sets A and B
separate C contrary to the assumption that C' is connected.

Conversely, let I be an interval. Suppose [ is separated by A and B. Pick x € A
and y € B. Suppose without loss of generality that < y. Now define the set,

S={telz,y]: [zt C A}

and let [ be the least upper bound of S. Then I € A sol ¢ B which implies [ € A. But
if I ¢ B, then for some § > 0,
LI+ NB=10

contradicting the definition of [ as an upper bound for S. Therefore, I € B which implies
I ¢ A after all, a contradiction. It follows I must be connected. B

Another useful idea is that of connected components. An arbitrary set can be written
as a union of maximal connected sets called connected components. This is the concept
of the next definition.

Definition 6.5.7 Let S be a set and let p € S. Denote by C, the union of
all connected subsets of S which contain p. This is called the connected component
determined by p.

Theorem 6.5.8 Let Cp be a connected component of a set S. Then C, is a
connected set and if Cp, N Cyq # 0, then C, = Cy.

Proof: Let C denote the connected subsets of S which contain p. If C,, = AU B
where
ANB=BnNA=0,

then p is in one of A or B. Suppose without loss of generality p € A. Then every set
of C must also be contained in A since otherwise, as in Theorem B354, the set would
be separated. But this implies B is empty. Therefore, C, is connected. From this, and
Theorem B2, the second assertion of the theorem is proved.H

This shows the connected components of a set are equivalence classes and partition
the set.

Probably the most useful application of this is to the case where you have an open
set and consider its connected components.

Theorem 6.5.9 Let U be an open set on R. Then each connected component is
open. Thus U is a countable union of disjoint open intervals.

Proof: Let C be a connected component of U. Let z € C. Since U is open, there
exists § > 0 such that
(x—0,24+6)CU

Hence this open interval is also contained in C because it is connected and shares a
point with C' which equals the union of all connected sets containing x. Thus each
component is both open and connected and is therefore, an open interval. Each of these
disjoint open intervals contains a rational number. Therefore, there are countably many
of them. W

To emphasize what the above theorem shows, it states that every open set in R is
the countable union of open intervals. It is really nice to be able to say this.
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6.6 Exercises

1.

10.

11.

12.

13.

14.

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 z.

Let f () = 2% + ax® + bx3 + cx® + 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(x) = z™ — a, where n is a positive integer and a is a
number, is continuous.

Use the intermediate value theorem on the function f(z) = z7 — 8 to show
v/8 must exist. State and prove a general theorem about n!” roots of positive
numbers.

Prove /2 is irrational. Hint: Suppose v/2 = p/q where p, ¢ 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) =  — /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(x) = 0. Does this
contradict the intermediate value theorem? Explain.

It has been known since the time of Pythagoras that /2 is irrational. If you throw
out all the irrational numbers, show that the conclusion of the intermediate value
theorem could no longer be obtained. That is, show there exists a function which
starts off less than zero and ends up larger than zero and yet there is no number
where the function equals zero. Hint: Try f (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 (0) be the
temperature in the hoop, T' (0 + 27) = T (#) . You need to have T'(8) =T (6 + «)
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.

Suppose f is a continuous function defined on [0, 1] which maps [0, 1] into [0,1].
Show there exists « € [0,1] such that = f (z) . Hint: Consider h (z) =z — f (z)
and the intermediate value theorem. This is a one dimensional version of the
Brouwer fixed point theorem.
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15. Let f be a continuous function on [0,1] such that f(0) = f(1). Let n be a
positive integer. Show there must exist ¢ € [0,1 — 1] such that f (c+ ) = f (c).
Hint: Consider h (z) = f (z + L) — f (). Consider the subintervals [£=1, £] for
k=1,---,n—1. You want to show that h equals zero on one of these intervals.
If h changes sign between two successive intervals, then you are done. Assume
then, that this does not happen. Say h remains positive. Argue that f(0) <
F(22) . Thus f(21) > f(1) = f (=1 4+ 1) . It follows that i (1 — 2) < 0 but
h(l—2)>0.

16. Use Theorem B33 and the characterization of connected sets in R to give a quick
proof of the intermediate value theorem.

17. A set is said to be totally disconnected if each component consists of a single point.
Show that the Cantor set is totally disconnected but that every point is a limit
point of the set. Hint: Show it contains no intervals other than single points.

18. A perfect set is a non empty closed set such that every point is a limit point. Show
that no perfect set in R can be countable. Hint: You might want to use the fact
that the set of infinite sequences of 0 and 1 is uncountable. Show that there is a
one to one mapping from this set of sequences onto a subset of the perfect set.

19. Suppose f : K — R where K is a compact set and f is continuous. Show that
f achieves its maximum and minimum by using Theorem B34 and the charac-
terization of compact sets in R given earlier which said that such a set is closed
and bounded. Hint: You need to show that a closed and bounded set in R has a
largest value and a smallest value.

6.7 Uniform Continuity

There is a theorem about the integral of a continuous function which requires the notion
of uniform continuity. This is discussed in this section. Consider the function f (z) = %
for z € (0,1). This is a continuous function because, by Theorem GBI, 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 6.7.1 Let f be a function. Then f is uniformly continuous if for
every € > 0, there exists a § depending only on e such that if |x —y| < 0 then

[f(x) = f )] <e.

It is an amazing fact that under certain conditions continuity implies uniform con-
tinuity.

Theorem 6.7.2 Let f: K — T be continuous where K is a sequentially compact
set in 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, x5 and ys such that even though |z5 — ys| < 0, |f (xs) — f (y5)| > €.
Taking a succession of values for ¢ equal to 1,1/2,1/3,--- | and letting the exceptional
pair of points for 6 = 1/n be denoted by z, and y,,

o =l < 1 () = £ ()| 2 2,
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Now since K is sequentially compact, there exists a subsequence, {z,, } such that x,,, —

z € K. Now n; > k and so
1

.
Consequently, y,, — z also. ( x,, is like a person walking toward a certain point and
Yn,, 15 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 G132,

an obvious contradiction. Therefore, the theorem must be true.
The following corollary follows from this theorem and Theorem E—72.

|$nk - ynk‘ <

Corollary 6.7.3 Suppose K is a closed interval, [a,b], a set of the form [a,b] +
ile,d], or
D(z,r)={w: |z —w| <r}.

Then f is uniformly continuous.

6.8 Exercises

1. A function f is Lipschitz continuous or just Lipschitz for short if there exists a
constant, K such that

[f (@) = f W) < Kz -yl

for all x,y € D. Show every Lipschitz function is uniformly continuous.

2. If |, — yn| — 0 and z,, — z, show that y,, — z also. This was used in the proof
of Theorem EZ2A.

3. Consider f: (1,00) — R given by f (z) = 1. 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? An-
swer 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): 2 € 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): 2z € K}. Argue there exists a sequence, {z,} C K such that
f(xn) = M. Now use sequential compactness to get a subsequence, {z,, } such
that limg_,o0 2n, = @ € K and use the continuity of f to verify that f (z) = 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 « € D if for any sequence {x,,} C D which converges to z it follows

f(2) <lim inf £ (z,).

3The notion of lower semicontinuity is very important for functions which are defined on infinite
dimensional sets. In more general settings, one formulates the concept differently.
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Suppose D is sequentially compact and f is lower semicontinuous at every point
of D. Show that then f achieves its minimum on D.

7. Let f: D — R be a function. This function is said to be upper semicontinuous at
x € D if for any sequence {x,,} C D which converges to z it follows

f(2) > lim sup f(w,).

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. Give an example of a lower semicontinuous function which is not continuous and
an example of an upper semicontinuous function which is not continuous.

10. Suppose {fs : @ € A} is a collection of continuous functions. Let
F(x)=inf{f,(z) :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.

11. Let f be a function. epi(f) is defined as

{(z.9):y>f(2)}.

It is called the epigraph of f. We say epi (f) is closed if whenever (x,,,y,) € epi (f)
and z,, — x and y,, — y, it follows (z,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?

6.9 Sequences And Series Of Functions

When you understand sequences and series of numbers it is easy to consider sequences
and series of functions.

Definition 6.9.1 4 sequence of functions is a map defined on N or some set of
integers larger than or equal to a given integer, m which has values which are functions.
It is written in the form {f,} —  where f, is a function. It is assumed also that the

domain of all these functions is the same.

In the above, where do the functions have values? Are they real valued functions?
Are they complex valued functions? Are they functions which have values in R™? It
turns out it does not matter very much and the same definition holds. However, if you
like, you can think of them as having values in F. This is the main case of interest here.

Example 6.9.2 Suppose f, (x) = z™ for x € [0,1]. Here is a graph of the functions

f(z) = 2,22 23 2% 25,
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Definition 6.9.3 rLet {fn} be a sequence of functions. Then the sequence con-
verges pointwise to a function f if for all x € D, the domain of the functions in the
sequence,

f(x) = Tim f, (z)

n— oo

This is always the definition regardless of where the f, have their values.

Thus you consider for each x € D the sequence of numbers {f, (z)} and if this
sequence converges for each « € D, the thing it converges to is called f (z).

Example 6.9.4 In Example find lim,, o0 fi.

Forz € [0,1),lim, 00 2" = fr, () =0. At x =1, f,, (1) = 1 for all n so lim,, o, f5 (1)
1. Therefore, this sequence of functions converges pointwise to the function f (z) given
by f(z) =0if 0 <z < 1and f(1) = 1. However, given small ¢ > 0, and n, there is
always some x such that |f (x) — f, ()] > e. Just pick = less than 1 but close to 1.
Then f (x) =0 but f, (z) will be close to 1.

Pointwise convergence is a very inferior thing but sometimes it is all you can get.
It’s undesirability is illustrated by Example BEI4A. The limit function is not continuous
although each f,, is continuous. Now here is another example of a sequence of functions.

Example 6.9.5 Let f, (z) = +sin (n’z).

In this example, | f, ()| < % so this function is close to 0 for all z at once provided n
is large enough. There is a difference between the two examples just given. They both
involve pointwise convergence, but in the second example, the pointwise convergence
happens for all  at once. In this example, you have uniform convergence. Here is a
picture of the first four of these graphed on [—m,7].

y

/\ X \ /
r'/ \ 3 X\
v \ 9

Definition 6.9.6 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 allm > N

sup [f (z) — fn ()| <
rzeD

The following picture illustrates the above definition.
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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 6.9.7 Let {fn} be a sequence of functions defined on D which are
continuous at z and suppose this sequence converges uniformly to f. Then f is also
continuous at z. If each fn 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 § > 0
such that if |z — 2| < ¢ then

[fu (@) = fu (2)] <&/3.
It follows that for |x — 2| < §,
[f (@)= F R < (@) = fa @]+ [fn (@) = 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
B holds, there exists a § > 0 such that if |y — z| < 0, then

[fn (2) = fu (y)] < &/3.
Then for |y — 2| <4,

fW) =@ < [f @)= fa @+ 1) = fo (2] +[fn(2) = [ (2)]
< ¢/34+¢/3+¢/3=¢

This shows uniform continuity of f. W

Definition 6.9.8 Let {fn} be a sequence of functions defined on D. Then the
sequence is said to be uniformly Cauchy if for every e > 0 there exists N such that
whenever m,n > N,

sup | (7) — fu (z)| < ¢
xzeD

Then the following theorem follows easily.

Theorem 6.9.9 Let {fn} be a uniformly Cauchy sequence of F valued functions
defined on D. Then there exists [ defined on D such that {fn} converges uniformly to

3
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Proof: For each € D, {f, ()} is a Cauchy sequence. Therefore, it converges to
some number because of completeness of F. (Recall that completeness is the same as
saying every Cauchy sequence converges.) Denote by f (z) this number. Let € > 0 be
given and let NV be such that if n,m > N,

|fm () — fn ()| < €/2
for all x € D. Then for any x € D, pick n > N and it follows from Theorem BT

@)~ fa @) = Jim |f (@)~ fu (@) <c/2<c.m

Corollary 6.9.10 Let {f,} be a uniformly Cauchy sequence of functions continuous
on D. Then there exists f defined on D such that {f,} converges uniformly to f and f
is continuous. Also, if each f, is uniformly continuous, then so is f.

Proof: This follows from Theorem EI9 and Theorem 60—4. W
Here is one more fairly obvious theorem.

Theorem 6.9.11 Let {fn} be a sequence of functions defined on D. Then it
converges 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 EI3 the sequence
{fn (2)} 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 { fy, (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 ECTU 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(x) = fu (2)] < e/2
for every x € D. Then if m,n > N and x € D,
|fo (@) = frm (2)] < [fn (@) = f @)+ [f (2) = fm (2)[ <2/2+e/2 =€

Thus {f,} is uniformly Cauchy. B
As before, once you understand sequences, it is no problem to consider series.

Definition 6.9.12 ret {fn} be a sequence of functions defined on D. Then

(Z n) (z) = lim » fi () (6:2)
k=1 k=1

whenever the limit exists. Thus there is a new function denoted by

>t (6.3)
k=1

and its value at x is given by the limit of the sequence of partial sums in B3B. If for all
x € D, the limit in B3 exists, then B3 is said to converge pointwise. Y po, fi is said
to converge uniformly on D if the sequence of partial sums,

)

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.
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Theorem 6.9.13 Let {fn} be a sequence of functions defined on D. The series
> e fx converges pointwise if and only if for each e > 0 and x € D, there exists N, ,
which may depend on x as well as € such that when ¢ > p > N ,,

S fel@)|<e
k=p

The series Y pey fi converges uniformly on D if for every € > 0 there exists N. such
that if ¢ > p > N, then
q
sup ka (x)| <e (6.4)
xeD e
o=p
Proof: The first part follows from Theorem BET70. The second part follows from
observing the condition is equivalent to the sequence of partial sums forming a uniformly
Cauchy sequence and then by Theorem BT, these partial sums converge uniformly
to a function which is the definition of >~ f. W

Is there an easy way to recognize when B2 happens? Yes, there is. It is called the
Weierstrass M test.

Theorem 6.9.14 Let {fn} be a sequence of functions defined on D. Suppose
there exists M, such that sup{|f, (z)| : @ € D} < M,, and Y_,° | M, converges. Then
Yoo 1 fn converges uniformly on D.

Proof: Let z € D. Then letting m < n

i) => )< D @IS D Mc<e
k=1 k=1 k=m+1 k=m+1

whenever m is large enough because of the assumption that Znoozl M, converges. There-

fore, the sequence of partial sums is uniformly Cauchy on D and therefore, converges
uniformly to >-7~, fr on D. B

Theorem 6.9.15 If {fn} is a sequence of functions defined on D which are
continuous at z and Y-, fi converges uniformly, then the function -, fr must also
be continuous at z.

Proof: This follows from Theorem EX4 applied to the sequence of partial sums of
the above series which is assumed to converge uniformly to the function Y 7, fr. W

6.10 Sequences Of Polynomials, Weierstrass Approx-
imation

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]. I will first show this is true for the interval [0,1] and then
verify it is true on any closed and bounded interval. First here is a little lemma which
is interesting for its own sake in probability. It is actually an estimate for the variance
of a binomial distribution.

Lemma 6.10.1 The following estimate holds for x € [0,1] and m > 2.

i (T]:) (k—ma)? 2% (1 —2)™ " < im

k=0
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Proof: Using the binomial theorem,

m

> (1) th = may?at 1 -y

k=0

k_o(k>k2 (- _mez< ) —2)" "+ mPa?

m—1

(1 _ 2mx) kgo o (( T‘l) k) k+1 (1 _ x)(mfl)fk 2,2

=m(m— 1)z + (1 — 2mz) mz + m2a?

2,2

1 1\?
=m’z mx2+mx2m2x2+m2x2mz(lx)m<4 <x2>>§TZI

Now let f be a continuous function defined on [0,1]. Let p, be the polynomial
defined by

n

m@ =3 (1)1 (5) =0 (65)

Theorem 6.10.2 The sequence of polynomials in converges uniformly to f
on [0,1]. These polynomials are called the Bernstein polynomials

Proof: By the binomial theorem,

1@ =10 ()0 =3 ()@t e

and so by the triangle inequality

(1= )" "
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At this point you break the sum into two pieces, those values of k such that k/n is close
to x and those values for k such that k/n is not so close to x. Thus

ro-me < Y (Y(E)-re

lz—(k/n)| <6

f W) e

lz—(k/n)|=6

(1 —z)" "

F1—2)""  (6.6)

where § is a positive number chosen in an auspicious manner about to be described.
Since f is continuous on [0,1], it follows from Theorems BEZZ2A and G2 that f is
uniformly continuous. Therefore, letting € > 0, there exists § > 0 such that if |z — y| <
d, then |f (z) — f (y)| < /2. This is the auspicious choice for §. Also, by Lemma B3
|f (z)] for z € [0,1] is bounded by some number M. Thus B8 implies that for x € [0, 1],

F@)-pal@) < Y (Z);xk(lx)nk
|z—(k/n)|<§

LIV <Z>x’f(1—x)n’“

[nz—k|>né

%—+2A{ 3 (Z>(k7%w2xk(1iﬂnk

252
|ne—k|>nd n*o
€ Mli:n 2k n—k

Now by Lemma GBI there is an estimate for the last sum. Using this estimate yields
for all z € [0,1],

IN

@) —pa @] < 5+ =S 2
x) — x - — =4 —.
b T2 p2%4 20 2pé?
Therefore, whenever n is sufficiently large that
M e
oné* 2

it follows that for all n this large and z € [0,1],

)

V@%ﬁm@ﬂ<g+g=al

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 6.10.3 Suppose f is a continuous function defined on [a,b]. Then
there exists a sequence of polynomials, {p,} which converges uniformly to f on [a,b).

Proof: For ¢ € [0,1], let A (¢t) = a + (b —a)t. Thus h maps [0, 1] one to one and
onto [a,b]. Thus f o h 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 ¢t € [0, 1],

Foh(t) = pa ()] < <.

However, h is onto and one to one and so for all z € [a, ],

|f () — pn (if1 (:E))} <e.
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Now note that the function z — p, (h_1 (1:)) is a polynomial because

T—a
Rt (z) = :
(@) = 3—
More specifically, if
D (t) = Z ath
k=0

it follows

which is clearly another polynomial. l

6.11 Ascoli Arzela Theorem*

This is a major result which plays the role of the Heine Borel theorem for the set of
continuous functions. I will give the version which holds on an interval, although this
theorem holds in much more general settings. First is a definition of what it means for
a collection of functions to be equicontinuous. In words, this happens when they are all
uniformly continuous simultaneously.

Definition 6.11.1 Let 5 € € ([0,T)) where C([0,T)) denotes the set of func-
tions which are continuous on the interval [0,T]. Thus S is a set of functions. Then S
is said to be equicontinuous if whenever € > 0 there exists a § > 0 such that whenever
fes and |z —y| <4, it follows

|f(2) = fy)l <e

The set of functions is said to be uniformly bounded if there is a positive number M

such that for all f € S,
sup{|f ()| : 2 € [0, T]} < M

Then the Ascoli Arzela theorem says the following.

Theorem 6.11.2 Let {futory € C(0,T]) be uniformly bounded and equicon-
tinuous. Then there exists a uniformly Cauchy subsequence.

Proof: Let ¢ > 0 be given and let § correspond to £/4 in the definition of equicon-

tinuity. Let 0 = 29 < 1 < .-+ < x, = T where these points are uniformly spaced
and the distance between successive points is T'/n < §. Then the points {f, (zo)},—;

is a bounded set in F. By the Heine Borel theorem, there is a convergent subsequence
{ fr(0) (330)}:?0):1' Thus {k (0)} denotes a strictly increasing sequence of integers. Then
the same theorem implies there is a convergent subsequence of this one, denoted as k (1)
such that limy(1)—oo fr(1) (20) and limy(1)— oo fr(1) (1) both exist. Then take a subse-
quence of {fk(l)} called £ (2) such that for x; = 2o, x1, 22, limy2) 00 fr(2) (i) exists.
This can be done because if a sequence converges then every subsequence converges
also. Continue this way. Denote by {k} the last of these subsequences. Thus for each
x; of these equally spaced points of the interval, limy_, o fx (x;) converges. Thus there
exists m such that if k,1 > m, then for each of these z;,

[fu ) = fi (@)l < 5
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Let € [0,T] be arbitrary. Then there is z; such that z; < z < ;4. Hence, for
k,l>m,

|fi (@) = fi (@) < |fe () = fio (@)| + | fo (@) = fu (z)| + | fi (3) = fi (2)]

By the assumption of equicontinuity, this implies

|fe (x) = fi(@)] < |fe (@) = fi (@) + | fi (xi) — fi (@) + [ fi (i) — fu ()]
< Z+Z+Z<s

This has shown that for every e > 0 there exists a subsequence { fi.} with the property
that

sup | fi () — fi ()] <e
z€[0,T
provided k,l are large enough. The argument also applies with no change to a given
subsequence in place of the original sequence of functions. That is, for any subsequence
of the original one, there is a further subsequence which satisfies the above condition.
In what follows {fix}r—, will denote a subsequence of {f(i—l)k}:i1 . Let g; = 1/2% so
that lim; . &; = 0. Then let { fm}zozl denote a subsequence which corresponds to &;
in the above construction. Consider the following diagram.

fi1, fi2, f13, fa, -+
fo1, faz, fo3, foa, -+
f313 f323f33af34a e

The Cantor diagonal sequence is fi, = fir in the above. That is, it is the sequence

fi1, fa2, f33, faa, -+

Then from the construction, f;, fj41, fj+2, - is a subsequence of {f;i}r—, . Therefore,
there exists m such that k,l > m,

sup |fi, (x) = fi ()] <¢;

z€[0,T]

However, these €, converge to 0 and this shows that the diagonal sequence {f; };0:1 just
described is a uniformly Cauchy sequence. l

The process of obtaining this subsequence is called the Cantor diagonal process and
occurs in other situations.

From this follows an easy corollary.

Corollary 6.11.3 Let {f,}.—, € C([0,T]) be uniformly bounded and equicontinu-
ous. Then there ezists a subsequence which converges uniformly to a continuous function
f defined on [0,T].

Proof: From Theorem BT the uniformly Cauchy subsequence from the Ascoli
Arzela theorem above converges uniformly to a function f. Now Theorem B4 this
function f is also continuous because, by this theorem, uniform convergence takes con-
tinuity with it and imparts it to the limit function. B

This theorem and corollary are major results in the theory of differential equations.
There are also infinite dimensional generalizations which have had great usefulness in
the theory of nonlinear partial differential equations.
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6.12 Exercises

1.

10.

11.

12.

13.

Suppose {fn} is a sequence of decreasing positive functions defined on [0, c0)
which converges pointwise to 0 for every = € [0,00). Can it be concluded that
this sequence converges uniformly to 0 on [0, 00)? Now replace [0, o0) 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, ()], |gn ()] < M for all n and for all x € D,
show {fngn} converges uniformly. Let f, () = 1/x for x € (0,1) and let g, (x) =
(n—1) /n. Show {f,} converges uniformly on (0,1) and {g,} converges uniformly
but {fngn} fails to converge uniformly.

Show that if 2 > 0,37, %’: converges uniformly on any interval of finite length.

. Let x > 0 and consider the sequence {(1 + %)n} Show this is an increasing

sequence and is bounded above by >"77 %’:

k
Show for every z,y real, > ;- (IZ?) converges and equals

(555) (£5)

n g2ntl

Consider the series >7%  (=1)" G-
any interval of the form [—M, M].

Show this series converges uniformly on

Formulate a theorem for a series of functions which will allow you to conclude the
infinite series is uniformly continuous based on reasonable assumptions about the
functions in the sum.

Find an example of a sequence of continuous functions such that each function is
nonnegative and each function has a maximum value equal to 1 but the sequence
of functions converges to 0 pointwise on (0, 00) .

Suppose {f.} is a sequence of real valued functions which converges uniformly
to a continuous function f. Can it be concluded the functions f,, are continuous?
Explain.

Let h (x) be a bounded continuous function. Show the function f (z) = >"7 %
is continuous.

Let S be a any countable subset of R. Show there exists a function f defined on R
which is discontinuous at every point of S but continuous everywhere else. Hint:
This is real easy if you do the right thing. It involves Theorem EITH and the
Weierstrass M test.

By Theorem B3 there exists a sequence of polynomials converging uniformly
to f (x) = |z| on the interval [—1, 1] . Show there exists a sequence of polynomials,
{pn} converging uniformly to f on [—1, 1] which has the additional property that
for all n, p, (0) = 0.

If f is any continuous function defined on [a,b], show there exists a series of the
form ZZOZI 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
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14.

15.

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 (=1 n2
n=1

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, BE3.

Suppose you have a collection of functions S C C ([0, 7]) which satisfy

max |f (@) <M, sup L@@

~ < K
z€[0,T) 0<z<y<T |33 .l

where v < 1. Show there is a uniformly convergent subsequence of S which con-
verges uniformly to some continuous function. The second condition on f is called
a Holder condition and such functions are said to be Holder continuous. These
functions are denoted as C°7 ([0,77]) and this little problem shows that the em-
bedding of C%7 ([0, T]) into C ([0, T]) is compact.
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Chapter 7

The Derivative

Some functions have them and some don’t. Some have them at some points and not at
others. This chapter is on the derivative. Functions which have derivatives are somehow
better than those which don’t. To begin with it is necessary to discuss the concept of a
limit of a function. This is a harder concept than continuity and it is also harder than
the concept of the limit of a sequence or series although that is similar. One cannot
make any rational sense of the concept of derivative without an understanding of limits
of a function.

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) D
(x —r,z)U(z,z+ 1) 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 6 > 0 such that if
0<|y—uz| <9,

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 + ), then the notation is

lim f(y)=1L.

y—ax+

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.

Yy—r—

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

Tr—r00

125
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if for every e > 0 there exists | such that whenever x > I,

@)~ <e (7.1)
and
TS ) =1

if for every e > 0 there exists | such that whenever x < I, [T holds.

The following pictures illustrate some of these definitions.

CA e ° (o cRRRRRERRTRRTR °
R EEPR @,\ X
L~ ;
i |
x i

In the left picture is shown the graph of a function. Note the value of the function
at = equals ¢ while limy_,, 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 (x) 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 [IM, 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 — x| < d, then

fly)—L|<e, |f(y)—Li| <e.

Therefore, for such y,
IL—=Li| <|L—=f@l+f(y) — L1] <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 oo or —oco 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 +o0o0. 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 If f(z) € R, then limy_,, f (x) = oo if for every number I,
there exists § > 0 such that whenever |y — x| < §, then f(x) > 1. lim, oo f (z) = 00 if
for all k, there exists I such that f (x) > k whenever x > 1. One sided limits and limits
as the variable approaches —oo, are defined similarly.
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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 defined on (z — §,z) U (z,x + §) 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,_,,4 the function is understood
to be defined on an interval of the form (x,z + J) with a similar convention holding for
limy, ..

Theorem 7.1.4 In this theorem, the symbol lim,_,, denotes any of the limits
described 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 + bK, (7.2)
lim fg(y) = LK (7.3)

and if K #0, y
lim i;((z)) = % (7.4)

Also, if h is a continuous function defined in some interval containing L, then

lim ho f(y) =h(L). (7.5)

Yy—x

Suppose f is real valued and limy_,, f (y) = L. If f(y) < a all y near x either to the
right or to the left of x, then L < a and if f (y) > a then L > a.

Proof:The proof of 2 is left for you. It is like a corresponding theorem for contin-
uous functions. Next consider 3. Let € > 0 be given. Then by the triangle inequality,

\fg(y) — LK| < [fg(y) = f (y) K[+ [f (y) K — LK]|

<|fWllg(y) = K[+ |K[[f (y) - LI. (7.6)
There exists d1 such that if 0 < |y — 2| < d1, then
[f (y) = LI <1,

and so for such y, and the triangle inequality, |f (y)| < 1 + |L|. Therefore, for 0 <
ly — x| <61,

[f9(y) = LK| < (1 + |K[+[L]) [lg (y) = K[+ [f (y) — LI]- (7.7)

Now let 0 < d2 be such that for 0 < |z — y| < 2,

& 9

|f(y)*L|<2 7|g(y)*K|<m-

(1 + K]+ [L])
Then letting 0 < 0 < min (41, d2), it follows from 2 that

|fg(y) — LK| <e

and this proves 3. Limits as © — £oo and one sided limits are handled similarly.
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The proof of A 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 [Z3. Since h is continuous at L, it follows that for € > 0 given, there exists
7 > 0 such that if [y—L| < n, then

h(y) =h(L)| <e
Now since lim,_,, f (y) = L, there exists 6 > 0 such that if 0 < |y—z| < §, then

[f (y) = LI <.
Therefore, if 0 < |y—z| < 6,
I (f (y)) —h(L)] <e.

The same theorem holds for one sided limits and limits as the variable moves toward
+00. 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 < a. 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 — €, L + ¢) which requires
f (y) > a contrary to assumption. B

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 ()

and for all x near a,
f@)<h(z)<g(z).
Then
lim h (z) = L.

r—a

Proof: If L > h(z), then
h(z) = L < |f (z) — L]

If L < h(x), then
h(z) = L| < |g (z) - LI.

Therefore,
h(z) = Ll < |f (x) = L] + |g (z) — LI.

Now let € > 0 be given. There exists d; such that if 0 < |z — a| < 01,
|f () — L] <&/2
and there exists d2 such that if 0 < |z — a] < d2, then
lg(z) — L| <e/2.
Letting 0 < 6 < min (d1,d2), if 0 < |z — a| < d, then
h(z) = L] < |f (x) = L] + |g (x) — L|
<ef24+¢/2=¢c. N

Theorem 7.1.6 Forf:I— R, andI 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 lim,_,, f (y) = f(z).
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Proof: You fill in the details. Compare the definition of continuous and the defini-
tion of the limit just given. W

z2—9
2-3 °

Example 7.1.7 Find lim, 3 72—

Note that ”;%39 =z + 3 whenever x # 3. Therefore, if 0 < |z — 3| < ¢,

z2—9
r—3

It follows from the definition that this limit equals 6.

You should be careful to note that in the definition of limit, the variable never
equals the thing it is getting close to. In this example, z 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

—6’:|x+3—6|:|x—3<5.

2

f(x)zxx:; if o # 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,

2 _ _
x 9:(m 3)(x+3):x+3
Tz —3 z—3

Therefore, by Theorem [T it is necessary to define f (3) = 6.

Example 7.1.9 Find lim,_, p%x

Write 7 = m Now it seems clear that lim, ,oo 1+ (1/2) = 1 # 0. Therefore,

Theorem [T implies
. . 1
lim =lim —=-=1.

Example 7.1.10 Show lim,_,, /z = v/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 v/« + y/a. This yields

r—a

r—va| = |——

[V =Vl ‘\/E—&-\/a

Now let 0 < d1 < a/2. Then if |z — a| < 01,2 > a/2 and so

vz - va| =

|z —a

Valv3) +a

T —a
Vi+ya
2v2
S\/\€|x—a|.
Now let 0 < ¢ < min (61,5‘/5).Then for 0 < |z —al <4,

2v2
22 ¢e\/a
Vaai oo
Next consider the case where a = 0. In this case, let ¢ > 0 and let § = 2. Then if
0<z—0<d=¢e2 it follows that 0 < \/z < (82)1/2 =¢

=T

\\/5—\/6\§2\\//§x—a|<
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7.2 Exercises

1.

10.

11.

12.

13.

14.

15.

16.
17.

. Find lim,_,

Find the following limits if possible

li lz|
Mg 04 T

N
T o

e — L T D T

3 x
limg 04 Ta]
||

im0 =

o

z2-16
x+4
z2-9

lim, ;3 sy

hmr—)4

@

z2—4
r—2

—~
—

limg o

o

: xT
limg 00 572

—~ o~
=

3 x
hmm*)oc —21+7

1 1
: : G@th)3 @3
Find limy,_, &t ==
Y2
V=2 "
VBa+ Yz+7VT
V3z+1 :
(z—3)%°(22+1)3°
(22247)%

Find lim,_.4

Find lim, o

3027*
34322 —-9x—2"

Find limg_, oo (\/1 —Tx + 22 — \/1—1—733—1—:102).

Find lim,_,o

Prove Theorem [T for right, left and limits as y — oo.

Prove from the definition that lim, ., </z = ¥/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?).
Prove Theorem [T from the definitions of limit and continuity.

Find lim), o &+ =2

1

z+h _

Find limhﬁo B

z3427
x+3

v (3+h)%2-3
h

Find lim,_,_3

Find limj,_,q if it exists.

Find the values of x for which limj,_,¢ 7&?)2_96 exists and find the limit.

Find limj,_,q ;W if it exists. Here = # 0.

Suppose limy o4 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; > x,
|f (y1) — L1| is small. Also, for |y2 — z| small and y2 < z, |f (y2) — Lo 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.
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18. Suppose f is an increasing function defined on [a,b]. Show f must be continuous
at all but a countable set of points. Hint: Explain why every discontinuity of f
is a jump discontinuity and

—)= 1 < < =l
fla=)= tim f(y) < f(2) < flat)= lim f(y)
with f (z+) > f (x—). Now each of these intervals (f (z—), f (x+)) at a point, z
where a discontinuity happens has positive length and they are disjoint. Further-
more, they have to all fit in [f (a), f (b)]. How many of them can there be which
have length at least 1/n?

2— 2 . . . . .
19. Let f (z,y) = 527z Find limgo (limy—o f (2, y)) and limy_,o (limg—o f (2,9)) -
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,r) contains a point of D not equal to = 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 z is a limit point of D and lim,_,, f («) = L; 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, oo f (2) 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(x) y = el

You see in this picture, the graph of the function y = ¢ |z| also where € > 0 is just
a positive number. Note there exists ¢ > 0 such that if || < J, then |o(z)| < € |z| or in
other words,
lo (x)]

||

< 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| < 4, then

lo (2)]

]

<e. (7.8)
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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 6 > 0 such that 3 holds. In other words, the function
y = o(x) is tangent at (0,0) if and only if

o 0@l

x—0 |$|
Definition 7.3.1 4 function y =k (2) is said to be o (z) if

lim M =0 (7.9)
x—0 |1‘|
As was just discussed, in the case where x € R and k is a function having values
in R this is geometrically the same as saying the function is tangent to the line y = 0
at the point (0,0). This terminology is used like an adjective. k () is o (x) means 9
holds. Thus o (z) = 50(x), o(x) + o(z) = o(z), 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 consider the case of the function y = g (z) tangent to y = b + ma at the point
(c,d).

y=mz+b y=g(x)

Thus, in particular, g (¢) = b+ mc = d. Then letting = ¢+ h, it follows x is close
to ¢ if and only if A 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
k(h) = g(c+h)—(b+m(c+h))
= g(c+h)—(b+mec)—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 (k) = 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 rLet g be a F wvalued function defined on an open set in F
containing c. Then ¢’ (¢) is the number, if it exists, which satisfies

glet+h)=g(c) =g (c)h=o0(h)
where o (h) is defined in Definition [[-31.

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 rLet g be a function defined on an interval, [c,b). Then ¢, (c)
is the number, if it exists, which satisfies

g+ (c+h) = g4 (c) =g} (c)h=0(h)
where o (h) is defined in Definition [[-3-1 except you only consider positive h. Thus

Lo lo)

=0.
h—0+ |h|

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—(c) =g (c)h=0(h)
where o (h) is defined in Definition [[-31 except you only consider negative h. Thus

o(h
lim 7| (h)] =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 ¢/, 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)—mih = o(h)
gle+h) —g(@)—msh = o(h) (7.10)

then mi1 = mao.
Proof: Suppose [[I0. Then subtracting these,
(ma—my)h=o0(h)—o(h)=o0(h)

and so dividing by h # 0 and then taking a limit as h — 0 gives

=0.

. o(h
ma = = i 20

Note the same argument holds for derivatives from the right or the left also. B
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| < 4,
lg(c+h)—g(c)] < (g ()] + 1) |h| (7.11)

o(lg(c+h) =g (o)) =o(h) (7.12)

g 1S continuous at c.
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Proof: This follows from the definition of ¢’ (¢).
gle+h)—g()—g () h=o0(h)
and so there exists § > 0 such that if 0 < |h| < 4,

lg(c+h)—g(c) =g (c) Rl
|l

<1

By the triangle inequality,

lg(c+h)=glc)l =g () hl < lg(c+h)—g(c) =g (c) h] <|h]

and so
g (c+h)—g(c)l <(g" ()] +1)|h|
Next consider the second claim. By definition of the little o notation, there exists a
61 > 0 such that if
lg(c+h)—g(c)] <1,

then
€

< —
9" (e)] +1

But from the first inequality, if |h| < §, then

o(lg(c+h)—=g(o)) lg(c+h)—g(c). (7.13)

lg(c+h) =gl < (g’ ()] +1)h]
and so for |h| < min (5, m) , it follows

lg(c+h) =g <(Ig' () + 1) [h] < 61

and so from 13,

9
o(lglc+h)=g(9)) < WIQ(CJrh)—g(C)I
9
g/

9" ()| +1

< (Ig" ()] + 1) [n] = £ [h]

and this shows
L ollgleth) —g (o)

h—0 || =0

because for nonzero h small enough,

o(lg(c+h)—g(o))

<e.
||

This proves [T
The assertion about continuity follows right away from CTH. Just let h = 2 — ¢ and
the formula gives

lg(z) =g (@l <(g' (O +1)|z—c W

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
| = " (0)h =0 (h)

Hence, replacing h with —h,

|=h| = f"(0) (=h) = o (=h)

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=o0(h)
and so f} (0) = 1. For h <0,
£ By =
and so
f(h)=F(0)=(=1)h=0=0(h)

and so f’ (0) = —1. You should show [’ (z) =1ifz >0 and f/' (z) = -1if 2 <0.
The following diagram shows how continuity at a point and differentiability there
are related.

fis continuous at x

1! (x)exists

7.4 Continuous And Nowhere Differentiable

How bad can it get in terms of a continuous function not having a derivative at some
points? It turns out it can be the case the function is nowhere differentiable but every-
where 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 (z) =
f(ex),
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Here the derivative refers to either the derivative, the left derivative, or the right deriva-
tive. Also, if f (z) = a+ bx, then
fa)=0

where again, [’ refers to either the left derivative, right derivative or derivative. Fur-
thermore, in the case where f (x) = a + bx,

f(z+h)— f(z) = bh.
Proof: It is known from the definition that
fle+h)=flz) = f(x)h=0(h)
Therefore,
g(@+h)—g(@)=f(c(z+h)—f(cx)=f (cx)ch+o(ch)

and so
g(@+h)—g(x)—cf (cx)h =o0(ch) =o0(h)

and so this proves the first part of the lemma. Now consider the last claim.

fle+h)—f(x) = a+b(z+h)—(a+bzx)=>bh
= bh+0=>bh+o(h).

Thus f/(z) =b. 1
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 (x +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(z)= Z4‘kf (4’%) .
k=0

Letting M}, = 4%, an application of the Weierstrass M test shows ¢ is everywhere
continuous. This is because each function in the sum is continuous and the series
converges uniformly on R.
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Also note that f has a right derivative and a left derivative at every point, denoted
by f% (z) to save on notation, and f/ (z) equals either 1 or —1. Suppose ¢’ (z) exists at
some point and let h,, = b,,4~"" where b,, equals either 1 or —1. Then

g(x+b;)n4;”72—g( - mz%}@ (45 ( +bpnd™™)) — f (4"2)] (%)
m m k=0

Since f is periodic of period 1, the terms where k > m — 1 are zero and so the above

sum reduces to
m—1
1 4m & 4k &

™ k=0
Now choose bm elther 1 or —1 such that there is no vertex of the graph of f between
4m—ly 4 b, A — o and 4™~ Lz, This is possible because these two points are 1/4 apart
and the vertices of f are 1/2 apart. Then it follows that for k& < m — 1, there is no
vertex of f between 4Fz + b,, f:z and 4%z. To see this, suppose there were. Say N + %
is between these. Then multiply all by 4™~ 1=* and note that

1
(N + 2) 4m=1=k — integer

Then you would have this integer between 47~z 4b,, £ T " and 4™~ 1z which was chosen
to not be so since f has vertices at the integers. Therefore for each £ < m — 1, the

graph of f which joins (4*z, f (4%z)) and (4’% + b 2 (4’% + by 4m)) is a straight

line. Hence the expression in * reduces to

1 m—1 4m . m—
a Z 4k -/ (4 Z
k=0 k=0

where f (4%z) = +£1.
Suppose ¢’ (z) exists. Then % reduces to

9 bnd ™™ —g(x) _ 0 olbnd™) RS
by, d—m =9 (2) + bpd—m ];) fx (4 l‘)

but this is impossible because as m — oo, the left side converges to ¢’ (z) but the right
side cannot do so because the k*" term of the sum fails to converge to 0 as k — oo. Just
consider for large I, m = 2l 4+ 2 and m = 2] 4+ 1 in the above equation. It would imply

20+1 21 —(21+2) —(214+1)
- s gy O (Daigad ) o (barad )
kZ:O fi (4he) - Z fi (4F2) = borsod—CIFD) Ty 4D

However, the left side is at least as large as 1 in absolute value while the right side is
small for all [ large enough. The reason that the left side is at least as large as 1 is
that if ay, by are each equal to either 1 or —1, then Zil=1 ar + Zilzl b, must be even
because ay + by is either 0, 2, or —2. Thus the sum on the left reduces to one of these
three numbers added to either 1 or —1. This is not small.

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 the-
orem, 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) (t) =af (t)+bg (t). (7.14)

(fo) ) =F g+ ft)g (). (7.15)

The formula, [[1J is referred to as the product rule.
If f' (g (b)) exists and ¢’ (t) exists, then (f o g) () also exists and

(fog) ) =F(g(t)g (1).

This is called the chain rule. In this rule, for the sake of simiplicity, assume the deriva-
tives are real derivatives, not derivatives from the right or the left. If f (t) = t"™ where
n is any integer, then

f'(t) =nt"1, (7.16)

Also, whenever f'(t) exists,

) — g SO =0

h—0 h

where this definition can be adjusted in the case where the derivative is a right or left
derivative by letting h > 0 or h < 0 only and considering a one sided limit. This is

equivalent to
fon e £ () = f (@)
F= llgi t—s

with the limit being one sided in the case of a left or right derivative.
Proof:l14 is left for you. Consider 13
fa(t+h)—fgt)=ft+h)g(t+h)—fO)glt+h)+f({E)g(t+h)—f(t)g()
=gt+h)(fE+h)—FE)+ @) (gE+h)—g(1))
(t+h) (f ) h+o(h)+f(1t) (g {t)h+o(h)

g ) t
= g f Wh+ @) g t)h+f(t)o(h)
+(gt+h)—g®)f ) h+g(t+h)o(h)

=g f Oh+ft)g () h+o(h)
because by Lemma =33, g is continuous at ¢ and so
(gt+h)—g®)f (&) h=o0(h)

While f (t) o(h) and g (t + h) o (k) are both o (k). This proves [C13.
Next consider the chain rule. By Lemma =33 again,

fogt+h)—fog(t)=f(g(t+h)—f(g(t))
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) = f(g(®)
+h) ( )) o((g(t+h)—g(1))
) (g(t+h)—g(t)+o(h)

(g (t)h+o(h)+o(h)
"(g) g (t)h+o(h).

This proves the chain rule.

Now consider the claim about f(t) = ¢™ for n an integer. If n = 0,1 the desired
conclusion follows from Lemma . Suppose the claim is true for n > 1. Then let
frr1 (t) =t = f,, (t)t where f, (t) =t". Then by the product rule, induction and
the validity of the assertion for n =1,

f*:L-&-l (t) = frlb (t) t+ fn (t) = tnt" ! +t" = nt" 1

and so the assertion is proved for all n > 0. Consider now n = —1.
-1 -1 -1 1
t+h) -t = h=_—h+(— \n
(t+h) t(t+h) 2 +<t(t+h)+t2>
-1 h? 1
= —h+—-——-=——=h+to(h)=(-1)t"2h+o(h)

2" R2{t+n) 2

Therefore, the assertion is true for n = —1. Now consider f () = ¢t~ where n is a
positive integer. Then f (£) = (#7) " and so by the chain rule,

() == 2"t = —pt L

This proves [13.
Finally, if ' (t) exists,

fr®)yh+o(h)=f(t+h)—f(t).

Divide by h and take the limit as h — 0, either a regular limit or a limit from one side
or the other in the case of a right or left derivative.

oy (LD =IO 0B, SUEN =10 g

+
h—0 h—0

f@) =

h h

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.
(f)' I MOFIOES G0
g g(t)*

Proof: This is left to you. Use the chain rule and the product rule. B
Higher order derivatives are defined in the usual way.

= (f)
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etc. Also the Leibniz notation is defined by

W — @) where y = [ (2

and the second derivative is denoted as
d?y
dz?
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¢g(u) and u= f(x). Thus y = go f (). Then from the above theorem

(gof) (x) =g (f (@) f' (2)
=g (u) f' (x)
or in other words,
dy dydu
dr ~ dudz’

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 Let 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,d) N D (f), it follows f(y) > (L) f(x). The plural of
minimum is minima and the plural of mazimum is mazima.

Derivatives can be used to locate local maxima and local minima. The following
picture suggests how to do this. This picture is of the graph of a function having a local
maximum and the tangent line to it.

Note how the tangent line is horizontal. If you were not at a local maximum or local
minimum, the function would be falling or climbing and the tangent line would not be
horizontal.
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Theorem 7.6.2 Suppose [ : 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,d) C U.
Then for |h| < §, both z and = + h are contained in B (z,d) C U. Then letting h be
real and positive,

f@)h+o(h)=f(z+h)=f(z)<0.

Then dividing by & it follows from Theorem T4 on Page [Z4,
h
@) = Jim (7 @)+ 40 ) <0
Next let |h| < ¢ and h is real and negative. Then
fll@h+o(h)=f(z+h)—f(z)<0.
Then dividing by h

7 () = tim 1 () + 20

h—0 h

>0

Thus f’ () = 0. The case where x is a local minimum is handled similarly. Alternatively,
you could apply what was just shown to —f (z). H®

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 x is either a local minimum or local maximum?
Hint: Consider f (x) = 3.

2. A continuous function f defined on [a, ] is to be maximized. It was shown above
in Theorem B 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.

3. Show that if the maximum value of a function f differentiable on [a, b] occurs at the
right endpoint, then for all A > 0, ' (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?

4. Find the maximum and minimum values and the values of x where these are
achieved for the function f (z) =z + v/25 — z2.

5. 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.

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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6.

10.

11.

12.

13.
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Lets find the point on the graph of y = % which is closest to (0,1). One way to

do it is to observe that a typical point on the graph is of the form (x, 2—2) and

2
then to minimize the function f (x) = 22 + (% — 1) . Taking the derivative of f
yields x + i:cg and setting this equal to 0 leads to the solution, z = 0. Therefore,
the point closest to (0,1) is (0,0) . Now lets do it another way. Lets use y = % to
write 22 = 4y. Now for (x,y) on the graph, it follows it is of the form (v/4y,y).

Therefore, minimize f (y) = 4y + (y — 1)2 . Take the derivative to obtain 2 + 2y
which requires y = —1. However, on this graph, y is never negative. What on
earth is the problem?

Find the dimensions of the largest rectangle that can be inscribed in the ellipse,
2 |y

=+ 4 =1

9 1

A function f, is said to be odd if f(—x) = —f (z) and a function is said to be
even if f (—z) = f (z). 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 y’ = rz" 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],

If (z) —p(2)] <e.

This follows from the Weierstrass approximation theorem, Theorem EIII3. Now
here is the interesting part. Show there exists a function g which is also continuous
on [a,b] and for all z € [a,b],

[f () —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
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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.

14. Consider the following nested sequence of compact sets, {P,}. Let Py = [0, 1],
P, = [O, é} [2 1], etc. To go from P, to P,11, delete the open interval which
is the middle third of each closed interval in P,. Let P = N2, P,. By Problem
@ on Page B0, 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.

15. 1 Consider the sequence of functions defined in the following way. Let f (z) = z on
[0,1]. To get from f,, t0 frni1,let fni1 = fr on all intervals where f,, is constant. If
fn is nonconstant on [a, b], let fry1(a) = fn(a), far1(d) = fn(b), fni1 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 {fn} converges uniformly on [0,1]. If f(z) = lim,—eo frn(x), show that
f(o)y=0, f(1) =1, fis contlnuoub, and f'(x) = 0 for all x ¢ P where P is
the Cantor set of Problem [@A. 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(‘”)_{ Oifz ¢ Q

Now let g (z) = 22 f (z) . Find where g is continuous and differentiable if anywhere.

16. Let

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.
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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 ' (z) =
0.

Proof: Suppose first that f (z) = f (a) for all z € [a,b]. Then any = € (a,b) is a
point such that f’ (x) = 0. If f is not constant, either there exists y € (a,b) such that
f(y) > f(a) or there exists y € (a,b) such that f(y) < f(b). In the first case, the
maximum of f is achieved at some z € (a,b) and in the second case, the minimum of f
is achieved at some z € (a,b). Either way, Theorem G2 implies f/ (z) = 0. R

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 © € (a,b) such that

Proof:Let
h(z) = f(z)(g(b) —g(a)) —g(z)(f(b) = 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 « € (a,b) such that

W (z) = f'(x) (g (b) = g(a) —g' (z) (f () = f(a)) = 0. W

Letting g () = x, the usual version of the mean value theorem is obtained. Here is
the usual picture which describes the theorem.

Corollary 7.8.3 Let f be a continuous real valued function defined on [a,b] and dif-
ferentiable 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'(x) = 0 for all x € (a,b) where a > —oco and b < co.
Then f(x) = f (y) for all x,y € (a,b). Thus f is a constant.

2Rolle is remembered for Rolle’s theorem and not for anything else he did. Ironically, he did not
like calculus.
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Proof: If this is not true, there exists z;1 and x5 such that f(z1) # f (x2). Then
by the mean value theorem,

f 1) = f (22)

L — =f'(2)

for some z between x1 and x5. This contradicts the hypothesis that f/ (x) = 0 for all x.
This proves the theorem in the case that f has real values. In the general case,

flx+h)—f(x)—0h=0(h).
Then taking the real part of both sides,
Ref(z+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. B

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 h(t) = f (v +t(y — z)) — f (). Then by the chain
rule,

W)y=f(z+tly—=)(y—x)=0

and so by Corollary X4 h is a constant. In particular,

which shows f is constant since z,y are arbitrary. B

Corollary 7.8.6 Suppose f'(x) > 0 for all x € (a,b) where a > —oco0 and b < oo.
Then f is strictly increasing on (a,b). That is, if x < y, then f (z) < f (y). If f' (x) > 0,
then f is increasing in the sense that whenever x < y it follows that f (x) < f (y).

Proof: Let < y. Then by the mean value theorem, there exists z € (x,y) such

that

Since y > x, it follows f (y) > f (z) as claimed. Replacing < by < in the above equation
and repeating the argument gives the second claim. W

Corollary 7.8.7 Suppose f'(x) < 0 for all x € (a,b) where a > —oco0 and b < oo.
Then f is strictly decreasing on (a,b). That is, if x < y, then f (z) > f (y). If ' (z) <0,
then f is decreasing in the sense that for x <y, it follows that f (x) > f (y)

Proof: Let < y. Then by the mean value theorem, there exists z € (z,y) such

that
0>f/(2>: f(y;_ic(x)

Since y > z, it follows f (y) < f(z) as claimed. The second claim is similar except
instead of a strict inequality in the above formula, you put > . l
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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 (x) = 523 + 7z — 18 has only one real zero.

Suppose f (z) = 27 + |x| + x — 12. How many solutions are there to the equation,

f(x)y=07

Let f(x) = |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/ (¢) = 07
Explain your answer.

Suppose f and g are differentiable functions defined on R. Suppose also that it
is known that |f' (z)| > |¢’ (x)| for all  and that |f’ (¢)| > 0 for all ¢. Show that
whenever = # y, it follows |f (z) — f (y)| > |g (x) — g (y)| . Hint: Use the Cauchy
mean value theorem, Theorem X2

Show that, like continuous functions, functions which are derivatives have the
intermediate value property. This means that if f/(a) < 0 < f’(b) then there
exists « € (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
f(z) = lifz>0
Y= —lifz <0
Is it possible that this function could be the derivative of some function? Why?

Suppose ¢ € I, an open interval and that a function f, defined on I has n + 1
derivatives. Then for each m < n the following formula holds for x € I.

(Jf _ C)m+1

] (7.17)

m k
Fa) =310 @ T o )
k=0 )

where y is some point between x and c. Fix ¢,z in I. Let K be a number, depending
on ¢,z such that

L E) (o X
f(:v)—<f(c)+zfk,()(x—c)k+K(x—c)"+>—0
k=1 :

Now the idea is to find K. To do this, let

. flk)
F(t)=f () - <f 0+ k- t)”“)
k=1
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Then F (x) = F (c) = 0. Therefore, by Rolle’s theorem there exists y between
¢ and z such that F’ (y) = 0. Do the differentiation and solve for K. This is

the main result on Taylor polynomials approximating a function f. The term
m—+1
FOmtD) (4 % is called the Lagrange form of the remainder.

11. Let f be a real continuous function defined on the interval [0,1]. Also suppose
f(0) =0and f(1) =1 and f’(¢) exists for all ¢ € (0,1). Show there exists n
distinct points {s;}}_, of the interval such that

Z I (si) =n.

Hint: Consider the mean value theorem applied to successive pairs in the following

()00 () -1G) er-52)

12. Now suppose f : [0,1] — R is continuous and differentiable on (0,1) and f (0) =0
while f (1) = 1. Show there are distinct points {s;};—, C (0,1) such that

> () =

i=1

Hint: Let 0 =ty <t; < --- <t, =1 and pick x; € f~!(¢;) such that these z;
are increasing and z,, = 1,29 = 0. Explain why you can do this. Then argue

tiv1 —ti = f(ig1) — [ (zi) = f' (si) (i1 — 2)

and so
Tit1 — &4 - 1

tiv1—ti [ (s:)
Now choose the t; to be equally spaced.

7.10 Derivatives Of Inverse Functions

It happens that if f is a differentiable one to one function defined on an interval, [a, ],
and f’ () exists and is non zero then the inverse function f~! has a derivative at the
point f (x). Recall that f~! is defined according to the formula

71 (@) =
Let f: [a,b] — R be a continuous function. Recall from Theorem [Z31
Py i 4@ =@y f(@) = f(0)
o= tim === J ()= lm ————

Recall the notation x — a+ means that only > a are considered in the definition
of limit, the notation x — b— defined similarly. Thus, this definition includes the
derivative of f at the endpoints of the interval and to save notation,

o) = tim L@ =T @)

T—T1 xr — I

where it is understood that x is always in [a,b] .
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Theorem 7.10.1 Let f i la,b] = R be continuous and one to one. Suppose
f'(x1) exists for some x1 € [a,b] and f'(x1) # 0. Then (f’l)/(f (x1)) ewists and is

given by the formula, (ffl)/ (f (x1)) = f’(ivl)'

Proof:By Lemma EZ3, and Corollary BZ4 on Page A f is either strictly increas-
ing or strictly decreasing and f~! is continuous. Therefore there exists 7 > 0 such that
if0<|f(z1)— f(x) <n, then

0<l|oy—a|=|f""(f ()= (f(2)| <0

where § is small enough that for 0 < |z; — | < 6,

T — T _ 1 e

f@)=f(x1)  f(z1) .
It follows that if 0 < |f (z1) — f (z)| <,
FH @) = [ (f (1)) 1

— <e€

S f@) = fz) f ()

_‘ x— 1
f(z)— f(z1) [ (21)

Therefore, since € > 0 is arbitrary,

- ST@) _1g

Y f () y— f(x1) ' (x1)

The following obvious corollary comes from the above by not bothering with end
points.

Corollary 7.10.2 Let f : (a,b) — R, where —o00 < a < b < 00 be continuous
and one to one. Suppose f'(x1) exists for some x1 € (a,b) and f'(xz1) # 0. Then

(f_l)/ (f (z1)) exists and is given by the formula, (f_l)/ (f (z1)) = f,(lxl).

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.

SN @) =

Now use the chain rule on both sides to write

P S @) =1,
and then divide both sides by f’ (x) to obtain

/ 1

Y (f@) = 5=

) e
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(z) = 1 + 2% 4+ 2® + 7. Show that f has an inverse and find
(F)'(®)-

I am not able to find a formula for the inverse function. This is typical in useful
applications so you need to get used to this idea. The methods of algebra are insufficient
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to solve hard problems in analysis. You need something more. The question is to
determine whether f has an inverse. To do this,

f(x) =20+32>+7>0

By Corollary [ZX3 on Page I3, 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 2@ on Page [O4 listed
here for convenience.

Definition 7.11.1 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 allm > N

|f(z) = fn(z)| <€
for all x € D.

To save on notation, denote by

|Ik[| = sup{[k ()] : £ € D}

Then
[[E + U1 < [|&[] + [12]] (7.18)

because for each £ € D,
[k (&) + L] < [Ik[| + []21]

and taking sup yields I3. From the definition of uniform convergence, you see that f,
converges uniformly to f is the same as saying

lim [ f, — f|| = 0.
n—00

Now here is the theorem. Note how the mean value theorem is one of the principal
parts of the argument.

Theorem 7.11.2 Let (a,b) be a finite open interval and let fi : (a,b) = R be
differentiable and suppose there exists xg € (a,b) such that

{fr (x0)} converges,
{fi} converges uniformly to a function g on (a,b).
Then there exists a function f defined on (a,b) such that
fr = [ uniformly,

and

=g
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Proof: Let ¢ € (a,b) and define

Fu@)=Fa(©) 3¢ 0 2 ¢
gu(a,c) =4 o HTF
fl(e)ifx=c
Also let
[18]] = sup {|h ()] : & € (a,5)}

Thus hy, — h uniformly means ||hy — k|| — 0.

Claim 1: For each ¢, x — g, (z,¢) converges uniformly to a continuous function
he, on (a,b) and h. (¢) = g (c).

Proof: First note that each © — g, (x,¢) is continuous. Next consider the claim
about uniform convergence. Let = # c¢. Then by the mean value theorem applied to the
function x — f, (z) — fim (2),

|gn (.CC,C) —9m (LU,C)‘

fo (@) = fm (2) = (fn () — fin (¢))

[fn (&) = [ O < 1f7 (§) — g ()] + 19 (&) — fr (6]
1 fn = gll + £ — gl

By the assumption that {f]} converges uniformly to g, it follows each of the last two
terms converges to 0 as n, m — oo. If z = ¢, then

|9n (¢,€) = gm (c;0)| =1 £, () = fr. (Ol < |1fn = gll + 15, — 9]l

Thus © — gy, (z,¢) is uniformly Cauchy and must converge uniformly to a continuous
function h. by Theorem B2 and Corollary BEII0. Also h. (¢) = g (¢) by the assumption
that f; converges uniformly to g. This proves the first claim.

Claim 2: f,, converges uniformly to a function f.

Proof: From the definition of g, in the case where ¢ = x,

fo (@) = f (20) = gn (2, 20) (x — x0) - (7.19)

Hence from the above claim, f,, converges uniformly because it is given that f, (x¢)
converges to f (xo).
Now to complete the proof of the theorem, for ¢ given and x # ¢,

f2) = flo) _ lim fo(@) = fn (o) _ lim g, (x,¢) = he ().

xr —C n—oo xr — C n—oo

IN

Since h. is continuous,

f'(c) = lim £ =S _ lim he (z) = he (¢) =g (c). A

Tr—c xr — C Tr—c

7.12 Exercises

1. It was shown earlier that the n** root of a positive number exists whenever n is a
positive integer. Let y = z/™. Prove ¢/ (z) = La(/m)~1,

2. Now for positive z and p, ¢ positive integers, y = 2P/ is defined by y = ¥/2P. Find
and prove a formula for dy/dx.

3. For 1 >z >0, and p > 1, show that (1 — z2)” > 1 — pz. Hint: This can be done
using the mean value theorem. Define f (z) = (1 — z)” — 1 + pz and show that
f(0) =0 while f'(z) >0 for all z € (0,1).
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10.

Using the result of Problem B 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

__P
E+C

for all k large enough. Then if p > 1, it follows that Y ;- | aj converges absolutely.
Hint: Let by = k—14C and note that for all k£ large enough, b;, > 1. Now conclude
that there exists an integer, ko such that by, > 1 and for all k¥ > ko the given
inequality above holds. Use Problem B to conclude that

p p
SlfLS I,L _ (b
kE+C k+C bry1

showing that |ax| b} is decreasing for k > ko. Thus |a| < M/b) = M/ (k—1+ C)".
Now use comparison theorems and the p series to obtain the conclusion of the the-
orem.

Ak+1
ag

Q41
ag

The graph of a function y = f () is said to be concave up or more simply “convex”
if whenever (z1,y1) and (22, y2) are two points such that y; > f (z;), it follows that
for each point, (z,y) on the straight line segment joining (x1,y1) and (z2,y2),y >
f (x). Show that if f is twice differentiable on an open interval, (a, b) and f” (x) >
0, then the graph of f is convex.

Show that if the graph of a function f defined on an interval (a, ) is convex, then
if f" exists on (a,b), it must be the case that f is a non decreasing function. Note
you do not know the second derivative exists.

Convex functions defined in Problem B have a very interesting property. Suppose
{a;};—, are all nonnegative, sum to 1, and suppose ¢ is a convex function defined

on R. Then
¢ (Z ak$k> <> ard ().
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 x € (a,b), an interval on which
f is defined and both f’, f” exist and are continuous on this interval, then if
" (z) > 0, it follows f has a local minimum at = and if f” (z) < 0, then f has a
local maximum at xz. Show that if f” (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 ap-
proximation theorem. For f a continuous function on [0, 1],

R E P

k=0

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: Differ-
entiate the above formula and massage to finally get

Sy (nen (L) - S (F) -
pn(l”)—kz_o( L ><W>$k(1—$) i
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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

(L) - LI

n—1 1/n

which will be easy to do because of the mean value theorem and uniform continuity
of f’.

In contrast to Problem MM, consider the sequence of functions

e

L+na?), _,

Show it converges uniformly to f(x) = 0. However, f! (0) converges to 1, not
f/(0). Hint: To show the first part, find the value of x which maximizes the

function ’

1%# . You know how to do this. Then plug it in and you will have an

estimate sufficient to verify uniform convergence.



Chapter 8

Power Series

8.1 Functions Defined In Terms Of Series

It is time to consider functions other than polynomials. In particular it is time to give a
mathematically acceptable definition of functions like e*, sin (z) and cos (z) . 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,

Zak (x—a)k (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 x and
ask whether the resulting series of numbers converges. Defining D to be the set of all
values of = such that the resulting series does converge, define a new function f defined
on D having values in F as

fz)= Zak (z —a)".
k=0

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 nt/® = 1 + en where 0 < e,. Then raising both

sides to the n'® power for n > 1 and using the binomial theorem,

n = (1+en)":Z(Z>eﬁ >1+ne,+(n(n—1)/2)e2

vV
—
3
—
3
\
—_
~—
~
[\
—
9]
3
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Thus i
n
0<e? < =
_e"_n(nfl) n—1

From this the desired result follows because

1

n—1

’nl/"—l‘:eng .

Theorem 8.1.3 Let > oo Gk (z —a)" be a Taylor series. Then there exists
r < oo such that the Taylor series converges absolutely if |x — a| < r. Furthermore,
if |x—a| > r, the Taylor series diverges. If X\ < r then the Taylor series converges
uniformly on the closed disk |z —a| < A.

Proof: Note

1/k
lim sup ’ak (x—a)k’ = lim sup |ak|1/k |z — al.
k—o0 k—o0

Then by the root test, the series converges absolutely if

1/k

|z — a|lim sup |ak|"" <1

k—o0
and diverges if
|z — a|lim sup |ak|1/k > 1.
k—o0

Thus define

1/ limsupy,_, o |ak|1/’c if co > limsup,,_, o |ak\1/k >0
_ ir o1 1/k
r= oo if limsupy,_, o |akl =0
. 1/k
0 if limsup,_, ., lax|’" = o

Next let A be as described. Then if |x — a| < A, then

| 1/k A
lim sup ‘ak (z —a)k‘ = lim sup |ak|1/k |z —a| < Alim sup |ak\1/k <-<ax<l
k—o0 k—o0 k—o0 r

It follows that for all k large enough and such z, ’ak (x — a)k’ < aF. Then by the

Weierstrass M test, convergence is uniform. W
Note that the radius of convergence r is given by

lim sup |ak|1/kr =1
k—o00

Definition 8.1.4 The number in the above theorem is called the radius of con-
vergence and the set on which convergence takes place is called the disc of convergence.

Now the theorem was proved using the root test but often you use the ratio test to
find the 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.

[ee] x™
n=1 n *

Example 8.1.5 Find the disc of convergence of the Taylor series
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Use Corollary B=3T0.

ny\ 1/n
lim <|x|> = lim i ||

n—oo n n—oo /N

because lim, oo &/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 > 7, % At z = —1 the series converges because it reduces to Y. ; (_i)n 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.

o n" n
n=1 n!

Example 8.1.6 Find the radius of convergence of >

Apply the ratio test. Taking the ratio of the absolute values of the (n + 1)th and
the nt" terms
(n+1)(* D |x|n+1 N
!
e = (e ) el = Jal (14 1) e
Therefore the series converges absolutely if |z]e < 1 and diverges if |x|e > 1. Conse-
quently, r = 1/e. This problem assumes that you remember from calculus the last limit.
If not, this will be discussed later.

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 Sl gan (x—a)" be a Taylor series having radius of con-
vergence R > 0 and let

fx)= Z an (x —a)" (8.2)
n=0

for |x —a|l < R. Then
' (z)= i ann (z —a)" "' = i ann (z —a)" " (8.3)
n=0 n=1

and this new differentiated power series, the derived series, has radius of convergence
equal to R.

Proof: Let [zt —a| < r < R and let A < 1 be such that limsup,,_, ., \an\l/nr <A

Such a A exists because limsup,,_, |an|1/n = 1/R, 0if R = co. Thus if R < o0,
limsup,,_, ., |an|”"r=7r/R < 1.
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Then for all n large enough, |a,|r™ < A" where > A" converges.
Let § be small enough that if |h| < 4, then |x + h — a| < r also. Then for |h| < §,
consider the difference quotient.

flath) —fl@) 1
- h};)ak<(x+ha)k(xa)k>

By the mean value theorem, there exists 6, € (0,1) such that

flath) —f@) _ 1
W = hkz_oak((x—i—h—a)k—(x—a)k)

1 & _ > _
= E§ apk (x4 Onnh —a) " h =" agk (z + Onph — a) "
k=1 k=1

ark [(x +0pph—a) = (2 — a)kil] + Z agk (x —a)"!
1 k=1

M

b
I

By the mean value theorem again, there exists au,p € (0,1) such that
= Z Onnhagk (k — 1) (z + apph — a)" % + Z agk (z —a)f "
The second series is the derived series. Consider the first.

)k72

nrhagk (k—1) (z + apph —a < th -1 |ak||x+anhh—a|

2h2k — 1) |ag| ¥

IN

Now
lim sup (k (k — 1))1/k \ak|1/kr = lim sup |ak|1/kr <A

k—o0 k—oc0

and so the series converges. Hence, letting h — 0 yields the desired result that

. f(IJrh ye-
}lli)% Zakk x—a) |

As an immediate corollary, it is possible to characterize the coefficients of a Taylor
series.

Corollary 8.2.2 Let Y7 a, (x —a)" be a Taylor series with radius of convergence
r >0 and let

(z) = Z an (x —a)". (8.4)
n=0

Then

7™ (a)

— (8.5)

Ay =

Proof: From EA, f (a) = ao

oo oo
"(z) = Z ann(z—a)" ' =ay + Z ann (z —a)" ",
n=1 n=2

9 (a) /0!. From Theorem E2T,
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Now let = a and obtain that f’(a) = a1 = f’ (a) /1!. Next use Theorem B2 again
to take the second derivative and obtain

f// (x) = 2a9 + Z anpn (n _ 1) (l‘ _ a)n—2
n=3

let = a in this equation and obtain as = " (a) /2 = f” (a) /2!. Continuing this way
proves the corollary. B
This also shows the coefficients of a Taylor series are unique. That is, if

Zak (z —a)f = Zb’“ (z —a)"
k=0 k=0

for all £ in some open set containing a, then ax = by for all k.
Example 8.2.3 Find the sum >, k27",

It may not be obvious what this sum equals but with the above theorem it is easy
to find. From the formula for the sum of a geometric series =Y thif |t < 1.
Differentiate both sides to obtain

(1—t)2 Zktk 1

whenever |¢| < 1. Let t = 1/2. Then

T 1-(1/2)] 1/2 Zk2 o

and so if you multiply both sides by 271,

o0
2= Z K27k,
k=1

The above theorem shows that a power series is infinitely differentiable. Does it go
the other way? That is, if the function has infinitely many continuous derivatives, is
it correctly represented as a power series? The answer is no. See Problem B on Page
73 for an example. In fact, this is an important example and distinction. The modern
theory of partial differential equations is built on just such functions which have many
derivatives but no power series.

’1t

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 treat-
ment of the exponential function exp and the circular functions, sin and cos.

Definition 8.3.1 Define for all x € R

oo 22k o0 22k
sin(z) = Z (—1)k Nk cos (x) = Z

k=0 k=0
exp(z) = Z—'

=
I

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 for sin (x) first. By the ratio test the series
converges whenever

‘£C|2k+3
lim AR gy ! |JU|2

is less than 1. However, 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 (z) have been defined, the properties of these functions
must be considered. First, here is a fundamental lemma.

Lemma 8.3.3 Suppose y is an R valued differentiable function and it solves the
initial value problem,

y"+y=0,y(0)=0,y'(0)=0
Then y (z) = 0.

Proof: Multiply the equation by 3’ and use the chain rule to write
d (1, ,2 1,5\
dt(2(y) T35y ) =0.

Then by Corollary X3 3 (' )2+ 142 equals a constant. From the initial conditions,
y(0) =4’ (0) = 0, the constant can only be 0. W

Theorem 8.3.4 siv' (z) = cos(z) and cos’ (z) = —sin (z). Also cos(0) = 1,
sin (0) =0 and

cos? (z) +sin® (z) = 1 (8.6)
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) (8.7)

cos(z+y) = cos(x)cos(y)—sin(z)sin (y) (8.8)

Proof: That sin’ (z) = cos(z) and cos’ () = —sin(z) follows right away from
differentiating the power series term by term using Theorem B=Z. It follows from the
series that cos (0) = 1 and sin (0) = 0 and sin (—z) = —sin («) while cos (—z) = cos (z)

because the series for sin (x) only involves odd powers of x while the series for cos (x)
only involves even powers.

For x € R, let f (x) = cos? (x) + sin® (), it follows from what was just discussed
that f(0) = 1. Also from the chain rule,

1’ (z) = 2cos (x) (—sin (z)) + 2sin (z) cos () = 0

and so by Corollary =33, f (x) is constant for all 2 € R. But f (0) = 1 so the constant
can only be 1. Thus

cos? (x) + sin? (z) = 1

as claimed.
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It only remains to verify the identities. Consider B72 first. Fixing y and considering
both sides as a function of x, it follows from the above that both sides of the identity
satisfy the initial value problem

y"+y =0, y(0) =sin(y),y (0) = cos (y)

Therefore, the difference satisfies the initial value problem of Lemma BE33. Therefore,
by this lemma, the difference equals 0. The next identity is handled similarly. This
proves the theorem.

Proposition 8.3.5 The following important limits hold for a,b # 0.

i S0 (ax) _ 97 lim 1 — cos (x) _o.
=0  bx b’ z—0 T
Proof: From the definition of sin (x) given above,
oo k 2k+1 00 k 2k+1
sin (az) > ko (=1) ((a2x}g)+1)! _ax+ 2 pe1 (51 ((a2$]g)+1)!
bz B bz N bz
) k 2k
_a + 25 (51 ((QGI:?’I)!
N b
Now
o] A (a:Z?)Qk o] ok 0 ) k
> (1) Qk+ i = D lazf™ =D ("“ﬂ )
k=1 k=1 k=1
B |az|?
B 1 — |ax|
whenever |az| < 1. Thus
- K (az)
li -1)"  ———=0
£ £ (=1) (2k + 1)!
and so in (az)
sin (ax a
li =_.

The other limit can be handled similarly.
It is possible to verify the functions are periodic.

Lemma 8.3.6 There exists a positive number a, such that cos (a) = 0.

Proof:To prove this, note that cos (0) = 1 and so if it is false, it must be the case
that cos (x) > 0 for all positive z since otherwise, it would follow from the intermediate
value theorem there would exist a point, z where cosz = 0. Assume cos (z) > 0 for all
z. Then by Corollary [8@ 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,x) such that

sin (z) = sin (z) — sin (0) = (cos (¢)) (z — 0) > 0.

By E@, |f (z)] < 1 for f = cos and sin. Let 0 < z < y. Then from the mean value
theorem,

— cos (y) — (— cos (2)) = sin (£) (y — @)
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for some t € (z,y) . Since ¢ — sin (¢) is increasing, it follows

—cos (y) — (—cos (x)) =sin (¢) (y — x) > sin (z) (y — x) .

This contradicts the inequality |cos (y)| < 1 for all y because the right side is unbounded
asy —oo. l

Theorem 8.3.7 Both cos and sin are periodic.

Proof: Define a number, 7 such that

gzinf{x:x>0and cos (x) = 0}

, g] cos is positive and so
it follows sin is increasing on this interval. Therefore, from E@, sin ( ) = 1. Now from
Theorem EZX4,

Then % > 0 because cos (0) = 1 and cos is continuous. On [0
s

2

cos (1) = cos (g + g) = —sin® (7) =—1,sin(m) =0

Using Theorem BZX4 again,
cos (211) = cos? () = 1 = cos (0),
and so sin (27) = 0. From Theorem B34,
cos (z + 27) = cos () cos (2m) — sin (z) sin (27) = cos (z)
Thus cos is periodic of period 27. By Theorem B=34,
sin (x + 27) = sin (z) cos (27) + cos (z) sin (27) = sin (z)

Using BT, 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

s 3
— —.2
(0’2>’<2’ F)
T 37

and negative on (5, 7) and that similar observations on sin are valid. Also, by consid-
ering where these functions are equal to 0, 1, and -1 along with where they are positive
and negative, it follows that whenever a? 4+ b? = 1, there exists a unique ¢ € [0, 27) such
that 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 ¢ € (0,7/2) such that cos(¢) = 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 @ > 0 and b < 0 similar reasoning will show there exists a
unique ¢ € [0,27) with cos (t) = a and sin (¢t) = b and in this case, t € (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 t € [0, 27).

This shows the unit circle is a smooth curve, however this notion will not be consid-
ered here.

Corollary 8.3.8 For allz € R

sin (z + 27) = sin (z) , cos (x + 27) = cos (x)
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Proof: Let y(z) = sin(x + 27) — sin (z) . Then from what has been shown above,
y (0) = y(0) = 0. It is also clear from the above that y” + y = 0. Therefore, from
Lemma B33 y = 0. Differentiating the identity just obtained yields the second identity.
|

Are these the same as the circular functions you studied very sloppily in calculus
and trigonometry? They are.

If sin (z) defined above and sin (z) studied in a beginning calculus class both satisfy
the initial value problem

Y +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 (x) used there does satisfy the above initial value problem. If you don’t
remember anything from calculus, then it does not matter about harmonizing the func-
tions. Just use the definition given above in terms of a power series. Similar considera-
tions apply to cos.

Of course all the other trig. functions are defined as earlier. Thus

sin cos
tanr = ——,cotx = — ,secxr = ,C8C T = —.
cosx sinz cosx sinx

Using the techniques of differentiation, you can find the derivatives of all these.

Now it is time to consider the exponential function exp (x) defined above. To do
this, it is convenient to have the following uniqueness theorem.

Lemma 8.3.9 Suppose
Yy —y=09(0)=0
Then y = 0. Also for all z € R, exp(—x)(exp(z)) =1

Proof: The function exp has been defined above in terms of a power series. From
this power series and Theorem BZZ it follows that exp solves the above initial value
problem. Multiply both sides of the differential equation by exp (—z). Then using the
chain rule and product rule,

2 fexp () y () = 0

and so exp (—z) y (x) = C, a constant. The constant can only be 0 because of the initial
condition. Therefore,

exp (—z)y(z) =0

for all z.
Now I claim exp (—z) and exp (x) are never equal to 0. This is because by the chain
rule, abusing notation slightly,

(exp (—z) exp (z))" = —exp (—z) exp (z) + exp (—z) exp (x) = 0

and so
exp (—z)exp (z) =C

a constant. However, this constant can only be 1 because this is what it is when x = 0,
a fact which follows right away from the definition in terms of power series. Bl

Theorem 8.3.10 7he function exp satisfies the following properties.

1. exp(x) > 0 for all z € R, lim,_, exp (z) = 00, lim,_,_ exp () = 0.
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2. exp is the unique solution to the initial value problem

3. Forallz,y e F
exp (x +y) = exp () exp (y) (8.10)

4. exp is one to one mapping R onto (0,00).

Proof: To begin with consider ET0. Fixing y it follows from the chain rule and the
definition using power series that

x — exp (z +y) — exp () exp (y)

satisfies the initial value problem of Lemma EZX and so it is 0. This shows EI1.

B has already been noted. It comes directly from the definition and was proved
in Lemma BEZA. The claim that exp () > 0 was also established in the proof of this
lemma.

Now from the power series, it is obvious that exp (z) > 0 if z > 0 and by Lemma
B3, exp (z)”' = exp(—z), so it follows exp (—z) is also positive. Since exp (z) >
Zi:o %T, it is clear lim, o exp () = oo and it follows from this that lim,_, ., exp (z) =
0.

It only remains to verify @. Let y € (0,00) . From the earlier properties, there exist
x1 such that exp(z1) < y and x5 such that exp (x3) > y. Then by the intermediate
value theorem, there exists x € (x1,x2) such that exp (z) = y. Thus exp maps onto
(0,00). It only remains to verify exp is one to one. Suppose then that x7 < z5. By the
mean value theorem, there exists « € (z1,x2) such that

exp (z) (2 — x1) = exp’ (z) (2 — 1) = exp (x2) — exp (1) .

Since exp (z) > 0, it follows exp (x2) # exp (x1). B

8.3.2 In And log,

In this section, the inverse function of x — exp (z) is considered.

Definition 8.3.11 1 is the inverse function of exp. Thus In : (0,00) — R |
In (exp (z)) = z, and exp (In (z)) = . The number e is that number such that In (e) =

By Corollary I3, it follows In is differentiable. This makes possible the following
simple theorem.

Theorem 8.3.12 The following basic properties are available for In.

' () = % (8.11)

Also for all x,y > 0,
In(zy) =In(z)+1n(y), (8.12)
In(1) =0,In(z™) =mln(z) (8.13)

for all m an integer.
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Proof: Since exp (In (z)) = x and In’ exists, it follows
xln’ (z) = exp (In (z)) In’ (z) = exp’ (In (z))In’ (z) =1
and this proves ETI. Next consider ETA.

xy = exp (In (zy)), exp (In(z) + In(y)) = exp (In (z)) exp (In (y)) = zy.

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

f@)=In(z")—mln(x).
f(1)=In(1) = mlIn (1) = 0. Also, by the chain rule,

/ 1 m—1 1
f (z)fwmmx mxfo
and so f (z) equals a constant. The constant can only be 0 because f (1) = 0. This
proves the last formula of ETI3 and completes the proof of the theorem. B
The last formula tells how to define ® for any = > 0 and « € R. T want to stress this
is something new. Students are often deceived into thinking they know what @ means
for o a real number. There is no place for such deception in mathematics, however.

Definition 8.3.13 Define ¢ for x > 0 and o € R by the following formula.
In(z%) =aln(x).

In other words,
% =exp (aln(z)).

From Theorem EZ3T3 this new definition does not contradict the usual definition in
the case where « is an integer.
From this definition, the following properties are obtained.

Proposition 8.3.14 Forz >0 let f (z) = 2 where a € R. Then f'(z) = az®~ 1.
Also 228 = 2928 and (z)° = 2F.

Proof: First consider the claim about the sum of the exponents.

2P = exp((a+ B)In(z)) =exp (aln(z) + Bln(z))

= exp(aln(z))exp (BIn(z)) = %",

In ((xo‘)ﬁ) =fln(z%) =afln(z), In (aso‘ﬁ) =afln(x).

The claim about the derivative follows from the chain rule. f(x) = exp (aln(z)) and
S0
f'(z) = exp (aln(z))

@ Exo‘ =« (xfl) 2 =az® 1. N
T

T

Definition 8.3.15 Define logy, for any b > 0,0 # 1 by

log, (#) = g7

Proposition 8.3.16 The following hold for log, ().

1. boge(®) =z log, (b%) = .
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2. logy, (zy) = logy, (z) + log, (y)
3. log, (z) = alog, (z)
Proof:

bloes(*) = exp (In (b) logy, (x)) = exp (ln (b)

ey In(d%)  xIn(b)
logy ) =Ty = )~ ©

This proves 0.
Now consider B.

gy (o) = o) = ) + ) —log, () + log, (1)

Finally,
o In (%) _In x) B
logy (%) = ) aln(b) = alog, () .

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 + ) centered at 0 valid for
|z| < 1.

Use Theorem B2 to do this. First note that if y (z) = (1 + ), then y is a solution
of the following initial value problem.

, o
— = y=0,y(0)=1. 8.14

A an y(0) (8.14)

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 EId by (1 + z)~“ . When
this is done, one obtains

d

. ((1 +x)" y) =(1+xz)“ (y' - ﬂifv)y> =0. (8.15)

Therefore, from B3, 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 B4 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(@) =) ama” (8.16)
n=0

be a solution to ETA. 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 E=2
and the initial value problem,

oo o0
(1+x) Z apnz™ ! — Z aa,z” =0
n=0 n=0
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and so
oo o0
E apnz™ ! 4 g an(n—a)z™ =0
n=1 n=0

Changing the variable of summation in the first sum,
Zanﬂ (n+ 1)x”+Zan (n—a)z™ =0
n=0 n=0

and from Corollary BZ2 and the initial condition for B4 this requires

an (@ —n)
i1 = —— 7 g5 = 1. 8.17
Gn+1 nt1 ao ( )
Therefore, from BTA and letting n = 0, a; = «, then using BTA again along with this
information,
ala—1)

ag = B)

Using the same process,

(%) (a—2) afa—1(@=2)

4= 3 - 30

By now you can spot the pattern. In general,

n of these factors

ala—1)---(a—n-+1)
n!

Ay —

Therefore, the candidate for the Taylor series is

y(m)zza(a—l)-~-(a—n+1)

z".
n!

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 + ) 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 + l)St term to the absolute value of the n'® term
is

ala—1)---(a—n+1)(a—n) n+1

(n+1)n!
a(a—1)-(a—n+1) ‘ ‘$|n

n!

||

‘|ain|
X
n+1

= |l

showing that the radius of convergence is 1 since the series converges if |z| < 1 and
diverges if |x| > 1.
The expression, 2@=t(a=ntl) 4o ften denoted as (%). With this notation, the

following theorem has beennéstablished.

Theorem 8.4.2 Let o be a real number and let |x| < 1. Then

(1+42)" = i (Z)x"
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There is a very interesting issue related to the above theorem which illustrates the
limitation of power series. The function f (x) = (1 + x)” makes sense for all x > —1
but one is only able to describe it with a power series on the interval (—1,1). Think
about this. The above technique is a standard one for obtaining solutions of differential
equations and this example illustrates a deficiency in the method.

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 z and y of interest and find y' (z).

y® + zcos (y?) = a*
y cos (x) = tan (y) cos (x?) + 2
(2% + y2)6 =23y +3

2
792/5:031/ +cos(y) =7

)
)
)
)
)
) Va2 +ylsin(y) =3¢
) y3sin (z) + y222 = 27y + In |y
) y?sin (y) x + logg (vy) = % + 11
) sin (2% 4 y?) + sec (zy) = e” Y + y2¥ 4 2
) sin (tan (zy?)) +y* =16
) cos (sec (tan (y))) + In (5 + sin (zy)) = 2%y + 3
2. In each of the following, assume the relation defines y as a function of = for values
of z and y of interest. Use the chain rule to show y satisfies the given differential
equation.
(a) 2%y +siny =7, (22 +cosy)y +2zy =0.
(b) 2?y® +sin (y?) = 5, 22y + (32?y* + 2 (cos (y?)) y) ¥’ = 0.
(c) ysin(y) +ay =6,
(2y (sin (y)) + y* (cos (y)) + @)y +y =0.

3. Show that if D (g) CU C D(f), and if f and g are both one to one, then fog is
also one to one.

4. The number e is that number such that Ine = 1. Prove e* = exp (z) .

5. Find a formula for % for y = b®. Prove your formula.

6. Let y = 2 for z € (0,00). Find ¢/ (2).

7. The logarithm test states the following. Suppose ai # 0 for large k and that

()

p = limg oo —j7~ exists. If p > 1, then 220:1 ayp, converges absolutely. If
p < 1, then the series, Z;il ay, does not converge absolutely. Prove this theorem.
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11.

12.

13.

14.

15.
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. Suppose f(x+y) = f(z)+ f(y) and f is continuous at 0. Find all solutions to

this functional equation which are continuous at x = 0. Now find all solutions
which are bounded near 0. Next if you want an even more interesting version of
this, find all solutions whose graphs are not dense in the plane. (A set S is dense
in the plane if for every (a,b) € R xR and r > 0, there exists (z,y) € S such that

Vi—aP+ -7 <r

This is called the Cauchy equation.

. Suppose f (z+y) = f(x) f (y) and f is continuous and not identically zero. Find

all solutions to this functional equation. Hint: First show the functional equation
requires f > 0.

Suppose f (zy) = f (z) + f (y) for =,y > 0. Suppose also f is continuous. Find all
solutions to this functional equation.

1

Using the Cauchy condensation test, determine the convergence of > p-, Tk

Now determine the convergence of Y 7~ Wl)lool

Find the values of p for which the following series converges and the values of p
for which it diverges.

- 1
;;1 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.

(b) Xy (—1)" o
() Xnty (-1)" 7o
(d) Ypty (—1)"sin ()
(e) Yonty (—1)" tan (%)
(F) 0oy (=1)" cos (%)
(8) X202, (—1)"sin (5

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.
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17.

18.

19.

20.

21.
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Using De Moivre’s theorem, show that if z € C then z has n distinct n* roots.

Hint: Letting z = = + iy,
x .Y
z=z|| = +i=
lz|

and argue (ﬁ, %) is a point on the unit circle. Hence z = |z| (cos (f) + isin (9)) .
Then
w = |w]| (cos () + isin («))
)

is an n'* root if and only if (|w|(cos (a) +isin(a)))" = z. Show this happens
exactly when |w| = {/|z| and a = % for k=0,1,--- ,n.

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

Suppose Yo7 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).

Find the disc of convergence of the series > ZET; for various values of p. Hint: Use
Dirichlet’s test.

Show
€= 7
k=0

for all x € R where e is the number such that Ine = 1. Thus

Show e is irrational. Hint: If e = p/q for p, q positive integers, then argue
q
D 1
I = — —_
k=0
is an integer. However, you can also show
oo a
1 1
| _ _ -
o(Sh-Th) <
k=0 k=0
Let a > 1. Show that for all z > 0, you have the inequality

ax >In (14 2%).

8.6 L’Hopital’s Rule

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 X2 on Page 4.

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’Hoépital did not
claim the rule as his own but Bernoulli accused him of plagarism. Nevertheless, this rule has become
known as L’Hopital’s rule ever since. The version of the rule presented here is superior to what was
discovered by Bernoulli and depends on the Cauchy mean value theorem which was found over 100
years after the time of L’Hopital.
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Theorem 8.6.1 rLet [a,b] C [—o0, 0] and suppose f,g are functions which sat-
isfy,
lim f(z)= lim g(z) =0, (8.18)

z—b— z—b—

and ' and ¢’ ezist on (a,b) with ¢’ () # 0 on (a,b). Suppose also that

G

mli>b— 7 (@) = L. (8.19)
Then @)

ZILI})]? (@) = L. (8.20)

Proof: By the definition of limit and BTU there exists ¢ < b such that if ¢ > ¢, then

[ ()
g (t)

Now pick =,y such that ¢ < z < y < b. By the Cauchy mean value theorem, there
exists ¢ € (x,y) such that

g @) (f (@)= f) =11 () —g()-

Since ¢’ (s) # 0 for all s € (a, b) it follows from the mean value theorem g (z) —g (y) # 0.

13
— Ll < —.
<

Therefore,
£ _ @) - )
g (t)  g(@)—gy)
and so, since t > c,
f@-f@) ‘ e
‘g(x) —o M7
Now letting y — b—,
f(z) €
HERE SRt

Since € > 0 is arbitrary, this shows EZ1.
The following corollary is proved in the same way.

Corollary 8.6.2 Let [a,b] C [~o0, 0] and suppose f,g are functions which satisfy,

lim f(z)= lim g(z)=0, (8.21)

r—a+ r—a+

and " and ¢’ exist on (a,b) with ¢’ (x) #0 on (a,b). Suppose also that

. f(=)
w1_1>r51+ 7 (@) = L. (8.22)
Then /(@)
ac—>r£1+ 7 (@) =L. (8.23)

Here is a simple example which illustrates the use of this rule.

5x+sin 3x
tan7x

Example 8.6.3 Find lim,_,g
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The conditions of L’Hoépital’s rule are satisfied because the numerator and denomi-
nator 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,

5x + sin 3x . 5+ 3cos3x 8

im = lim =_.
=0  tan Tz z—0 Tsec? (Tx) 7

Sometimes you have to use L’Hépital’s rule more than once.

SlIl $ x

Example 8.6.4 Find lim,_,q

Note that lim,_ ¢ (sinz — sc) = 0 and lim,_,o2® = 0. Also, the derivative of the

denominator is nonzero for z close to 0. Therefore, if lim, ¢ <575 L exists and equals L,

it will follow from L’Hopital’s rule that the original limit exists and equals L. However,
lim, 0 (cosz — 1) = 0 and lim,_,0 322 = 0 so L’'Hépital’s rule can be applied again

to consider lim,_,o =522  From L’Hopital’s rule, if this limit exists and equals L, it

6x
will follow that lim,_,o <552 =

Proposition B33, lim,_,o =322 = =1, Therefore, by L’Hopital’s rule lim,_,q S0&=2 —

=1L and consequently lim,_,o $22=2 — [ But from

o
Warning 8.6.D Be sure to check the assumptions of L’Hépital’s
rule before using it.

cos 21

Example 8.6.6 Find lim,_,o+

The numerator becomes close to 1 and the denominator gets close to 0. Therefore,
the assumptions of L’Ho6pital’s rule do not hold and so it does not apply. In fact there is
no limit unless you define the limit to equal +o00. 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 %7 an expression
whose limit as # — 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 = 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.

n 10
Example 8.6.7 Find lim,_,q M

In|1+ . fe=
n| - yl _ lim, (141ry>

This limit equals lim, o -0 = 1 where L’Hopital’s rule has been

10
used. This is an amusing example. You should plug .001 in to the function M and

see what your calculator or computer gives you. If it is like mine, it will give 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 understanding limits as a bicycle is for
swimming. Those who pretend otherwise are either guilty of ignorance or dishonesty.

There is another form of L’Hépital’s rule in which lim,_,— f (2) = +o00 and lim,_,,_ g () =
+o0.

Theorem 8.6.8 et [a,b] C [—o0, 0] and suppose f,g are functions which sat-

isfy,
lim f(x) =400 and lim g(x)= +oo, (8.24)

z—b— z—b—
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and ' and ¢’ exist on (a,b) with ¢’ () # 0 on (a,b). Suppose also

!/
lim L) g (8.25)
z—b— g/ (LL')
Then
m L) _ (8.26)
z—b— @ (ac)
Proof: By the definition of limit and BZ3 there exists ¢ < b such that if ¢ > ¢, then
!
1O loe
g () 2

Now pick z,y such that ¢ < = < y < b. By the Cauchy mean value theorem, there
exists ¢t € (z,y) such that

g @) (f (@)= fw) =1 (1)) —g()-
Since ¢’ (s) # 0 on (a, b) , it follows from mean value theorem g (z)—g (y) # 0. Therefore,

f @) fle)—Ffy)
g  g@)—gy)

and so, since t > c,

Now this implies

fy((> )
()

where for all y large enough, both fg ; 1 and % —1 are not equal to zero. Continuing

to rewrite the above inequality yields

f W) _L(% - )
W ()

Therefore, for y large enough,

10y L G-
(- 1)

due to the assumption which implies

(83 -1)
im AW ) 1.
y—rb— (f(ﬂﬂ) _ 1)
fw)
Therefore, whenever y is large enough,
f )
9 ()

and this is what is meant by E243. l
As before, there is no essential difference between the proof in the case where x — b—
and the proof when  — a+. This observation is stated as the next corollary.

L'<s
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Corollary 8.6.9 Let [a,b] C [—o0,00] and suppose f,g are functions which satisfy,

lim f(z) =400 and lim g(x)= too, (8.27)

r—a+ r—a+
and ' and ¢’ exist on (a,b) with ¢’ () # 0 on (a,b). Suppose also that

f'(x)

$1_1>1£1+ 7 () =1L. (8.28)
Then
f@)
x1_1>1£1+ m =1L. (8.29)

Theorems BTG BTG and Corollaries BG and BB will be referred to as L’Hopital’s
rule from now on. Theorem BTG and Corollary BG2 involve the notion of indetermi-
nate forms of the form %. Please do not think any meaning is being assigned to the
nonsense expression %. It is just a symbol to help remember the sort of thing described
by Theorem BT and Corollary B, Theorem EBE and Corollary BB 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 indetermi-
nate forms which can be reduced to these forms just discussed. Don’t ever try to assign

meaning to such symbols.
Yy
Example 8.6.10 Find limy,_, (1 + %)

It is good to first see why this is called an indeterminate form. One might think
that as y — oo, 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,
Yy
(1 + I) = exp (yln <1 + I)) .
Y Yy

Now using L’Hopital’s rule,

. T . In (1 + %)
lim yln (14 — = lim ————=
y—00 Y y—00 1/y
1
N S C20) (—2/y?)
vooo  (—1/y?)
= lim e =x

Therefore,

lim yln (1+x> =z
Y

Yy—00

Since exp is continuous, it follows

x\? x
lim <1+> = lim exp (yln (1+)> =e".
y—00 Y y—00 Y
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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 4+ r) = 100 + 100r. In this the second term is the interest and the first is called
the principal. Now you have 100 (1 4 ) 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 (1 +7) 4100 (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. Consider the problem of a rate of r per year and com-
pounding 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 ¢ years is approximately tn. From
the above the amount in the account after ¢ years is

r\nt
P (1 + —) (8.30)
n
Yy
Recall from Example BB that lim,_, (1 + %) = e*. The expression in can be

written as
T nat
Pl(+3)]
n
and so, taking the limit as n — oo, you get
Pe = 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?
From the above discussion, this would be 100e(-994 = 127.12. Thus, in 4 years, you
would gain interest of about $27.

8.7 Exercises

1. Find the limits.

3xz—4sin 3z

limg 0 tan 3z

lim, = (tan ) /2
arctan(4z—4)
arcsin(4x—4)

)
)
()
(d) lim,_, 2ctansz—3z
)
)
)
)

hmm—> 1

x3
secmfl_l

11m:12~)0+ Zsecx—1_1

3z+sindx

limg 0 tan 2z

: cosh2z—1
lim, o = 2
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arctan x+x
(1 hmw—)O - z3

(j

D §
31' Sll’lg

llmw_)o sin 3z

(k) limy—oo (1 + 575)

1 —2x+3sinx

In(cos(z—1))

)
)
)
)
(m) limg_, (z—1)2
)
)
)
)
) i

—~

lim, ;0

(n) limg_04 sinr z
(0) limg_,q (cschbx — cot bx)
(p) limg o4 St
2
(q) limg_oy (42)"
(r
(s) lim,_,q (cos 4x)(1/12)
2. Find the following limits.

(a) limg 0+ ;47 V(‘I’\S/%”.

(@) Tim, o (22£2)
)1/90
: 2z "

(f) lim,— oo | cos —n)

( Van? +13n) '

() limy—eo (\/x?’ + 722 — V22 — 11x).

) li
) li
(i) lim, o cos
)
)

(k) limg 00 (\/535 + Tzt — a3 — 11:1:2).

. i\ T

. 5 2 7 1—x
(m) limg o (TBIQJ'H) .

. In 6222-'1-7\/5
(n) limg_ o4 W

_ ¥
(0) hmx—>0+ f 1\§>
3. Find the following limits.

(a) limg_o4 (1 + 32)°"%"

(b) limg,_, SBEZ=2 = ()

CHAPTER 8. POWER SERIES
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: sinz—x
lim, o #2575
tan(sin x)—sin(tan x)
=7
tan(sin 2z)—sin(tan 2z)
z7

meao

limm’*}O
sin(m2 ) —sin?(z)

I4
~(r2?)

3 e
limg 0 =

lim, g (% — cot (x))

hmw—)O

cos(sinz)—1

limg o 22

)
)
)
() Timy oo (o2 (40 4+7)'7% = 204)
)
)
)

cos(z)—cos(4x)

hmz—)O tan(z?)

li arctan(3z)
My —

limg o0 [(:Ug + 5:86)1/3 — xd}

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 continu-
ously?

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.

6. Consider the following function 2

. e~1/e’ for x # 0
f(x)—{ 0forx=0

Show that f(*) (0) = 0 for all k so the power series of this function is of the form
Zzozo 0z* but the function is not identically equal to 0 on any interval containing
0. Thus this function has all derivatives at 0 and at every other point, yet fails
to be correctly represented by its power series. This is an example of a smooth
function which is not analytic. It is smooth because all derivatives exist and are
continuous. It fails to be analytic because it is not correctly given by its power
series in any open set.

8.8 Multiplication Of Power Series

Next consider the problem of multiplying two power series.

Theorem 8.8.1 Let S gan (@ —a)" and 307 b, (x—a)" be two power se-
ries having radii of convergence 1 and ro, both positive. Then

(Z an (z — a)") <Z by (z — a)n> = Z (Z akbnk> (x —a)"
n=0 k=0

n=0

whenever |x — a|] < r = min (rq,7r2) .

2Surprisingly, this function is very important to those who use modern techniques to study differen-
tial 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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Proof: By Theorem ET3 both series converge absolutely if |z — a| < r. Therefore,

by Theorem BZN
(Z%x_a )(Zb ) >:

iiak(x—a)kbn,k(x—a Z(Zakb” k) (x—a)". 1

n=0 k=0 =

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 sin z
l‘2 l‘g 1‘3 $5

From the above theorem the result should be

x+x2+(—+ ) x4

3!
2, 13
You can continue this way and get the following to a few more terms.
1 1 1 1
a4+ oad— o’ — —ab - —aT 4.

I don’t see a pattern in these coefficients but I can go on generating them as long as I
want. (In practice this tends to not be very long.) I also know the resulting power series
will converge for all x because both the series for ¢* and the one for sinz converge for
all x.

Example 8.8.3 Find the Taylor series for tanx centered at x = 0.

Lets suppose it has a Taylor series ag + a1z + asx® + --- . Then
cos T
(a0 + a1z + azz® + -+ +) 1—$—Q+$—4+ = x—m—g+m—d+
o 2 4l B ETRET] '

Using the above, ap = 0,a12 = rsoa; = 1, (O (_71) + ag) 22 =0s0ay =0. (ag — %) x3 =

5—,1333 SO as — % = —% SO asz = % Clearly one can continue in this manner. Thus the

first several terms of the power series for tan are
1

tanx=m+§x3+--~.
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You can go on calculating these terms and find the next two yielding

tanx:x+1x3+3x5+£x7+-~-
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 tan z. 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 (x) will have a power series valid on some interval centered at 0
and this becomes completely obvious when one uses methods from complex analysis but
it isn’t too obvious at this point. If you are interested in this issue, read the last section
of the chapter. Note also that what has been accomplished is to divide the power series
for sinx by the power series for cosx just like they were polynomials.

8.9 Exercises

1. Find the radius of convergence of the following.

[e'S) 3n)" n
> n=o ((377.))! x

oo 2n)" n
(e Zn:O ((2n))' x

2. Find Y7, k27"
3. Find Y77, k237
. oo —k

4. Find Y07, 2.
5. Find Y57, 3—.

6. Show there exists a function f which is continuous on [0, 1] but nowhere differen-
tiable and an infinite series of the form Y~ | px (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) = Y77, p}, (z) . Hint: Use the Weierstrass approx-
imation theorem.

7. Find the power series centered at 0 for the function 1/ (1 + 12) and give the radius
of convergence. Where does the function make sense? Where does the power series
equal the function?

sin(ﬁ)

— for > 0. Where does f ()
make sense? Where does the power series you found converge?

8. Find a power series for the function f (z) =

9. Use the power series technique which was applied in Example B2 to consider
the initial value problem 3’ = y,y (0) = 1. This yields another way to obtain the
power series for e”.

10. Use the power series technique on the initial value problem ¢’ +y =0, y (0) = 1.
What is the solution to this initial value problem?
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11. Use the power series technique to find solutions in terms of power series to the
initial value problem

y' +xy=0,y(0) =0,y (0) =1.

Tell where your solution gives a valid description of a solution for the initial value
problem. Hint: This is a little different but you proceed the same way as in
Example B2 The main difference is you have to do two differentiations of the
power series instead of one.

12. 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 7?7 on Page ?7. Multiply
the equation by 3’ and identify what you have obtained as the derivative of an
interesting quantity which must be constant.

13. Suppose the function e” is defined in terms of a power series, e* = Y7 ’”k—]: Use
Theorem B8 on Page I to show directly the usual law of exponents,

etV = eV,
Be sure to check all the hypotheses.

14. Let f, (z) = (£ + m2)1/2 . Show that for all ,

|z = fn (@) < —=.

Thus these approximate functions converge uniformly to the function f (z) = |z|.
Now show f, (0) = 0 for all n and so f,, (0) — 0. However, the function f (z) = ||
has no derivative at = 0. Thus even though f,, () — f (z) for all z, you cannot

say that f! (0) = f'(0).
15. Let the functions, f,, () be given in Problem I and consider
g1(z) = f1(x), gn(2) = fu(x) = fuo1(x) ifn > 1.
Show that for all z,

> g (@) =z
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®.

16. Use the theorem about the binomial series to give a proof of the binomial theorem
(a + b)n — zn: (n> an—k}bk
k=0 k

whenever n is a positive integer.

3How bad can this get? It can be much worse than this. In fact, there are functions which are
continuous everywhere and differentiable nowhere. We typically don’t have names for them but they
are there just the same. Every such function can be written as an infinite sum of polynomials which
of course have derivatives at every point. Thus it is nonsense to differentiate an infinite sum term by
term without a theorem of some sort.
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17. Find the power series for sin (mQ) by plugging in x? where ever there is an z in
the power series for sin xz. How do you know this is the power series for sin (xQ)?

18. Find the first several terms of the power series for sin? (x) by multiplying the
power series for sin (). Next use the trig. identity, sin® (z) = 17%5(23”) and the
power series for cos (2z) to find the power series.

19. Find the power series for f (z) = —.

20. Let a,b be two positive numbers and let p > 1. Choose ¢ such that

11
S4Z =1
P g

Now verify the important inequality

alP  b?
ab < — + —.
p q

p b‘]

Hint: You might try considering f (a) = & +

st ab for fixed b > 0 and examine
its graph using the derivative.

21. Using Problem PO, show that if a > 0,p > 1, it follows that for all x > 0

-1 p
(p T+ axlp) > a.
p p

22. Using Problem £, define for p > 1 and « > 0 the following sequence

p—1 a 4
Tpy1 = ——Tp + —x-7P, 11 > 0.
p p

Show lim,, yoo £, = = where x = al/P. In fact show that after 1 the sequence
decreases to al/P.

23. Consider the sequence {(1 + %)n}zozl where z is a positive number. Using the
binomial theorem show this sequence is increasing. Next show the sequence con-
verges.

o0

24. Consider the sequence {(1 + %)nﬂ} where z is a positive number. Show this

n=1
sequence decreases when = < 2. Hint: You might consider showing (1 + y)(m/ v+
is increasing in y provided z < 2. To do this, you might use the following obser-
vation repeatedly. If f(0) = 0 and f' (y) > 0, then f (y) > 0. There may also be
other ways to do this.

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, 22 + 1 = 0. This theorem is a very remarkable result and notwithstanding
its title, all the best proofs of it depend on either analysis or topology. It was proved
by Gauss in 1797. The proof given here follows Rudin [EH]. See also Hardy [[] for a
similar proof, more discussion and references. You can also see the interesting article
on Wikipedia. You google fundamental theorem of algebra and go to this site. There
are many ways to prove it. This articale claims the first completely correct proof was
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done by Argand in 1806. The shortest proof is found in the theory of complex analysis
and is a simple application of Liouville’s theorem.

Recall De Moivre’s theorem, Problem @ on Page IBA from trigonometry which is
listed here for convenience.

Theorem 8.10.1 Letr >0 be given. Then if n is a positive integer,
[r (cost +isint)]" = 7™ (cosnt + isinnt).

Recall that this theorem is the basis for proving the following corollary from trigonom-
etry, also listed here for convenience, see Problem @ on Page [GR.

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 Leta, € C for k=1,--- ,n and let p(2) = >_,_, axz®. Then p is
continuous.

Proof:
laz" — aw™| < la| |z — w| |z”_1 + 2" 2w w"_1| .

Then for |z — w| < 1, the triangle inequality implies |w| < 1+ |z| and so if |z — w| < 1,
laz™ — aw™| < |a| |z —w|n (1 + |2])".
If € > 0 is given, let

S
<min (1S ).
[aln T+

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(x) =3 apt
k=0

where a, # 0, n > 0. Then

n—1
k
p(2)] = lan] [2[" = la] I2|
k=0

and so
lim |p(z)] =0 (8.31)

|z|—o00

because the |z|" term dominates all the others for large |z|. More precisely,

o L
n
lp(2)] = |2 { lan| — Z |a| 12"
k=0
and since n > k, all those terms in the sum are small for large |z|. Now let

A=inf{|p(2)|: 2z € C}.
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By BZ3, there exists an R > 0 such that if |z| > R, it follows that [p (z)] > A + 1.
Therefore,

>
|

inf{lp(z)| : z € C} = inf {|p (2)[ : |2 < R}
= inf {|p(z +iy)|: 2* +y* < R?}
> inf {|p (s +iy)| : |2 < R and |y| < R}
> inf{p(2)|:2€C}=A
By Theorem 633 on Page M3 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 4+ w)
q(z) = ——2.
=" w)

It follows ¢ (2) is of the form
q(2)=1+cpz"+ 2"

where ¢, # 0. The reason the constant term is 1 is because ¢ (0) = 1. It is also true that
lg (2)| > 1 by the assumption that |p (w)| is the smallest value of |p (z)|. Now let § € C
be a complex number with |¢| = 1 and

Ocrw® = — |w|" |ck| .
If
— [ le]
w#0,0 = ————
W™CE

and if w = 0, § = 1 will work. Now let ¥ = 0 so 7 is a k*" root of # and let ¢ be a small
positive number.
g (tnw) = 1—t* [w]" e + - + cat” ()"

which is of the form
1—t* [w]* |ex] + t* (g (¢, w))

where lim; o g (t,w) = 0. Letting ¢ be small enough this yields a contradiction to
lg (2)| > 1 because eventually, for small enough ¢,

k
lg (¢, w)] < |w[” |ex] /2
and so for such ¢,

lq (tnw)] < 1 —t* |w|* |ex| + ¢* [w]* x| /2 < 1 W

8.11 Some Other Theorems

First recall Theorem BZ8 on Page HIl. For convenience, the version of this theorem
which is of interest here is listed below.

Theorem 8.11.1 Suppose oo ai and Z?io b; both converge absolutely. Then

o0 o0 o0
(Se) (0] -2
i=0 j=0 n=0
where

n
Cp = E akbn,k.
k=0

Furthermore, ZZ‘;O cn, converges absolutely.
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Proof:It only remains to verify the last series converges absolutely. Letting pj,x
equal 1 if k <n and 0 if £ > n. Then by Theorem B3 on Page

(o] o0 n
D leal = 31D arba-y
n=0 n=0 | k=0
oo n o0 o0
< DN larlba-kl =D puk lar| [ba|
n=0 k=0 n=0 k=0
o0 o0 oo o0
= > purlarl bor] =D lan [bu—s]
k=0n=0 k=0n=k

oo oo
= > kY |bu| <oco. W
k=0 n=0

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
Z akl akz e akp

Kyt tkp=m

as follows. Consider all ordered lists of nonnegative integers ky,--- , k, which have the
property that Zle ki = m. For each such list of integers, form the product, ay, ak, - - - a
and then add all these products.

P

Note that

n
E a’k}a’nfk = § aklakz
k=0

ki+ko=n

Therefore, from the above theorem, if Y a; converges absolutely, it follows

n=0 \ki+ka=n

It turns out a similar theorem holds for replacing 2 with p.

Theorem 8.11.3 Suppose EZOZO an converges absolutely. Then if p is a positive
integer,

o0 p o0
Dan) =D cm
n=0 m=0

where

E akl...akp'

kit tkp=m

Cmp
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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 (ZZO:O an)pH. By the
induction hypothesis and the above theorem on the Cauchy product,

() - B (5
(Sew) (5]

oo n
= 2| 2 crwan-r
n=0 \k=0

oo n
= E E E akl "'ak:panfk

n=0 k=0 k1+--+kp=k
(oo}
= E E ak1-~-akp+ll
n=0ki+-+kpr1=n
This theorem implies the following corollary for power series.

Corollary 8.11.4 Let

Zan (x —a)"

n=0

be a power series having radius of convergence, r > 0. Then if |z — a| < 7,

(Z an (v — a)n> = Z bnp (z —a)"”
n=0 n=0

where

bnp = E Agy * A,y

k1+...+kp:n

Proof: Since |z — a| < r, the series, Y " ;a, (x —a)" , converges absolutely. There-
fore, the above theorem applies and

(Z an, (x — a)”) =
n=0
Z Z ag, (x—a)™ -y, (x— ) | =

n=0 \ki+--+kp,=n

o0

Z Z g, - ak, | (@ —a)”. M

n=0 \ki+-+kp,=n

With this theorem it is possible to consider the question raised in Example B3
on Page @ about the existence of the power series for tan x. This question is clearly
included in the more general question of when

o 1
(Z ap, (r — a)n>
n=0

has a power series.
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Lemma 8.11.5 Let f(z) =" an (x —a)", a power series having radius of con-
vergence v > 0. Suppose also that f(a) = 1. Then there exists 1 > 0 and {b,} such
that for all |z — a| < 71,

oo

1 n
@ =an(x—a) .

=0

Proof:By continuity, there exists 71 > 0 such that if |z — a| < 71, then

o0
Z lan| |z —a|™ < 1.
n=1

Now pick such an z. Then

1 1
flo) 1T+l an(@—a)
1

1+> 0 gen(z—a)"

where ¢, = a,, if n > 0 and ¢y = 0. Then

Zan (x —a)"

and so from the formula for the sum of a geometric series,

< Z lan| |z —al" <1 (8.32)
n=1

SN by (@—a)” (8.33)

where

b= > (1P e,

ki+-+kp=n

Thus |by,p| < Zkl-s—--»-s-k,,:n ek, |- fckp} = B, and so by Theorem ETT3,

o) (o) o0 o
ZZ |bnp| |z — al" ZZBWI |z —al"

p=0n=0 p=0n=0

i (i I |xa|n>p < o0

p=0 \n=0

IN

by BEZ32 and the formula for the sum of a geometric series. Since the series of B33
converges absolutely, Theorem B3 on Page BY implies the series in B33 equals

oo

and so, letting Z;Q:O bpp = by, this proves the lemma. W
With this lemma, the following theorem is easy to obtain.
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Theorem 8.11.6 Let f(z) = X2 an (x —a)", a power series having radius
of convergence r > 0. Suppose also that f (a) # 0. Then there exists r1 > 0 and {b,}
such that for all |z — a| < 71,

oo

1 n
7@ :an(x—a) .

=0

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 r1 > 0 and a sequence, {b,} such that

flo) &, o
)~ 2=

for all | —a| < r1. Then

where b, = by,/f (a). B

There is a very interesting question related to r1 in this theorem. Consider f (x) =
1 + 22. In this case r = oo but the power series for 1/f (z) converges only if |z| < 1.
What happens is this, 1/ f (z) will have a power series that will converge for |z — a| < rq
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 = 4i. 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 [B]
or any text on complex variable.
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Chapter 9

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, [z, y] is replaced with an expression
of the form F'(y) — F (x) 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, [B].

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], {xo, - , Z,} is a partition
if

a=xg<x1<---<xp =0
Such partitions are denoted by P or Q. For f a bounded function defined on [a, ], let

M; (f) = Sup{f (33) HENS [xiflvxi]}v
m; (f) =inf{f (z) : v € [x—1, 2]}

Definition 9.1.1 et F bean increasing function defined on [a,b] and let AF; =
F(x;) — F (z;—1). Then define upper and lower sums as

n

U(f,P)=) M (f)AF; andL(f,P)EZmi(f)AFi

=1

I 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.

187
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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 (z) : x € [x;—1, ]}
is bounded above and below. The function F will be called an integrator.

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 (x) = x and these
are the ordinary upper and lower sums from calculus.

y= f(z) /

xo T T2 €3 Zo T T2 z3

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(x) /

ZTo T T9 z T3 Zo T T9 z T3

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:{x()’... ’xn}

and let

Q:{l'o,"' s Tly Yy Thot1, " " 7xN}'

Thus exactly one point, y, is added between zj; and x4;. Now the term in the upper
sum which corresponds to the interval [zg, g y1] in U (f, P) is

sup {f () : x € [zx, Trga]} (F (@41) — F () (9-1)
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and the term which corresponds to the interval [z, zx41] in U (f, Q) is

sup {f () : @ € [zx,y]} (F (y) — F (x1))
+sup {f (z) : x € [y, xppa]} (F (Th41) — F (y)) (9-2)
= My (F(y) = F (zx)) + M (F (z41) = F ()

All the other terms in the two sums coincide. Now sup{f (z): x € [z, Tr11]} >
max (M;, Mz) and so the expression in B4 is no larger than

sup{f (z) : @ € [x, vpya]} (F (v41) — F (y))
+sup{f(z): 2 € [vp,xpp1]} (F(y) — F (z1))
=sup{f(z):x € [zr, vp1]} (F (vp11) — F (21)),

the term corresponding to the interval, [zg,2x+1] and U (f, P). This proves the first
part of the lemma pertaining to upper sums because if Q O 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. B

Lemma 9.1.3 If P and Q are two partitions, then
L(f,P)<U(£,Q).
Proof:By Lemma HT32,
L(f,P)<L(f,PUQ)<U(f,PUQ)<U(fQ). 1
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 173,
I =sup{L (f,P) where P is a partition} < U (f, Q)

because U (f, Q) 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} = T

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. l

Definition 9.1.6 A bounded function f is Darboux Stieltjes integrable, written
as

f € R([a,b])
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if 3

I=1
and in this case,

/abf(:r,) dF=1=T1.

When F (x) = x, the integral is called the Darboux integral and is written as

/abf(x) da.

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. It can be shown that
this is also the Riemann integral. This distinction is discussed later. It is not very
important.

Recall the following Proposition which comes from the definitions.

Proposition 9.1.7 Let S be a nonempty set and suppose —oo < sup (S) < oo.
Then for every § > 0,
SN (sup (S) — 6,sup (S)] # 0.

If inf (S) exists, then for every § > 0,
S N [inf (S),inf (S) + 6) # 0.

This proposition implies the following theorem which is used to determine the ques-
tion of Darboux Stieltjes integrability.

Theorem 9.1.8 A bounded function f is Darbouz 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
partitions such that

U(f,Q) <I+¢e/2, L(f,P)>1—¢/2.

Then since I =1,
U(f,QUP)-L(f,PUQ)SU(f,Q)~L(f,P)<I+e/2—(L-¢/2)=c.

Now suppose that for all € > 0 there exists a partition such that @3 holds. Then for
given € and partition P corresponding to €

T-I<U(f,P)—L(f P)<e.

Since ¢ is arbitrary, this shows I = I and this proves the theorem. W
The criterion of the above theorem which is equivalent to the existence of the Dar-
boux 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) = 2 and

[ 1lifzeQ
f(w)_{OifxeR\Q (94)
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 B is violated for e = 1/2.
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Here is an interesting theorem about change of variables [Bl]. First here is some
notation: f € R(a,b; F) will mean f is Darboux Stieltjes integrable on [a,b] and F is
the integrator. Also let

M; (f) =sup{f(2): 2 € [z;—1,2:]}
with
m; (f) =inf{f (z) : 2 € [z;—1, 2]}

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¢ € R(a,b; F o ¢) and

/abfoqbd(Fw)/AdeF

Proof: By assumption, there exists a partition of [4, B], P = {yo,y1, " ,yn} such
that

Now let y; = ¢ () so that {zg, 21, -, 2, } is a partition of [a,b], denoted by oL (P).
Also note

M; (f) = M;(fod), mi(f)=mi(fod)
and

n

ZMi (f) (F (yi) = F (yi—1)) = ZMz‘ (fod) (F(o(xi) — F (¢ (xi-1)))

i=1
with a similar conclusion holding for the lower sums. Then from 3,

n

e > (U@ =LP =Y (M(f)=mi(f)(F(y) = F (1))

- > m; (f 0 9)) (F (¢ (2:) = F (¢ (2:-1))
= |U(67"(P).fod) —L(¢7"(P).fo9)]

which shows by the Riemann criterion that f o ¢ € R (a,b; F o ¢). Also both

Lbfo¢d(Fo¢),AdeF

are in the same interval of length ¢,

[L(¢7"(P),fo9),U(¢7"(P),fo9)]

and so since € is arbitrary, this shows the two integrals are the same. H

9.2 Exercises

1. Prove the second half of Lemma B2 about lower sums.

2. Verify that for f given in B4, the lower sums on the interval [0, 1] are all equal to
zero while the upper sums are all equal to one.
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3. Let f(z) =1+4a® forz € [-1,3] and let P = {-1,—3%,0,3,1,2}. Find U (f, P)

39
and L (f, P) for F (z) = z and for F (z) = 23.

Show that if f € R ([a,b]) for F'(x) = =, there exists a partition, {zg, - ,zn}
such that for any z € [zk, Tr11],

n

b
/f(x) dx — f ) (ep —ap—1)| <e
a k

=1

This sum, Y ;_, f (2) (xx — zx—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.

Suppose {f.} is a sequence of functions which are Darboux Stieltjes integrable
with respect 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

b b
lim | fudF = [ fdF.

a

Let P = {1,14,11,13,2} and F (z) = 2. Find upper and lower sums for the

function f (z) = 1 using this partition. What does this tell you about In (2)?

If f e R(a,b,F) with F (z) =z and f is changed at finitely many points, show
the new function is also in R (a,b, F') . Is this still true for the general case where
F' is only assumed to be an increasing function? Explain.

In the case where F' (z) = z, define a “left sum” as

D f (@rn) (e — wp1)
k=1

and a “right sum”,
n

> F () (ke — 1)

k=1
Also suppose that all partitions have the property that x; —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 B3, [ f(t) dt = x 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 in-
tegrator function. Suppose F is an arbitrary function defined on [a,b]. For
P, ={xo, -+ ,x,} a partition of [a,x],define V (P,, F) by

Z |F (i) — F (wi-1)]-

Define the total variation of F' on [a,z] by

Via,z) (F) = sup{V (P, F') : P, is a partition of [a,z]} .
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10.

11.

12.

Show  — V}o 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 x — Vi, 41 (F) .

Using Problem B, explain how to define f: fdF for F a function of bounded
variation.

The function F (x) = |z] gives the greatest integer less than or equal to . Thus
F(1/2) = 0,F (5.67) = 5,F (5) = 5, etc. If F(x) = |z] as just described, find
folo xdF. More generally, find fon f (z) dF where f is a continuous function.
Suppose f is a bounded function on [0, 1] and for each € > 0, f is Darboux inte-
grable on [g, 1] . Can you conclude f is Darboux integrable on [0, 1]? The integrator
function is F (z) = «.

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.

Lemma 9.2.1 Let f, g be bounded functions and let

f([p,al) Cler,di], g([a,b]) C [e2,da].

Let H : [e1,d1] X [c2,d2] — R satisfy,

|H (a1,b1) — H (ag,b2)| < K [|lar — az| + [b1 — bal]

for some constant K. Let

M (H (f,g)) =sup{H (f (v),g(z)): = € [p,q]}

and let

m(H (f,9)) = nf{H (f (z),9(z)) : x € [p,ql}

and let M (f),M (g),m (f),m(g) be defined similarly with, for example,

Then

M (f) =sup{f(z):z € [p,q]}

|M (H (f,9)) —m (H (f,9)] < K (M (f) —=m(f)|+|M (g) —m(g)])

Proof: Let € > 0 be given. Then there exists 21 € [p, q] such that

M (f,g) —e < H(f(x1),9(z1))

and there exists z2 € [p, ¢] such that

Then

m(p,q) +& = H(f (z2), 9 (22))

|M (H (f,9)) —m (H (f,9))| = M (H (f,9)) = m (H (f,9))
<[H (f(21),9(x1)) +e = (H(f (22),9(22)) - €)|
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<2+ [H (f (z1),9(x1)) — H (f (x2) 9 (22))]
<2+ K (|f (21) = f(w2)] + 19 (21) — g (2)])
<2+ K(IM(f) =m (f)|+ M (g9) —m (9)])

Since ¢ is arbitrary, this proves the lemma. W
Theorem 9.2.2 ret f, g be bounded functions and let
f(la,0]) € [er,di], g([a,b]) € [c2,do].
Let H : [c1,d1] X [c2,d2] — R satisfy,
|H (a1,b1) — H (az,b2)| < K [|a1 — az| + [b1 — be]]
for some constant K. Then if f,g € R(a,b, F) it follows that H o (f,g) € R(a,b, F).

Proof: In the following claim, M; (h) and m; (h) have the meanings assigned above
with respect to some partition of [a, b] for the function h.
Let P be such that

n n

(M; (f) = mq (9) AF; < 5=, 3 (M; (g) = mi (9) AF, < 5.

1 i=1

2

Then from Lemma EZZ1 above,

n

Y (Mi(Ho(f.9)) —mi(Ho(f,9) AF;

i=1

< ZKHMi (f) =mi ()] + M (g) — mi (9)[| AF; < e.

Since € > 0 is arbitrary, this shows H o (f, g) satisfies the Riemann criterion and hence
Ho(f,g) is Darboux integrable as claimed. B

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
Stieltjes integrable functions. For example, to see that |f| is Darboux integrable, let
H (a,b) = |a| . Clearly this function satisfies the conditions of the above theorem and so
lfl=H(f,f) € R(a,b, F) as claimed. The following theorem gives an example of many
functions which are Darboux Stieltjes integrable. If you have f is either increasing or

decreasing and at least one of f or F' is continuous, then the integral f; fdF will exist.

Theorem 9.2.3 Suppose
1. f:]a,b] = R be either increasing or decreasing on [a, b].
2. F is continuous and increasing.

Then f is Riemann Stieltjes integrable with respect to F.
Suppose

1. f:[a,b] = R is either increasing or decreasing and continuous.

2. F is increasing with no requirement of continuity.

Then f is Riemann Stieltjes integrable with respect to F.
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Proof:Let £ > 0 be given and let

b—
:Ei—a—i—i( a),i—0,~~7n.
n

Since F' is continuous, it follows from Corollary BB on Page I3, it is uniformly
continuous. Therefore, if n is large enough, then for all 7,

3

Pl = F o) < 75— @

Then since f is increasing,

n

ST Fwrin Ve S
= (f(b) ~ f(a) <.

f ()= f(a)+1

Thus the Riemann criterion is satisfied and so the function is Darboux Stieltjes inte-
grable. 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, {zg, -+ ,zn},

n

U(f,P) = L(f,P) = (f(z:) = f (wim1)) (F (w;) = F (w;-1)) (9.6)

i=1

Since f is continuous, it is uniformly continuous and so there exists § > 0 such that if
|z —y| < 0, then
€

Then in B8, if each |z; — x;-1| < ¢, then

n

UUP) LR < 3 — a1 F @)~ F i)

S FO-F@)+1

(F(b)—F(a)<e

Thus the Riemann criterion is satisfied and so the function is Darboux Stieltjes inte-
grable. The proof for decreasing f is similar. H

Corollary 9.2.4 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,y,

0 (z) o (W) < K|z —yl.

Proof:Let f (z) = z. Then by Theorem 23, f is Darboux Stieltjes integrable. Let
H (a,b) = ¢ (a). Then by Theorem BZ2 Ho (f, f) = ¢o f = ¢ is also Darboux Stieltjes
integrable. W

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.
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Theorem 9.2.5 Suppose f : [a,b] — R is continuous and F is just an increasing
function defined on [a,b]. Then fab fdF exists.

Proof:By Corollary 73 on Page [T, f is uniformly continuous on [a, b] . Therefore,
if ¢ > 0 is given, there exists a § > 0 such that if |x; — z;—1| < §, then M; — m; <
F(b)—;(a)+1' Let

P= {an"' 7xn}

be a partition with |x; — z;_1] < §. Then

U(f,P)=L(f,P) < Z(Mi_mi)(F(-ri)_F(xi—l))

By the Riemann criterion, f € R ([a,b]). B

9.2.2 Properties Of The Integral

The integral has many important algebraic properties. First here is a simple lemma.

Lemma 9.2.6 Let S be a nonempty set which is bounded above and below. Then if
—S={-z:2€S85},
sup (—S) = —inf (5) (9.7)

and
inf (=S) = —sup(9). (9.8)
Proof: Consider 2. Let x € S. Then —x < sup(—S) and so © > —sup(—5).
If follows that —sup (—S) is a lower bound for S and therefore, —sup (—S5) < inf (5).
This implies sup (—S5) > —inf (S). Now let —x € —S. Then z € S and so = > inf (S5)
which implies —z < —inf (). Therefore, —inf (S) is an upper bound for —S and so
—inf (S) > sup (—S) . This shows E3. Formula B3 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 9.2.7 If f; fdF exists, then f: (=f)dF also exists and

—/abf(:c) dF:/ab—f(a:) dF.

Proof: The first part of the conclusion of this lemma follows from Theorem 223
since the function ¢ (y) = —y is Lipschitz continuous. Now choose P such that

b
/ _f(2)dF —~L(~f,P) <=
Then since m; (—f) = —M; (f),
b n b n
e> [t @) dF =Y (<1 AR = [ 1 () dF+ M (1) AF,
a i=1 a i=1
which implies

b n b b
g>/ @) dF+ZMi(f)AFi2/ (@) dF+/ f (@) dF.
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Thus, since ¢ is arbitrary,

/ab—f(x)dFS—/abf(x)dF

whenever fab fdF exists. It follows

[rwars [swar=— [ -creyars [ rwarm

Theorem 9.2.8 The integral is linear,

/(af—i—ﬁg dF—a/f dF—l—ﬁ/

whenever f,g € R([a,b]) and o, B € R.

Proof: First note that by Theorem 232, af + 8g € R(a,b, F). To begin with,
consider the claim that if f,g € R (a,b, F) then

b b b
/ (f+9) (z) sz/ f(x) dF+/ g (z) dF. (9.9)
Let P;,Q be such that

U(f,@Q1) — L(f. Q1) <e/2,U(g,P1)—L(g, 1) <e/2.
Then letting P = P; U @)1, Lemma BT implies

U(f,P)—L(f,P)<¢e/2, and U (g,P)—"U (g9,P) < ¢&/2.

Next note that

mi (f +9) >m; (f) +mi(g), M; (f+g) < M;(f)+ M;(g).

Therefore,

Lig+f,P)=L(f,P)+L(g,P), U(g+[,P)<U(f,P)+Ul(g,P).

For this partition,

b
/(f+g)(fc) dF € [L(f+9.P).U(f +9.P)
CIL(f.P)+L(g.P).U(f.P) +U(g,P)

and

b b
/f(ar) dF+/ g(x) dF € [L(f,P)+ L(g.P).U(f.P) + U (g, P)].

/ab(f+g (/f dF+/ ()dF> <

U(f7 )+U(97P) (L(f )+L(g7 ))<5/2+E/2_5

This proves 9 since ¢ is arbitrary.

Therefore,
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It remains to show that

a/abf(x)dF:/abaf(x)dF.

Suppose first that o > 0. Then

b
/ af (x) dF = sup{L (af, P) : P is a partition} =

b
asup{L (f, P) : P is a partition} = a/ f (z) dF.

If @ < 0, then this and Lemma B2 imply
b

/ of (2) dr = [ Cayr@) ar

a

b b
—(a) [ (fpdr=a [ fa)arm
a a
In the next theorem, suppose F' is defined on [a,b] U [b, ] .

Theorem 9.2.9 Iffc R(a,b,F) and f € R(b,c,F), then f € R(a,c, F) and

c b c
/ f () dF = / f () dF + / f () 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(f7p)_L(faP)

—UGR)-LUEP)+ U P) — LS P) <e/24e/2=e. (9.11)
Thus, f € R(a,c, F) by the Riemann criterion and also for this partition,

b c
/ f (@) d“/b f(#) dF € [L(f,P)) + L(f.Py) .U (f.P\) + U (f. Py)]
— [L(f.P).U(f.P)

and .
/f(x) dF € [L(f,P),U(f,P)].
Hence by BT,

/:f(a:) dF — (/abf(x) dF+/bCf(a:) dF)

which shows that since ¢ is arbitrary, 10 holds. B

<U(f,P)—L(f,P)<e

Corollary 9.2.10 Let F be continuous and let [a,b] be a closed and bounded interval
and suppose that

a=y<yz---<y=>b
and that f is a bounded function defined on [a,b] which has the property that f is
either increasing on [y;,y;+1] or decreasing on [y;,yj+1] for j =1,--- 1 —1. Then f

€ R ([a,]).
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Proof:This follows from Theorem 229 and Theorem B23. W

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, ff f(x) dF when a > b has not yet been defined.

Definition 9.2.11 Le [a,b] be an interval and let f € R(a,b,F). Then

/baf(x) sz—/abf(x) dF.

Note that with this definition,
[ r@ar=-[ f@ar

/aaf(x)dF:O.

and so

Theorem 9.2.12 Assuming all the integrals make sense,

b c c
/ (@) dF+/ @) dF:/ f(z) dF.
a b a
Proof:This follows from Theorem 29 and Definition EZT1. For example, assume
c € (a,b).
Then from Theorem B4,
c b b
/ f(x) dF+/ f(x) dF:/ f(z) dF
and so by Definition BT,

/:f(x)dF:/abf(x)dF—/cbf(x)dF
_/abf(:c)dF+/bcf(x)dF.

The other cases are similar. B
The following properties of the integral have either been established or they follow
quickly from what has been shown so far.

If f € R(a,b,F) thenif ¢ € [a,b], f € R(a,c,F), (9.12)
/badF:a(F(b)—F(a)), (9.13)

b b b
/ (af + Bg) (x) sza/ f(z) dF—|—B/ g (x) dF, (9.14)

/abf(ﬂc)dF+/bcf(x)dF—/:f(x)dF, (9.15)
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/f YdF >0if f(z) >0and a <, (9.16)

/lf )| 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) =20, |f(@)]+ f(z) >0
Therefore, by 18 and B4, if a < b,

/abf(x)lsz/abf(x)dF
/ab|f(x)|dF2—/abf(x) dF

/ablf(x)ldFZ /abf(x)dF-

If b < a then the above inequality holds with a and b switched. This implies ET4. B

) dF (9.17)

and

Therefore,

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 I - I3, it is easy to prove the fundamental theorem of cal-
culus?. In this case, we write R (a,b) to signify the integral taken with respect to the
function F' (z) = z. Let f € R(a,b). Then by @12 f € R (a, ) for each = € [a,b]. The
first version of the fundamental theorem of calculus is a statement about the derivative

of the function N
R / £(t) dt

Theorem 9.2.13 Let f € R([a,b]) and let

0= [ ru
Then if f is continuous at « € [a,b],
Fl(x) = f(x)
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 B13,

Fx+h) —F(zx)—f(x)h
x+h x+h
= F(x+h)—F(m)—/ f(t)dt+</ f(t)dt—f(x)h)

z+h
/ f()di— f(z)h

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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I need to verify
z+h
[ twa-r@h=om.
Using HT3,
x+h
fa)=nt [ @

Therefore, by B4,

x+h
h*/' (1) — f () dt

<

x+h
M*/ £ (8) — £ (2)] di

Let € > 0 and let ¢ > 0 be small enough that if |t — x| < J, then
()= f (@) <e.
Therefore, if |h| < §, the above inequality and B3 shows that
W (F (@ +h) = F(2)) = f (2)| < [h] " e|h| =&

Since € > 0 is arbitrary, this shows

x+h
/ F)dt— f(@)h=o(h) ®

Note this gives existence of a function GG 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 B3 which gives the existence

of the integral of a continuous function.
The next theorem is also called the fundamental theorem of calculus.

Theorem 9.2.14 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(@) dz=G(b) -G (a). (9.18)
Proof:Let P = {zg, - ,z,} be a partition satisfying
Then
G () —G(a) = G(z,) — G (x0)

:ZG(%) — G (zi_1).
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By the mean value theorem,
G(b)—G(a)=> G (2)(x; —xi-1)
i=1
i=1

where z; is some point in (z;_1,z;). It follows, since the above sum lies between the
upper and lower sums, that
G(b)—G(a) € [L(f,P),U(f,P),
and also
b
| @) dae L. P)U LR,
Therefore,

b
’G(b)G(a)/ flz)de| <U(f,P)—L(f,P)<e.

Since € > 0 is arbitrary, I8 holds. B
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(z) de=F(b)—F(a)=F(x)]°.

Definition 9.2.15 Let 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

n
Z f(zi) (xi — xi1)
i=1
is known as a Riemann sum. Also,
||P|| = max{|x; —x;_1]|:4=1,--- ,n}. (9.19)

Proposition 9.2.16 Suppose f € R(a,b). Then there exists a partition, P =
{zo, -, xn} with the property that for any choice of z € [Tk—1,xk],

b n
/ F@)de =" f (=) (@ —mp—1)| <e
e k=1

Proof: Choose P such that U (f,P) — L(f,P) < ¢ and then both f;f(m) dx
and > p_, f (2x) (xr — x,_1) are contained in [L(f,P),U (f,P)] and so the claimed
inequality must hold. W

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.
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9.3 Exercises

1.

Let f,g be bounded functions and let

f([aab]) c [Clvdl]v g([a,b]) c [627d2] :

Let H : [c1,d1] X [ca, d2] — R satisfy, the following condition at every point (x,y).
For every ¢ > 0 there exists a § > 0 such that if

(x7y)a(m1ay1) € [Cl7d1} X [CQ,dQ}
and max (| — 21/, |y — y1|) < d then
|H (z,y) — H (x1,91)| <¢

Then if f,g € R([a,b]) it follows that H o (f,g9) € R([a,b]). Is the foregoing
statement true? Prove or disprove.

A differentiable function f defined on (0, co) satisfies the following conditions.
flay)=f@)+f@), ff1)=L1
Find f and sketch its graph.

Does there exist a function which has two continuous derivatives but the third
derivative fails to exist at any point? If so, give an example. If not, explain why.

Suppose f is a continuous function on [a,b] and

b
/ f2dF = 0.

where F is a strictly increasing integrator function. Show that then f (x) =0 for
all z. If F is not strictly increasing, is the result still true?

Suppose f is a continuous function and

b
/ fx)a"de =0
forn =0,1,2,3--- . Show using Problem @ that f (z) = 0 for all . Hint: You
might use the Weierstrass approximation theorem.
Here is a function: ) ( ) ) L
_J z®sin(z) ifx#0
f(z){ 0ifz=0

Show this function has a derivative at every point of R. Does it make any sense
to write

/Of’(w)dw=f(1)—f(0)=f(l)?
Explain.
Let

sin % ifx#0
f(f”){ Oif(:i)zo

Is f Darboux integrable with respect to the integrator F' (x) = z on the interval
[0,1]7
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8.

10.
11.

12.

13.

14.
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Recall that for a power series,

Z ag (x — c)k
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 > 0 and if [a,b] C (¢ —r,c+ 1),
then

/abiak@—c)kdx

k=0
. a > a
— h— kb k+1 7/@ k+1
a(b—a)+ Y . 2
= k=1
In other words, you can integrate term by term.
Find 37,7, %
Let f be Darboux integrable on [0, 1] . Show = — fo 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 integration by parts formula. Also explain why all the terms make sense.

b b
/f'(t)g(t)dth(b)g(b)—f(a)g(a)—/ f) g (t)dt

n (_1>"+1 p2n+2

1 k ok
= —1 _—
1+ 22 kz—o( et 1+ 22

Show

Now use this to find a series which converges to arctan (1) = 7/4. Recall

ro1
arctan (z) = —dt.
() /0 1+ ¢2
For which values of z 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 fo 1+1t2 dt. Of course F (z) = arctan (z) as mentioned above but
just con81der 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, ., F'(z) exists and show this limit
equals —lim, , o F (z).

In Problem @3 let the limit defined there be denoted by 7/2 and define T (z) =
Fl(z) for z € (—=x/2,7/2). Show T’ (z) = 1+ T(z)* and T (0) = 0. As
part of this, you must explain why 7" (z) exists. For z € [0,7/2] let C () =
1/1/1+ T (z)* with C (7/2) = 0 and on [0,7/2], define S (z) by 1/1 — C (z)°.
Show both S (x) and C (x) are differentiable on [0, 7/2] and satisfy S’ (x) = C (z)
and C’ (z) = —S («) . Find the appropriate way to define S (z) and C (z) on all
of [0,27] in order that these functions will be sin (x) and cos (x) and then extend
to make the result periodic of period 27 on all of R. Note this is a way to define
the trig. functions which is independent of plane geometry and also does not use
power series. See the book by Hardy, [[3] for this approach.
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Show

arcsin

¥ 1
(m):/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 =f ), y(0)=yo.

Suppose [ is a continuous function of y. Show that a function ¢ — y (¢) solves the
above initial value problem if and only if

y (1) = yo +/0 Fy(s)) ds.

Let p,q > 1 and satisfy

11
S4Z =1
poq

Consider the function z = t?~!. Then solving for t, you get t = z'/(P~1) = z4-1,
Explain this. Now let a,b > 0. Sketch a picture to show why

b a
/a:q_ldac—i—/ tPLdt > ab.
0 0

Now do the integrals to obtain a very important inequality

b?  af
— + — > ab.
q p

When will equality hold in this inequality?

Suppose f,g are two Darboux integrable functions on [a,b] with respect to an
integrator F. Verify Holder’s inequality.

b b 1/17 b 1/q
/ fllgldF§< / Iflde> ( / g|qu>

1 1/
Hint: Do the following. Let A = (f: Vil dF) 3 ,B = (f; lg|? dF) ‘) Then let

i, _ldl

AT B

and use the wonderful inequality of Problem 4.

9.4 The Riemann Stieltjes Integral

The definition of integrability given above is also called Darboux integrability and the
integral 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.
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Definition 9.4.1 A bounded function f defined on [a,b] is said to be Riemann
Stieltjes integrable if there exists a mumber, I with the property that for every ¢ > 0,
there exists 0 > 0 such that if

PE{x07l'1,"' axn}

is any partition having ||P|| < 0, and z; € [x;—1, %],

n

I- Zf (z;) (F (z;) — F (mi—1))| < 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.

Theorem 9.4.2 If a bounded function defined on [a,b] is Riemann Stieltjes inte-
grable with respect to an increasing F in the sense of Definition then it s Darboux
Stieltjes integrable. Furthermore the two integrals coincide.

Proof: Let f be a bounded function integrable in the sense of Definition 2. This
implies there exists I and a partition

P= {.’L’(),.’I}]_,"' ;xn}

such that whenever z; € [z;_1, 2],

I- if(zi) (F (i) = F(2-1))| <¢/3
i=1
It follows that for M; and m; defined as before,
I- iMZ (F (z;) — F(x-1))] <¢€/3
i=1
I- zn:ml (F (z;) — F(x-1))| <¢€/3
Thus for this partition, P, -
n n

U(Pf) = L(Pf) =) Mi(F(z:) = F(zi-1)) = > _mi (F () = F (1))

=1 i=1

= ZMz’ (F (i) = F(2-1)) — I + <I - Zmi (F(z;) = F (ﬁ—l)))

IN
j-\
eS|
®
N
|
3
®
L
S—
S—
|
~

IN
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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

1—/abde

<

I- ZMi (F (x;) — F(ﬂfz—l))|

1

)

n b
Z M; (F (x;) — F (zi_1)) — / fdF

+
1
2e
3

=&

S
3

and ¢ is arbitrary. B

Is the converse true? If f is Darboux Stieltjes integrable, is it also Riemann Stieltjes
integrable in the sense of Definition BEZ? The answer is often yes. The theorem will
be proved using some lemmas.

Lemma 9.4.3 Suppose f is a bounded function defined on |a,b] and |f (z)] < M for
all x € [a,b]. Let Q be a partition having n points, {xf,--- , x5} 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 (z;-1) : P = {20, ,Zm}}
Proof of the lemma: Let P = {zg, - ,Z,,}. Let I denote the set
I={i:[zi_1,2;] contains some point of Q}

and I¢ = {0,--- ,m} \ I. Then

U(f,P)=L(f,P) = Y (Mj—m)(F(x;) = F(zi-1))

iel

+ Z (M; —my) (F (2;) — F (2-1))

i€IC

In the second sum above, for each i € I¢, [z;_1, ;] must be contained in [3:271, xZ] 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, @) . Therefore, the second sum is no larger than
U(f,Q)— L(f Q). Now consider the first sum. Since |f (z)| < M,

(M —m;) (F (i) — F (xi-1)) < 2M || Pr||
and so since each of these intervals [x;_1, ;] for ¢ € I contains at least one point of @Q,

there can be no more than n of these. Hence the first sum is dominated by 2Mn || Pr|] .
|

Lemma 9.4.4 If ¢ > 0 is given and f is a Darbous integrable function defined on
[a,b], then there exists § > 0 such that whenever ||Pr|| < 0, then

\U(f,P)—L(f,P)|<e.
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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 ||Pr|| < /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=c. 1

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 [TZ1.

Proof: By Lemma HEZA there exists 6 > 0 such that if || Pr|| < J, then

By the continuity of F, there exists 7 > 0 such that if || P|| < 7, then ||Pg|| < §. There-

fore, the above inequality holds for such P. Letting ff 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 B2 and I = f: fdF. 1
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
integrator function is F'(z) = = which is the usual Riemann integral of calculus.
Recall that a continuous function f is Darboux Stieltjes integrable whenever the
integrator is increasing, not necessarily continuous. Does the same theorem hold for
Riemann Stieltjes integrability in the sense of Definition A7 It does.

Theorem 9.4.6 Let f be continuous on [a,b]. Then f is Riemann Stieltjes
integrable in the sense of Definition TZ1.

Proof: Since f is continuous and [a,b] is sequentially compact, it follows from
Theorem B2 that f is uniformly continuous. Thus if € > 0 is given, there exists § > 0
such that if |z — y| < 4, then

[f (@) = f ()] <

€
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,

Top < - <Tj—1<z2<x; << Ty

denoting it by P’,

j—1

S(P,f) =S (P, f) =D (f (t:) = f (t) (F (2:) = F (1))
i=1
+f (t5) (F (25) = F(z-1)) = f () (F (2) = F (2-1))

—f (ti41) (F (z5) — F(2)) + Z (f (t:) = f (tiga)) (F (i) = F (xi-1))

i=j+1
The term, f(t;) (F (z;) — F (xj—1)) can be written as

F () (F (25) = F(xj1)) = [ (t) (F (2;) = F(2)) + f (t5) (F (2) = F (2-1))
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and so, the middle terms can be written as

f(t5) (F (z5) = F(2)) + f () (F (2) = F (1))
—f () (F (2) = F (zj-1)) = f (tj41) (F (z5) — F (2))

= (f () = [ (th1)) (F () = F (2)
+(f (&) = £ () (F (2) = F (2-1))
The absolute value of this is dominated by
€

S2F®) - Fla)+1) (F(wj) = F(zj-1))

This is because the various pairs of values at which f is evaluated are closer than §.
Similarly,

S () = F () (F (2:) = F (wi-1))
i=1
< STUF ) — FEDI(F () — F(2i1)
i=1
< ; 2(F (b) — F(CL) + 1) (F (‘Tz) - F('rzfl))
and
Yo (f () = f () (F (@) = F (25-1))
i=j+1
n &‘
Thus

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|| < 0 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, [ <e/2.
Therefore, if ||P]|, ||Q]| < 4,

ISP, f)=S(@, N < [S(Pf)=SPUQN+ISPUQ,[)—-S5(Q [
< €g/24+¢/2=¢

Now consider a sequence &,, — 0. Then from what was just shown, there exist d,, > 0
such that for || P||,]|Q]|] < 0n,

|S(P7f)7S(Qaf)|<€n



210 CHAPTER 9. THE RIEMANN AND RIEMANN STIELTJES INTEGRALS

Let K, be defined by

Kn=U{S (P, f) : [|P|| < n}.

In other words, take the closure of the set of numbers consisting of all Riemann sums,
S (P, f) such that ||P|| < d,. It follows from the definition, K, O K, for all n and
each K, is closed with diam (K,) — 0. Then by Theorem ETI2T there exists a unique
I € NS, K,. Letting € > 0, there exists n such that e, < . Then if ||P|| < 0, it
follows |S (P,f)—I| <&, <e. Thus f is Riemann Stieltjes integrable in the sense of

Definition B2 and I = [ fdF. W

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 it is not obvious the integral on the right even makes sense.
This is because it is not known, for example that f is even continuous.

Let ¢ > 0 be given and let § be such that ||P|| < §, P = {zo,--- ,z,}, implies for
all z; € [$i,1,l‘i]

<eE.

/de Zfzz ) — F (2:1))

and by uniform continuity of F’, if |z — y| < 4,

IF (2) = F' (y)] < e.
Now using the mean value theorem, there exists ¢; € (x;_1, ;) such that
F(2;) = F(x-1) = F' (t;) (2 — 24-1)

and so the above inequality implies that for ||P|| < 4,

/de Zfzz 2) — F (2-1) ‘ /de Zfzz VF (1) (i — i)

£ >

/de Zfzz %) (@ — i) Zfzz P (1) (21— 1)

> / fdF - Zf ) F (20) (@ —aie)| = [ S 1 (i) 2 (2 — i)
=0
> /de Zf 2i) F' (zi) (i —@ic1)| — M (f) (b—a)e
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where M (f) is an upper bound to |f (z)|. Hence when ||P|| < 4,

b n
[ =Y ) P ) (= )| < 2 M) (- )
a =0

and since € was arbitrary, this shows f: fF'dz exists and equals f; fdr. m
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 con-
tinuous derivative such that ¢ ([a,b]) = [A, B]. Then f o ¢ is Riemann integrable on
[a,b] and

o (b)

/ f<¢(t>)¢’<t>dt=/¢() fdu

Proof: First consider the case that ¢ is increasing. By Lemma BZ=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 EI,

Lbfo¢d¢—/abfo¢d<Fo¢)—AdeF—Af:j)de

where F' (t) = t. Then from Lemma 274, the left end equals

b
/ £(6(6) & (1) dt.

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(y)dyzABf(x)dx-

Then applying what was just shown,

I
>
—
|
<
—~
~
~—
—
—~
|
ASN
~
—
~
~—
~—
QU
~

I
|
=
=>
S
~—
U
<
I
oS!
—
&
U
8

and so
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9.4.2 Uniform Convergence And The Integral

It turns out that uniform convergence is very agreeable in terms of the integral. The
following is the main result.

Theorem 9.4.9 LetF be increasing and let f, be Darbouz integrable with respect
to F. Also suppose that f, — f uniformly on [a,b]. Then if follows f is also integrable
and

b b
/ fdF = lim | f,dF
a n—r 00 a

Proof: I will sketch the proof leaving some details for the reader. Let P be a
partition of [a,b]. Then

for all n large enough. This inequality does not depend on the choice of P. This follows
right away from the uniform convergence. Thus one can pick n large enough that the
above holds for every P and then choose P to make the right side less than . Thus f
is integrable with respect to F'. As to the convergence of the integrals,

/abde/abfndF

provided n is large enough. This is from the uniform convergence. Thus the limit holds.
|

b
g/ \f = fu]dF <& (F (b) - F (a))

Of course the difficulty is in dealing with pointwise convergence. In this regard, this
integral is very inferior. This is the reason for the Lebesgue integral or the generalized
Riemann integral presented later in the book.

9.4.3 A Simple Procedure For Finding Integrals

Suppose f is a continuous function and F' is an increasing integrator function. How do

you find f: f (z)dF? Ts there some sort of easy way to do it which will handle lots of
simple cases? It turns out there is a way. It is based on Lemma BZ2. First of all

F(z+)= lim F(y), F(z—)= lim F(y)

y—xr+ Yy—r—

For an increasing function F, the jump of the function at x equals F (z+) — F (x—).

Procedure 9.4.10 Suppose [ is continuous on [a,b] and F is an increasing
function defined on [a,b] such that there are finitely many intervals determined by the
partition a = xg < 1 < -+ < &, = b which have the property that on [x;,x;+1], the
following function is differentiable and has a continuous derivative.

F(z) on (x;,miy1)
Gi(z) =< F(xi+) when x = x;

F (z;41—) when x = x4

Also assume F (a) = F (a+),F (b) = F (b—). Then

b n—1 i1 n—1
[ r@ar=3 [ @6 @ dnt 3 f @) (Flact) ~ F (@)
@ j=0"%i i=1
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Here is why this procedure works. Let ¢ be very small and consider the partition

a = Tp<x1—0<T1 <21 +0<T3—0<Ta<T9+d<
1 — 0 < Ty 1 <Tp1t+0<THp—0<TH,=0

where § is also small enough that whenever |x —y| < 4, it follows |f (z) — f (y)] < e.
Then from the properties of the integral presented above,

x1—0 zo2—0 b n—1
[ gare [ gapaes [T faEe Y (7 () -2 (F (@it 6) - F(ai- )

1+5 ln,71+6
b
< fdF <
581—5 $2—6 b n—1
/ de+/ de+~--+/ de—i—Z(f(:ci)—l—a)(F(xi—i—&)—F(a:i—é))
a T1+0 Tp_1+6 i=1

By Lemma B3 this implies

w176 Iz*(g b
/ FGhdx + / FGhdz+ -+ / fG _dz

T1+0 Tp_1+6

+i(f($z‘) —&) (F(zi +0) = F (2 = 9))
i=1

b
< / fdF <
$1—5 302—5 b
/ fGhdz+ / fGhdz+ -+ / G da
a x1+96 Tp_1+6

+Z_:(f(xz-)+s)<F<wi+5>—F(%‘—‘S))

Now let § — 0 to obtain the desired integral is between
Tj+1

> [ @6 @ ST (@) +2) (F (i) — F (20))
j=07%i i=1

and
n—1 i1 n—1
> [T @6 @t Y ()~ ) (P at) — F i)
3=0 Z ;5 =1

Since € is arbitrary, this shows the procedure is valid.

9.4.4 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 9.4.11 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

feR([a,b], F)

with similar notation applying to more general situations about to be presented.
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Definition 9.4.12 Suppose F is an arbitrary function defined on [a,b]. For
P, ={zo, - ,zn} a partition of [a,x],define V (P, F) by

Z |F' (i) — F (wi-1)]-

Define the total variation of F on [a,z] by
Via,z) (F) = sup{V (P, F') : P, is a partition of [a,z]} .
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 9.4.13 Every function F of bounded variation can be written as the
difference of two increasing function, one of which is the function

xTr — V[a,z] (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
T — V]q,z) (F) is an increasing function. Also

F (l‘) = ‘/[a,z] (F) - (‘/[a,:c] (F) - F (l‘))

The first part of the proposition is proved if I can show x — Vj, 4 (F) — F (x) is
increasing. Let x < y. Is it true that

Viaa) (F) = F (2) < Vja,y) (F) = F (y)?

This is true if and only if
F(y) = F(2) < Viay (F) = Vig,e) (F) (9.20)
To show this is so, first note that
V (P, F) <V (Qq, F)

whenever the partition @, 2 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, z] respectively such that

V (P, F)+e>Viga (F), V(Py, F)+ &>V (F)

Without loss of generality P, contains x because from what was just shown you could
add in the point 2 and the approximation of V' (P,, F) to Vi, , (F') would only be better.
Then from the definition,

‘/[a,y](F)_‘/[a,z](F) > V(PyaF)_(V(Pw;F)+E)
> |F(y)— F(2)—<
>

Fy)—F(r)—e

and since ¢ is arbitrary, this establishes 20. This proves the first part of the proposition.
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Now suppose
F(z)=F (z) — F> (x)

where each F; is an increasing function. Why is F' of bounded variation? Letting x <y

|F(y) = F(z)| = |Fi(y)—F(y) — (F1(2) = F2(2))]
< (Fi(y) - F(@) + (F2(y) — F2(2)

Therefore, if P = {xg,--- ,x,} is any partition of [a, D]

n

DUIF (@) = Flm)l < Y (Fu(@) = Fu(zim1) + (Fa (2) = Fa (25-1))

i=1 1=

= (FL(b) = Fi(a)) + (F2 (b) — F2(a))

and this shows Vi, 3 (F) < (F1 (b) — F1 (a)) + (F2 (b) — F2 (a)) so F'is of bounded vari-
ation. l

With this proposition, it is possible to make the following definition of the Riemann
Stieltjes integral.

_

Definition 9.4.14 Let F be of bounded variation on [a,b] and let F = Fy — Fy
where F; is increasing. Then if g € R ([a,b], F;) fori=1,2

b b b
/ngE/ ngl—/ gdFy

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 de-
fined.

Proposition 9.4.15 Definition is well defined. Also for each € > 0 there
exists a § > 0 such that if P = {xo, - ,2Zn} s a partition of [a,b] such that ||P|| < 4,
then if z; € [x;_1,2;] fori=1,2---  n, then

b n
/ gdF =g (1) (F (1) = F (3i-1))

Proof: By assumption g € R ([a,b], F;) for i = 1,2. Therefore, there exists J; such
that

<E.

b n
[ 9= > g0 (F @) = F (i) | < /2
a i=1
whenever P = {xg, - ,x,} with ||P|| < §; and z; € [z;—1,z;]. Let 0 < § < min (1, d2).

Then pick a partition P = {xq,- - ,x,} such that ||P|| < J. It follows

n b b
S g () (F (1) — F (2i1)) — (/ ngl—/ ngz)’

=1

‘(Z ) (F1 (i) — Fi(2i-1) Zg zi) (P2 () — F» (131'—1)))
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n b
< |50 (R (@0) = Fi (i)~ [ gdB
n b
+ Zg(zi) (£ (zi) — F» (I¢—1))—/ gdF>| <e/2+¢e/2=¢.

If F = F| — F} the same argument would show that for || P|| small enough,

n

b b
S0 (20) (F () — F (i) — ( [ o [ ng£>

i=1

<e (9.21)

Therefore, picking a partition P with ||P|| small enough to satisfy B0 for F; and F,

it follows
b b b b
|</ ng{—/ ngz’> - </ ng1—/ ng2>|

b b n

( [ oari- [ ng2’> =Y ) (F ) —F(xi_n)‘
b b n

(/ gdFy */ ngQ) - ZQ (zi) (F (%) — F (i-1))

since € is arbitrary this shows the definition is well defined and the approximation claim
holds. W

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.

<

+ < 2e

Definition 9.4.16 s ¢ R ([a,b],g) means that there exists a number I such
that for every e > 0 there exists § > 0 such that if

P:{Z'O,"' 735”}

is a partition of [a,b] with ||P|| < 0, then whenever z; € [x;_1,x;] for each i,

n

Zf (2i) (9 () — g (@i1)) — 1

i=1
b
I:/ fdg.

Now here is a general integration by parts formula. This is a very remarkable formula.

<E.

Then

Theorem 9.4.17 Let f, g be two functions defined on [a,b]. Suppose f € R([a,b],g).
Then g € R ([a,b], f) and the following integration by parts formula holds.

b b
/fdg+/ gdf = fg () - fg(a).

Proof: By definition there exists 6 > 0 such that if ||P|| <  then whenever
z; € [Ti—1, 7],
n

b
> F(z) (g(wi)—g(ﬂfwl))—/ fdg

i=1

<e
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Pick such a partition. Now consider a sum of the form
>0 (7 ()~ f (i)
Also notice -
fg(®) - fg(a) = zn: fg(xi) = fg(ziz1).
Therefore, -
Fo6) — o (a) — Zg (8) (f () — £ (z21))

fg (i) = fg(@i1) — Zg (t:) (f (i) — f (zi-1))

=1

I

I
—

7

=Y @) g @) = fwia)g(@ia) =g (t) f () +g () f (i)
=1

(@) (g (zi) —g(t:) + f(wim1) (g (t:) — g (wio1))

|

i=1

But this is just a Riemann Stieltjes sum for

/abfdg

corresponding to the partition which consists of all the z; along with all the ¢; and if
P’ is this partition, ||P’|| < 0 because it possibly more points in it than P. Therefore,

Riemann sum for f: fdg

n

b
Fo(b) = Fgla) = Yo (6)(f (@) £ i) — [ fdg| <

=1

and this has shown that from the definition, g € R ([a, ], f) and

b b
/gdf=fg<b>—fg<a)—/ fdg.m

a

It is an easy theorem to remember. Think something sloppy like this.
d(fg) = fdg+ gdf
and so

bd(fg)=/abfdg+/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.

Whenis f € R ([a,b],g)? It was shown above in Theorem BZA along with Definition
BZT38 and 214 and Proposition BZT3 that if ¢ is of bounded variation and f is con-
tinuous, then f is Riemann Stieltjes integrable. From the above theorem on integration
by parts, this yields the following existence theorem.

fg(b)—fg(a)Z/

a

Theorem 9.4.18 Suppose [ is continuous and g is of bounded variation on
[a,b]. Then f € R([a,b],q). Also if g is of bounded variation and f is continuous, then

g9 € R([a,b],f)-
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9.4.5 Stirling’s Formula

Stirling’s formula is a very useful approximation for n!. I am going to give a presentation
of this which follows that in the calculus book by Courant.

Let A, = f1 In (z)dx = nlnn—n+ 1. Now use the trapezoidal rule to approximate
this area. This rule is descrlbed in the following exercises but it is also a common topic
in an introductory calculus course. You form a uniform partition and sum the areas
of the trapezoids which result. Here is a picture in which the bottom trapezoid is one
which is included in the sum.

Ek+g k+1

Thus, summing the areas of the inscribed trapezoids and denoting this approximate
area by T, it equals

n (k + 1; + In (k) % (In(n!) +In((n—-1)!)) =In(n!) - %lnn

Il
]
LUTIL

!

Here this comes from the observation that Y ;_; 'In(k +1) = In(n!) from the laws of
logarithms. Of course, it follows from the picture that the approximation is smaller
than A,,. Let a,, = An — T,,. Now consider the above picture. Approximate the area
between the curve In (z) and the inscribed trapezoid with the difference in area between
the two trapezoids in the above picture. Thus

o<an<nzl<1n<k+2> (/f+1;+ln(k;)>

k=1

Consider the term of the series. It equals

s (2(03) m0) (ke (o)

(i (14 5) =) = 5 (mess 0 -mees ) (5 +2<k1+1>>)
o(rg) 3o () i () o
o LI Ee R (R E A (RS Y

Hhos 1 1 1 1 1 3
<a, < - ~) = —)J<Zm(2).
0_(1”_2111(1—!—2) 2ln<1—|—2n>_2ln(2>

Since a,, is increasing, this implies that lim,,_,, a, = (3 exists. Now this implies that
e also converges to some number «. Hence

) BA" 6nlnn7n+1 ) nnefn\/ﬁe
lm — = lim ————— = lim —— =«
n—oo e+n n— oo eln(n')—flnn n—oo n!

—_

[\~

M\H
/‘\
?H
_l’_
C
N~~~

[\
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Letting ¢ = ea™ !, it follows from the above that

. n"e "/nc
lim e VRe g
n— 00 n!

This has proved the following lemma.

Lemma 9.4.19 There exists a positive number ¢ such that

n!
lim ———————— =
n—oo pnt(1/2)e—ne

There are various ways to show that this constant ¢ equals v/27. Using integration
by parts, it follows that whenever n is a positive integer larger than 1,

m/2 -1 /2
/ sin” (x) dx = n / sin"~? (z) dx
0 0

n

Lemma 9.4.20 Form > 1,

2 . @2m-1)--1 7

/o sin™ (z) v = 2m(2m—2)...2§

- __emen-2) 2
/0 gin2m+1 (,r) de = (2m+1) (Qm— 1).“3

Proof: Consider the first formula in the case where m = 1. From beginning calculus,

/2 1
/0 sin2(x)dx=£:§g

so the formula holds in this case. Suppose it holds for m. Then from the above reduction
identity and induction,

/2 ) 1 /2
/ sin?™*2 () de = emtl / sin®™ (z) dz
0 2(m+1) Jo

2m+1 (2m-1)---1 =
2(m+1)2m(2m—2)---22

The second claim is proved similarly. H
Now from the above identities,

W/QSiHZm(x)dx T (2m_1)23212

0 =—(2m+1
fow/Q sin?™ ! (z)dz 2 ( ) (2m)* (2m —2)*--- 22

which implies

7 1 (@2m)’(@2m-—2)>%...22 foﬂ/Q sin®™ () dx

2 2m+1 (2m — 1)2 3212 foﬂ/z sin?m 1 (JC) dx

From the reduction identity,

077/2 sin®™ (z) da _ foﬂ/g sin®™ (z) da c2mAl
> fOﬂ'/Q Sin2m+1 (x) dx 272'1711 077/2 Sin2m—1 ($) dx - 2m
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It follows
2m_, (2m —2)% ... 22

1 @2m)?(2m—2)%...222 1
m : < T (2m)” (2m — 2) m +
2m +1 (2m —1)---32.12 2

2m+1 (2m—1)*-.-32.12  2m
(2m —2)%...22
(2m —1)%-..32.12

<

\
o

m

It follows that

2m /2
om 1 gy Gm2rE =1
MG
and so )
9m — 2)2...22
lim 2m (2m 2) _I
m—o0 (Zm_l) ...32.12 2

This is sometimes called Wallis’s formula. This implies

22m=2 ((m — 1)!)?
lim 2m ((2m N 7
m—00 (2m—1)°...32.12 2

Now multiply on the bottom and top by (2m)? (2m — 2)?---22 = 22™ (m!)? to obtain

22m=2 ((m, — 1)!)% 22 (m!)? 52272 ((m — 1)1)% 22 (m!)?

lim 2m 5 lim 2%m 5
m—00 ((2m)!) m—00 2m ((2m)!)
2m N2 o2m N2
lim 24 (ml)* 2 (2m) _z
m—00 2m ((2m)!) 2
It follows that , )
2™ (m)
lim # = \/? (9.22)
m=00 (2m) / (2m)! 2

Now with this result, it is possible to find ¢ in Stirling’s formula. Recall

. m!
m — =
m—oo mMm+(1/2)e—me

It follows that

. (2m)! B
n}gnoo (2m)2m+(1/2) e—2me =1
Therefore, from B2,
2 2
T — lim 2" (rdfare) (mm(/Pemme)
m—oo 1/2 2m)! 2m—+(1/2) _om

2 7 (2m)? (G ) ((2m)* P eame)

922m (mm+(1/2)efmc)2
= lim

m—0o (2m)1/2 ((2m)2m+(1/2) 672mc>

22mm2m+1 672m02

= lim
m—+00 (2m)1/2 ((2m)2m+(1/2) 6_2mC>

22mm2m+lc 1
mgrloo (2m)1/2 (Qm)2m+(1/2) 20

which shows that ¢ = /2. This proves Stirling’s formula.
Theorem 9.4.21 The following formula holds.

|
lim — =21

m— oo mm+(1/2)e*m
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9.5 Exercises

1.

2.

10.

z 5 .
Let F (z) = [, 7ogissy dt- Find F' ().

Let F (x) = f; H_#tél dt. Sketch a graph of F' and explain why it looks the way it
does.

Let a and b be positive numbers and consider the function

F(2) / ! dt—s—/a/z —
z) = —_ —dt.
o a?+t? p  a?+t2

Show that F' is a constant.

Solve the following initial value problem from ordinary differential equations which

is to find a function y such that

xt 4223 + 422 + 3z + 2
B+l +r+1

y' (2) = » y(0) =2

If F,G € [ f(z) dx for all z € 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; f@)dt = G(b) — G (a) where G’ (x) = f (z).

Suppose f is continuous on [a,b]. Show there exists ¢ € (a,b) such that

1 b
fo =52 [ 1@ dn
Hint: You might consider the function F' (z) = faz f (t) dt and use the mean value
theorem for derivatives and the fundamental theorem of calculus.

Suppose f and g are continuous functions on [a,b] and that g (z) # 0 on (a,b).
Show there exists ¢ € (a,b) such that

b b
£ [ 9@ di= [ )9

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.

Consider the function

_ sin% ifex#0
f(‘”)—{ Oif(:‘c):o

Is f Riemann integrable on [0,1]? Explain why or why not.
Prove the second part of Theorem EZZ3 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') R
/ F(t)dt = lim/ F () dt

R—o0
whenever this limit exists. Show

00 .
ST
dx
0 X

exists. Here the integrand is defined to equal 1 when = = 0, not that this matters.
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Show
/ sin (t2) dt
0
exists.

The Gamma function is defined for > 0 by

(oo}
I'(z) = / e " dt
0
Give a meaning to the above improper integral and show it exists. Also show
Fz4+1)=T(x)z, T (1) =1,

and for n a positive integer, I' (n + 1) = n!. Hint: The hard part is showing the
integral exists. To do this, first show that if f (z) is an increasing function which
is bounded above, then lim, . f () must exist and equal sup{f (z): z > 0}.
Then show

R R
/ e 1 1dt = lim et dt
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,
Yy +p(t)y = f (t) where p, f are continuous. Show the solution to the initial value
problem consisting of this equation and the initial condition, y (a) = y, is

t
y(t) = eiP(t)ya + efp(t)/ eP(S)f (s) ds,

where P (t) = fatp(s) ds. Give conditions under which everything is correct.

Hint: You use the integrating factor approach. Multiply both sides by ef®),

verify the left side equals

d (P

= ("9 ),
and then take the integral, fat of both sides.

Suppose f is a continuous function which is not equal to zero on [0,b] . Show that

/b flz) b
o f@)+f(b-2) 2’

Hint: First change the variables to obtain the integral equals

/’”2 fly+tb/r)
o2 Fy+0/2)+ (/2= y)

Next show by another change of variables that this integral equals

/W f/2-y) dy
—p2 fy+0/2)+ f(b/2—y)

Thus the sum of these equals b.
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15. Let there be three equally spaced points, z;_1,2;—1 + h = z;, and z; + 2h = z;41.
Suppose also a function f, has the value f;_; at x, f; at z+h, and f;11 at =+ 2h.
Then consider

_ fim fit1
T 2h2 2h?
Check that this is a second degree polynomial which equals the values f;_1, f;,

and f;y1 at the points x;_1,x;, and x;41 respectively. The function g; is an
approximation to the function f on the interval [z;_1,2;11]. Also,

Tit1
/ gi (z) dz

is an approximation to f;il f (x) dz. Show f;’:l gi (z) dz equals

hfi-i | hfid | hfina
3 + 3 + 3
Now suppose n is even and {zg, x1, - , 2, } is a partition of the interval, [a,b] and
the values of a function f defined on this interval are f; = f (x;). Adding these
approximations for the integral of f on the succession of intervals,

o () (0= 20) (2~ 2is) =2 (@ = 2i2) (& = i) H 2L (2= a) (0 = ).

[xo, IQ] , [$27 964] P [l‘n—2, ﬂfn] ,

show that an approximation to f; f(x) dzis

B ot ah 42 4 4fs 42 b4 Afaa  fal

This is called Simpson’s rule. Use Simpson’s rule to compute an approximation
21 .
to [ +dt letting n = 4.

16. Suppose zg € (a,b) and that f is a function which has n+1 continuous derivatives
on this interval. Consider the following.

f(ff):f(:vo)+/wf/(t) dt

= f o)+ (t—2) [ (1) z;io+/ (1) 1" (t) dt

= @0)+ £ (ao) (o —a0) + [ =07 (0 dt.

Zo

Explain the above steps and continue the process to eventually obtain Taylor’s
formula,

) (p -
F@ =10+ 3 I @ gt L [ o ) a
k=1

xo
where n!=n(n—1)---3-2-1ifn>1and 0! = 1.

17. In the above Taylor’s formula, use Problem @ on Page EZ1 to obtain the existence
of some 2z between xy and x such that

f(n+1) (z)

n+1
(n+1)! '

(z — x0)

L ER) (g
F@) = f o)+ T gy
k=1 ’

Hint: You might consider two cases, the case when x > z¢ and the case when
xr < Xgp.
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There is a general procedure for constructing methods of approximate integration
like the trapezoid rule and Simpson’s rule. Consider [0, 1] and divide this interval
into n pieces using a uniform partition, {zg,--- ,x,} where x; — ;1 = 1/n for
each i. The approximate integration scheme for a function f, will be of the form

(i)icifiz/olf(x) 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

/abﬂy)dy = <b—a>/01f<a+<b—a)x>dx
~ b;a;cif(a—i—(b—a)(;))

n

= b;azciﬂ:

i=1

where f; = f (a+ (b—a) (%)) . Consider the case where n = 1. It is necessary to
find constants ¢y and ¢; such that

co+ ¢ zlzfolldm
Oco +c1 = 1/2=f01xdm.

Show that ¢yp = ¢; = 1/2, and that this yields the trapezoid rule. Next take
n = 2 and show the above procedure yields Simpson’s rule. Show also that if
this integration scheme is applied to any polynomial of degree 3 the result will be

exact. That is,
1/1 4 1 1
— — — — = d
5 (3fo+ 3f1 + 3f2> /0 [ (x) dz

whenever f (z) is a polynomial of degree three. Show that if f; are the values of f at

a, “T'H’, and b with f; = f (“7“’) , 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.

Let f have four continuous derivatives on [2;_1,x;11] where a; 11 = 2;_1 + 2h and
x; = x;—1 + h. Show using Problem [[4, there exists a polynomial of degree three,
p3 (x), such that

1
F @) =ps @)+ 1D € (@ - 2’
Now use Problem I8 and Problem I3 to conclude

R

M 2h5

4! 57

where M satisfies, M > max {|f® ()] : ¢ € [wi—1, 2]} . Now let S (a,b, f,2m)

denote the approximation to f; f (z) dx obtained from Simpson’s rule using 2m
equally spaced points. Show

M 21

b
/ f(z) dx — S (a,b, f,2m) 1920
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20.

21.

22.

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/m?*).

A regular Sturm Liouville problem involves the differential equation, for an
unknown function of x which is denoted here by y,

(p(@)y) + (@) +7(x)y =0, z € [a,b]
and it is assumed that p (t), ¢ (t) > 0 for any ¢ along with boundary conditions,

Ciy(a) + Coy' (a) =
Csy (b) + Cyy' (b) =

where
C?+C2 >0, and C3 4+ C% > 0.

There is an immense theory connected to these important problems. The constant,
A is called an eigenvalue. Show that if y is a solution to the above problem
corresponding toA = A; and if z is a solution corresponding to A = Ay # Ay, then

b
/ q(x)y(x)z(x)de =0. (9.23)

Hint: Do something like this:

(p() ) y+ Nog () +r(x)zy = 0.
Now subtract and either use integration by parts or show

(p@)y) 2= (p(x)2)

and then integrate. Use the boundary conditions to show that ¥’ (a)z(a) —
Z'(a)y(a) = 0 and y' (b) z (b) — 2/ (b) y (b) = 0. The formula, BZ3 is called an
orthogonality relation and it makes possible an expansion in terms of certain
functions called eigenfunctions.

/ !

y=((p)y)z—(p(x)2)y)

Letting [a,b] = [—7, 7], consider an example of a regular Sturm Liouville problem
which is of the form

y' + Ay =0,y(-m)=0,y(m) =0.

Show that if A = n? and y, () = sin (nx) for n a positive integer, then y, is a
solution to this regular Sturm Liouville problem. In this case, ¢ (z) = 1 and so
from Problem B0, it must be the case that

/ sin (nz) sin (maz) de = 0

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 () — 1 (€)).
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Hint: First note g Riemann Stieltjes integrable because it is continuous. Since g
is continuous, you can let
m =min{g(x) : z € [a,b]}

and
M =max{g(z): z € [a,b]}

m/abdf</abgdf<M/abdf

Now if f (b) — f (a) # 0, you could divide by it and conclude

I, 9df
TS @ =

You need to explain why fab df = f(b) — f(a). Next use the intermediate value
theorem to get the term in the middle equal to g (¢) for some ¢. What happens if
f(b)—f (a) = 0?7 Modify the argument and fill in the details to show the conclusion
still follows.

Then

Suppose g is increasing and f is continuous and of bounded variation. By Theorem
TS,

g9 € R([a,b],[).
Show there exists ¢ € [a, b] such that

/abgdf:g(a)/:derg(b)/cbdf

This is called the second mean value theorem for integrals. Hint: Use integration
by parts.

b b
/ gdf=—/ fdg+ £ () g (b) — £ () (a)

Now use the first mean value theorem, the result of Problem B2 to substitute
something for f: fdg and then simplify.

Let f : [a,b] X [¢,d] — R satisfy the following condition at (xg,y0) € [a, ] X [c, d].
For every € > 0 there exists a § > 0 possibly depending on (zg, yo) such that if

max (| — xol, |y — yo|) < ¢

then
|f (@,y) = [ (zo,90)| <e.

This is what it means for f to be continuous at (xg, yo) . Show that if f is continu-
ous at every point of [a, b] X [¢,d], then it is uniformly continuous on [a, b] X [¢,d] .
That is, for every € > 0 there exists a 6 > 0 such that if (xg,y0), (z,y) are any
two points of [a, b] X [c, d] such that

max (| — xol, |y — yol) <4,

then
If (z,y) = f (zo,50)| <.

Also show that such a function achieves its maximum and its minimum on [a, b] X
[c,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 [¢, d] is sequentially
compact.
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25. Suppose f is a real valued function defined on [a, b] X [c, d] which is uniformly con-

26.

tinuous as described in Problem P4 and bounded which follow from an assumption
that it is continuous. Also suppose «, § are increasing continuous functions. Show

;H/f z,y)dB (y y%/f z,y) do(z)

are both continuous functions. The idea is you fix one of the variables, x in the
first and then integrate the continuous function of ¢ obtaining a real number which
depends on the value of x fixed. Explain why it makes sense to write

//fwydﬁ ) do (& //fmyda 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.

//fwydﬁ ) da (2 Z/ /fxydﬁ y) da (x)

1" e
//J“fxydﬁm 0 @)

(ﬂ (y5) = B (yj—1)) f (2,t5) da (x)

Xj—1

I
M:

1

.
Il

1

@
Il
—_

<.

[
M=
uMs

I
NE

@
Il

_
<
Il

—

(B (y;) — B (yj-1)) (a(z:) — a(zj-1)) f(s5,5)

s
Il

_
<
Il

_

I
NE
1M

Also

f(z,y)da(z)dB (y)

T
—

I
NE
Ms

(B (y5) — B (yj-1)) (a (z:) — e (1)) f (5} 5)

11:=1

<.
Il

and now because of uniform continuity, it follows that if the partition points are
close enough,

’f(sj’t]) f(5j7tj)’ <

(B(d) = B(c) (a(b) = a(a))

and so

fwyda )dB (y //fxyda ©)dB ()| <

Since € is arbitrary, this shows the two iterated integrals are equal. This is a case
of Fubini’s theorem.

Generalize the result of Problem P3 to the situation where o and g are only of
bounded variation.
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27. This problem is in Apostol [B]. Explain why whenever f is continuous on [a, b]
limbaZf(a—i—k(b a)):/fdx.
n—oo N Pt n o

Apply this to f (z) = H% on the interval [0,1] to obtain the very interesting
formula

n

™ . n
L DY el

28. Suppose f : [a,b] x (¢,d) — R is continuous. Recall the meaning of the partial
derivative from calculus,

of .. flx+h)—f(t)
gz (b®) = limy h

Suppose also

of
— (t
ax ( ,I)
exists and for some K independent of ¢,
af of

2
This last condition happens, for example if %

(¢,d). (Why?) Define

is uniformly bounded on [a, b] x

b
F (x) E/ f(t,x)dt.

Take the difference quotient of F' and show using the mean value theorem and the

above assumptions that
b
of (t,x)
F'(z) = L dt.
@= [ 2

Is there a version of this result with dt replaced with da where « is an increasing
function? How about o a function of bounded variation?

29. T found this problem in Apostol’s book [B]. This is a very important result and is
obtained very simply. Let

1 —a®(1+¢)
g(x)z/o ———dt

14 ¢2

and )
f(x)= (/ e_t2dt> .
0
Note ( )
—x? 1-|-t2
§<6LH2>:_%eﬂHﬁ
T
and

e <6z2(1+t2)

52 o ) _ _26712(1+t2) +4x267w2(1+t2) +4$267:p2(1+t2)t2
x +
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30.

31.

32.

33.

which is bounded for ¢ € [0,1] and « € (—o0,00). Explain why this is so. Also
show the conditions of Problem PX are satisfied so that

g (z) = /01 (—2$€_I2(1+t2)) dt.

Now use the chain rule and the fundamental theorem of calculus to find f/ (x).
Then change the variable in the formula for f’(x) to make it an integral from 0
to 1 and show

f' (@) + g (x)=0.

Now this shows f (z) + g (z) is a constant. Show the constant is /4 by assigning
x = 0. Next take a limit as z — 0o to obtain the following formula for the improper

integral, fooo et dt,
0o 2
</ et dt) =r/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 /2.
0

The gamma function is defined for > 0 as

o R
T (x) E/ e ' ldt = lim et at
0

R—o0 J

Show this limit exists. Note you might have to give a meaning to
R
/ ettt
0

Fz+1)=2al(x), T'(1)=1.

if x < 1. Also show that

How does T' (n) for n an integer compare with (n — 1)!1?

Find T’ (%) . Hint: T (%) = fooo e~tt~1/2dt. Explain carefully why this equals

o0 2
2/ e " du
0

Then use Problem E9. Find a formula for I' (%) , I (%) , etc.

For p,q > 0, B(p,q) = fol 2P~1(1 — x)971dz. This is called the beta function.
Show I'(p)I'(¢) = B(p,¢)T'(p + q). Hint: You might want to adapt and use the
Fubini theorem presented earlier in Problem B3 about iterated integrals.

This problem outlines an approach to Stirling’s formula which is found in [BI] and
[@. From the above problems, I' (n + 1) = n! for n > 0. Consider more generally
I (z+1) for z > 0. It equals [~ e~*¢"dt. Change variables letting ¢ = z (1 + u)

to obtain
oo

I(z+1)= x‘”“e‘m/ (1 +u)e™)" du

—1
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Next let h (u) be such that A (0) =1 and
w2
(1+u)e ™ =exp <—2h (u))
Show that the thing which works is i (u) = % (u —In (1 4 u)). Use L'Hospital’s
rule to verify that the limit of h (u) as uw — 0 is 1. The graph of A is illustrated

in the following picture. Verify that its graph is like this, with an asymptote at
u = —1 decreasing and equal to 1 at 0 and converging to 0 as u — oo.

Next change the variables again letting u = s\/% . This yields

Px+1)= x“ge_””\/ﬁ/_o\;%exp (—s2h (s i)) ds

Consider the integrand in the above. Using the description of h in the above

graph, verify that
. 2 2 2
lim exp | —s“h | sy/— = exp (75 )
T—00 €T

and that this convergence is uniform on any interval of the form [—A, A]. So that
all makes sense, you should have x large enough that

—A\/z>—1, (V> AV?2), \/§>A, —A>—\/§

To verify this convergence, explain why it suffices to verify the uniform convergence
of h (ﬁ/%) to 1 on this interval. Use the graph to observe why this is so. Now
consider and explain the following inequality valid for /z > Av/2 and z large.

(e oo

< /__\;exp (—52h (s i)) ds
+/: e ds + /AOO e~ ds + /AOO exp <—52h <5\/§>> ds
—1—/_1 exp <—32h (sﬂ)) —e

N

ds
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First consider s < 0 and the first integral on the right of the inequality. For s < 0,
you have h (s\/%) > 1. See the above graph. Thus the integrand is no larger

than e~*". Now consider the fourth integral

(2 = 2 (i (2 (1+4D))
(sv2e = (14 5v22))

and so the integrand reduces to

<1 + S\/ﬁ) exp (—s 2:10)

Thus, this integrand is dominated by (1 + sﬁ) exp (fsﬁ) for s > 0 and large
2. Explain why this is so. Therefore,

/ exp [ —s?h 5\/5 dsf/ e ds
—+/z/2 z >
—_A , —A ) 00 5 oo
< / e~ ? ds+/ e’ ds+/ e’ ds—i—/ (1 +S\/§) exp (—3\/5) ds
oo oo A A
A 2 2
—|—/ exp | —s%h S\/> —e’
_A Z

Now pick A sufficiently large that all but the last term adds to no more than
¢/2. Then use the uniform convergence mentioned above to observe that the last
integral is less than £/2 whenever x is large enough. Thus

M: exp | —s%h 8\/5 ds%/ e~ ds
e~ TN/ 22 —z/2 T 50

ds

Explain why this last integral equals\/m. See Problem 9. This yields a general
Stirling’s formula,

. Dx+1)
lim ——————= = /m.
z—00 pTe=Ty\/2x v

34. To show you the power of Stirling’s formula, find whether the series

n

> nl

Z n.e
nn

n=1

converges. The ratio test falls flat but you can try it if you like. Now explain why,
if n is large enough,

n! > %ﬁﬁe‘"n”“lm) = cV/2e " t(1/2)
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Chapter 10

Fourier Series

10.1 The Complex Exponential

What does €' mean? Here i = —1. Recall the complex numbers are of the form a + ib
and are identified as points in the plane. For f (x) = ™, you would want

f' (@) =f (2) = ~f (2)

f" (@) + f(z) =0.

Also, you would want
f0)=¢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 (x) is another solution. Consider u (x) = f (z) —g ().
Then it follows
v () +u(z) =0, u(0)=0=1u(0).

Thus both Reu and Imwu solve the differential equation and 0 initial condition. By
Lemma BZX3 both Rew and Imu 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

(eix) n_ einm )

10.2 Definition And Basic Properties

A Fourier series is an expression of the form
oo
§ Ck e’Lk.’t
k=—o0

where this means

n
lim g cpett
n—oo

k=—n

233
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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

00
§ Ckezkm

k=—oc

then the function must have the property f (z + 27) = f(x) 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
Tif f(x+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 (%f) where g is periodic of period 2.

Definition 10.2.2 For f ¢ R ([—m, 7)) and f periodic on R, define the Fourier
series of f as

> epet, (10.1)

k=—o00

where Lo
k= 5 » f(y)e *vdy. (10.2)

Also define the n*" partial sum of the Fourier series of f by

Sy (f) () = Z cpeke. (10.3)

k=—n

It may be interesting to see where this formula came from. Suppose then that

multiply both sides by e~*™® and take the integral ffﬂ, so that

™ ) T Sl ) )
f(x)e "™ dx :/ Z cpeFTe M g
—Tr

T k=—o0

1The 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

s ™
E Ck / ezkxefzma:dx
—7

k=—o0

= cm/ 1ldx = 27e,,

—T

i f(z)e ™*dx

—T

because ["_e*e™M¥dy = 0 if k # m. It is formal manipulations of the sort just

presented ‘which suggest that Definition M2 might be interesting.
In case f is real valued, ¢, = c_j and so

Snf (z) = %/ fy)dy + ZQRe (cxe™®™) .
- k=1

Letting cx = oy, + 15y,

1 T n .
Snf (x) = oy _Wf(y) dy—i-;Z[ak cos kx — f3;, sin kz
where L .
= — —iky _ o
k= 5o - fy)e "y o | [ (y) (cosky — isinky) dy

which shows that

an == [ f(y)cos (ky) dy, B, = /ﬂf@)sin(ky)dy

- 21 —r 27 -

Therefore, letting ar = 20 and by = —25,,

w=— [ Fweosth)dy, == [ 1 ()sinhy)dy

L -

and

n
Spf (x) = % + 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
mr=22.
The partial sums of a Fourier series can be written in a particularly simple form
which is presented next.

Sl @) = 3 e

k=—n
n

> (5 [ fwe ) e

=N

n

[ 3% (@) ima

k=—n

Dy, (x —y) f (y) dy. (10.5)

—T
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The function
_ 1 ikt
D, (t) = o k;f e

is called the Dirichlet Kernel

Theorem 10.2.3 The function D, satisfies the following:
1. [T D, (t)dt=1
2. D, is periodic of period 2w

3. D, (t) = (27r)71 %(—1;))75

Proof:Part 1 is obvious because 5 ffﬁ e~ *¥dy = 0 whenever k # 0 and it equals 1

2
if k = 0. Part 2 is also obvious because t — ek

verify Part 3. Note

is periodic of period 27. It remains to

27Dy, (t) = Z e =142 Z cos (kt)

k=—n k=1

Therefore,

27D, (£) sin (;)

I

@

=
7 N
N | =+
"

+

V]
10

&.

=
/‘\
~_

@)

o

9]

—

o~

=

N~—

Il

z.

5
/T\

t . 1 . 1
2) + Zsm ((k‘—i— 2) t) — sin ((k — 2) t)
k=1
i + ! t
= sin =
s ntg
where the easily verified trig. identity cos (a) sin (b) = 3 (sin (a + b) — sin (a — 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 (—m,n) and
extend to keep the modified function periodic. Then the Fourier series of the modified
function is the same as the Fourier series of the original function and so if pointwise
convergence did take place, it no longer does. However, it is possible to prove an
interesting theorem about pointwise convergence of Fourier series. This is done next.
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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+ 0,b]) for every § > 0 and the improper integral

b

lim () dr exists.
6—0 a+6

Lemma 10.3.1 Let f € R((a,b]),f(x) > 0, 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 0 < h(z) < f(z) and

b
/ |f —hlde <e (10.6)

Proof: First here is a claim.
Claim: There exists a continuous g which vanishes near a and b such that g < f
and

b
/ f (@) — g (2)] dz < &/3.

where the integral is the improper Riemann integral defined by

b b
/ (f @) —g@)de= lim [ (f(2)-g@)d

d—0+ at+s

Proof of the claim: First let ag > a such that

/abf(x)dac—/(z:f(x)dx

Let {xo, 21, - ,2n} be a partition of [ag, b] and let

n
Z ak (Tk — Th—1)
=1

:/ao |f (z)|dz < €/3.

be a lower sum such that

n

b
/ f(x)de — Zak (g — xp—1)
agp k

=1

< g/6.

The sum in the above equals

b n
/Zakk‘[zk—hmk) (z)dx

a0 =1
where

[ lifz € [zg_1,2x)
Moo @ = 0317 g i)

Now let 1, be a continuous function which approximates [, | ,) (z) and vanishes near
the endpoints of [xg_1, k) as shown in the following picture in which ¢ is sufficiently
small.
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AN

Ik 1+26 :Ck725|

Then

b
/ |akX[$k71,$k) (I) - akwk (I)| ardx
ag

Tp_1+0 Tp_1+20
< / ardr +/ ay |X[xk,1,xk) (z) — Py, (50)| dz
Th_1 Ti—1+0

TEp—0 o
+/ Ak ‘X[wkfh%k) (7) — 9y, ($)| dz +/ ag

r—20 L—0
< dap + day, + day + day, = 40ay.

Let & be chosen small enough that the above expression is less than €/6n. Therefore,

choosing ¢, in this manner for each k =1,--- ,n yields
/ Z Xz, 2y () dx — Z ary, (x) dx
a0 k=1 @0 k=1

/ Zak’ |X[93k717wk) (z) — ¥y, (17)| dr < mn X % =¢/6.

a0 k=1

Let g (z) = Y p_q arthy, ().

/u n)ldr =

b
/uwwwwm

ao

IN

x)dx — Zak (g — Tp—1)
k=1

<e/6+¢e/6=¢/3.

Zak Tp — Th—1) / Zakwk ) dx

a0 k=1

This proves the clalm
Now say g equals zero off [a/,b'] C (a,b). Then for small h > 0,

h < min ((a' —a) /3,(b—1") /3) (10.7)
define
= — t)dt
m@ =g [ )
Then gj is continuous and has a continuous derivative which equals
1

2h( g(x+h)—g(xz—h)).

Say x € [zr_1,2x) and let  be as above. Let h < §/2. Then gj () < f (x) because on
this interval f (z) > ax and g () < ag. Also

l/ 9 ”dx‘il:

9@ = o [ oty do
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/b
ago

do< [ o[ la@ - g0l dude
ag 2h x—h

b z+h
1/ € €
< — ——dtdx = =
/ao 2 Jon 3(b—ap) 3

provided & is small enough, due to the uniform continuity of g. (Why is g uniformly
continuous?) Also, since h satisfies A, gj, and g, 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)|dx /abf(:c)dz/abgh(m)dl,

z+h
o | @ g

xz—h

< /abfmdx—/a:f(x)dm/al;f@)dx—/al;ghwmx
< o4 /a:f(r)dfv/a:g(x)dfv+ /a:g@c)dx/:gh(z)dx
< €/34+¢/3+¢/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,

/abf(x)d;vZ/GbRef(:v)dm—i-i/abImf(x)dx

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
/ f —hlde < e (10.8)
Proof: For g a real valued bounded function, define

oo (@)= LD o) o) Z9(x)

First suppose f is real valued. Then apply Lemma 333 to f; and f_ to obtain hy
and h_ continuous and vanishing on some interval, [a1,b1] C (a,b) such that

b b
/(f+fh+)dx<5/5,/ (f_—h_)de <e/5
Let h =hy —h_. Then if f(x) >0, f_ (z) =0 and so

f) =h(@) = fi (@) =hy (@) + h () = fy (2) = hy (2) 20

If f(z) <0, then fi (x) =0 and so hy (z) =0 and
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Therefore, |f (x) — h(2)| < fi (z) — hy () + (f= () — h— (x)) and so

b b b
Jir=ride< [ —naes [ -na< 3

Now if f has values in C, from what was just shown, there exist hi, ho continuous
and vanishing on some interval, [a1,b1] C (a,b) such that

b b 2e
/ |Ref—h1|d:1c7/ Im f — ho|dz < —
a a 5

and therefore,

b b
/|Ref+i1mf—(h1+ih2)|d:r§/ Re f — hy| do
a a

b
4
—i—/ |Imf—h2|dx<§<5.

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 Lebesgue) Let |f| € R ((a,b]) where (a,b) is some finite

interval. Then ,

lim [ f(t)sin(at+ 8)dt = 0. (10.9)

a— 00
Here the integral is the improper Riemann integral defined by
b

li t) sin (ot dt
B g T D)

Proof: Let € > 0 be given and use Lemma XA to obtain g 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(@t)sin (at + B) dt| <

/ (f (t) — g (£)) sin (at + §) dt

+ / g (t)sin (at + B) dt

b
/ g (t)sin (at + B) dt

a
b
< /|f—g\dm+
&

s
2+

by
/ g (t)sin (at + B) dt

ai
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Integrate the last term by parts.

b1 _ b1
[ g targyan= == gy [T g

a o o

an expression which converges to zero since ¢’ is bounded and

—cos (at + B)g

b
EE w1 =0

because g vanishes at a; and b,. Therefore, taking « large enough,

b
/ f (@) sin (ot + B) dt

<E+E—e
2 2

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. [B].

Recall

lim f(1)=/(e+), and lm f(t)=f(z-)

t—z+

Theorem 10.4.1 Let f be a periodic function of period 2 which is in R ([-m, 7).
Suppose at some x, f (x+) and f (x—) both exist and that the function

is in R ((0,7]) which means
51—i>r(§l+ : h(y)dy exists (10.12)
Then
Jim S, f (x) = w (10.13)
Proof: .
Snf(x)=[ Dn(z—y)f(y)dy

—T
Change variables z —y — y and use the periodicity of f and D,, along with the formula
for D, (y) to write this as

™

Spf(z) = Dy (y) f (z —y)

- )
- /ODn(y)f(x—y)dy+ Dy (y) f(z—y)dy

—T

_ /OﬂDn(y)[f(l’y)+f(93+y)]dl/
- [l d)) e
0

us sin (%) 2
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Note the function

1sin((n+3)y)

T sin ( %) ’

while it is not defined at 0, is at least bounded and by L’Hospital’s rule,

Yy —

lsin((n—l— %) y) _2n+1
y—0 T sin (%) oo

so defining it to equal this value at 0 yields a continuous, hence Riemann integrable
functlon and so the above integral at least makes sense. Also from the property that
T Dy (t)dt =1,

s

flat) + [ (a—) - D) [f () + f (2] dy

= 2/ﬂ Dy () [f (2+4) + f (z—)] dy
0
= [l gty

T s1n(§)
and so
S (o) Lot E L)
/”1sin<<n+§)y) (ESUELSES LIRS L) Y
0o sin () 2 ' .
Now the function
fl@—y) - fla-)+fl@+ty) - f(z+)
Yy — ‘ 5 sin (%) (10.16)

satisfies the condition MITA. To see this, note the numerator is in R ([0, 7]) because f
is. Therefore, this function is in R ([d,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 g1 < &2,

"S-y - fe )+ flty) - fat)
/. 25in (3) “
i ey - o) f ) — )
/52 2sin (¥) dy

fla—y —fla)+flat+y) - flat)

2sin (%) dy

/62
€1

—fla)+fl@+y - f(zt) y
- / Y ’25m(g)dy
< /52 (r—y —f(x—)+f($+y)—f($+)’dy
N Yy

_ /“ f(:v—y)—f(:v—)+f(ﬂc+y)—f(ﬂc+)‘dy
& y
_/” f(:v—y)—f(:v—)+f(w+y)—f(fﬂ+)‘dy
e y
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Letting {e} be any sequence of positive numbers converging to 0, this shows

(0 “)

is a Cauchy sequence because the difference between the k" and the m'" terms, e, < e,y,,
is no larger than the difference between the k*"* and m** terms of the sequence

{/” f(x—y)—f(x—)+f(x+y)—f($+)‘dy}°°

Y
which is given to be Cauchy. Since the function

© /
€

is decreasing, the limit of this function must exist.
Thus the function in MM is in R ((0,7]) as claimed. It follows from the Riemann
Lebesgue lemma, that I3 converges to zero as n — oo. This proves the theorem.
The following corollary is obtained immediately from the above proof with minor
modifications.

fl—y)—fla=)+flxz+y) - f(z+)

2sin (%)

k=1

flx—y)—flz=)+ fx+y) - f(z+)

2sin (%)

dy

Corollary 10.4.2 Let f be a periodic function of period 2w which is an element of
R ([—m,7]). Suppose at some x, the function

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 2w which is an element of
R ([, x]). Suppose at some x, f(x+) and f (x—) both exist and there exist positive
constants, K and 6 such that whenever 0 <y < ¢

[f(x—y) = f (@) < Ky, |f (@ +y) = fa+)] < Ky’ (10.19)
where 0 € (0,1]. Then

lim S, (x) = w (10.20)

Proof: The condition ITY clearly implies Dini’s condition, M. This is because
for0<y<d

'f(fvy)f(fv)Jrf(ery)f(H)

Y
6 ™
< [ty 5 [ 1 @)= Flao) + ) = F @)y

‘ S 2Ky071

and
fla—y) —fla-)+fl@+ty —f(z+)
Yy

i
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Now 5 .
57 — 4
/ 2Ky’ dy = 2K — c

€

which converges to
5
2K—
0
as € — 0. Thus

™

lim
e—0+ c

f(:v—y)—f(x—)+f(w+y)—f(ff+)‘dy
y

exists and equals

Sup{/” f(w—y)—f(w—)+f(x+y)—f(fv+)‘dyzg>0}
e Y
because it is bounded above by

kL e - Fa) S - sl

(Why?) This proves the corollary.

As pointed out by Apostol [B], 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 [—7, 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 ac-
cording to your expectations. More precisely, if the Fourier series of f is

oo
E akezkw
k=—o00

then it will be true for z € [—m, x| that

F(z)= f t)dt = lim Z ak/ ettt

n—00
k=—n

n eika (_1)k
=ao(@tm+ lim Y, an| G-

k=—n,k#0

I shall show this is true for the case where f is an arbitrary 27 periodic function which
on (—m,7) is the restriction of a continuous function on [—m,n] 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)zF(x)—aMx—l—ﬂ)z/ (F (1) — ao) dt

—T
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Then G equals 0 at —7w and w. Therefore, the periodic extension of G is continuous.
Also

|G (2) = G (1) <

T
/ Mdt’ < M |x — x|
T
where M is an upper bound for |f (¢t) — ag|. Thus the Dini condition of Corollary 23
holds. Therefore for all x € R,

Gx)= Y  Ape* (10.21)
k=—o0
where | g
_ ikx
A = o | (z) e dx

Now from OIZT and the definition of the Fourier coefficients for f,

G(r)=F(r)—ap2r =0=Ag+ lim Y A (-1)" (10.22)

n—oo

Next consider Ay for k # 0.

_ i " —ikx _ i T * o —ikx
Ak_27r _ﬂG(w)e dx—QW/_ﬂ/_ﬂ(f(t) ap) dte” " dzx

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.)

= (-50) [ vo-wmar s [ @ - et

T on . omik |

Now from the definition of ag,

[ Gw-aya=o

—T

and so ) .
A, = _ —ikx _ ai
=g [ @) =)=
From 20 and 22
_ _ 1 - Ak ikx - Ak \k
F (x) ao(m+7r)—n11_>ngo Z 7 © Z T (-1)
k=—n,k£0 k=—n,k£0

and so

F(z) = ’ f@)dt= /w apdt + lim 2": % (ei’” _ (_1)k)

y
- - O = k0
= / apdt + lim Z ak/ et dt
n—oo
- k=—n,k#£0 -

This proves the following theorem.
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Theorem 10.5.1 Let f be 2w periodic and on (—m, ) f is the restriction of a
function continuous on [—m,w|. Then

x x n x
_ : ikt
: f(t)dt_/i aodt+nlgngo E ak[ e tdt
™ 7T k=—n,k#£0 ™

where ay are the Fourier coefficients of f.

Example 10.5.2 Let f () = « for x € [—m,m) and extend f to make it 27 periodic.
Then the Fourier coefficients of f are

—1)k
k

ag =0, ar =

Therefore, 5 [ te™™* = % cosk

k .

L . (=% ("
= nh—>Holo Z A _Tre dt

k=—n,k#0

n

L (=1)*i [ sinzk ,—COS.%‘k—I—(—l)k
R Dl G

k=—n,k£0

For fun, let x = 0 and conclude

L, N (DS (D)
—g™ = Jim ) E\T &

k=—n, k=0
= Jm o > ;
k=—n,k#0
. SEDTH (D) 4
= lim 2 -t = T
n—oo ; k2 ; (2k — 1)2

and so

2 > 1
P (2k — 1)

k=1

The above theorem can easily be generalized to piecewise continuous functions de-
fined below.

Definition 10.5.3 Let f be a function defined on [a,b]. It is called piecewise
continuous if there is a partition of [a,b],{xo, - ,zn} such that on [zr_1,xk] there is
a continuous function gi such that f(x) = gi (x) for all x € (xp_1, k).

Then the proof of the above theorem generalizes right away to yield the following
corollary. It involves splitting the integral into a sum of integrals taken over the subin-
tervals determined by the partition in the above definition and on each of these one uses
a similar argument.



10.5. INTEGRATING AND DIFFERENTIATING FOURIER SERIES 247

Corollary 10.5.4 Let f be 27 periodic and piecewise continuous on [—m, ). Then
’ ’ - C ikt
77rf(t) dt = /77r apdt + lim_ k;k;éoak /77‘—6 dt

where ay 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(z) = 1 if ¢ € (0,7] and f(x) = —1 on (—m,0) with
f£(0) = 0. In this case ag = 0.

ap = S </Tr e tktqr — /O e“”df) _ Gcosmk—1
2m \Jo . s k

so the Fourier series is

k0

What happens if you differentiate it term by term? It gives

LI

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, 7]
f@ = rwds

and ' (t) is piecewise continuous. Then if

f(x): Z akeikx

k=—o0

it follows the Fourier series of f' is

oo

E agike™™.

k=—oc0
Proof: Since f’ is piecewise continuous, 27 periodic (why?) it follows from Corollary
o0
o -1tm= % o[ emar)
k=—o0 -
where by, is the k*" Fourier coefficient of f’. Thus

1 g i
br=— [ f(t)e *at

:27r

—Tr
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Breaking the integral into pieces if necessary, and integrating these by parts yields finally

L {f e, vik [ () e—iktdt]

2 o

L 17 — .
= zk% » 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

oo

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 IIZ=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 ret f be a function defined on an interval, [a,b]. Then a
sequence, {gn} of functions is said to converge uniformly to f on [a,b] if

lim sup {|f (z) — gn (¥)] : € [a,b]} = 0.

n—oo

The expression sup {|f (x) — gn (z)| : x € [a,b]} is sometimes written® as

Lf = gnllo

More generally, if f is a function,

1l = sup{|f (2)] : @ € [a, b]}

The sequence is said to converge mean square to f if

b 1/2
Tim [|f = gall, = lim (/ |f—gn|2dx> =0

2There is absolutely no consistency in this notation. It is often the case that ||-||, is what is referred
to in this definition as ||-||5 . Also ||-||, here is sometimes referred to as ||-|| .. Sometimes ||-||, referrs
to a norm which involves derivatives of the function.
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10.6.1 Uniform Approximation With Trig. Polynomials

It turns out that if you don’t insist the ay be the Fourier coefficients, then every con-
tinuous 27 periodic function § — f () can be approximated uniformly with a Trig.

polynomial of the form
0) = Z are?

k=—n

This means that for all € > 0 there exists a p,, (#) such that
Ilf = pallo <e

Definition 10.6.2 Recall the nt v partial sum of the Fourier series Sy f (x) is
given by

Sef@ = [ Dute-w) fway= [ Daw -

where D, (t) is the Dirichlet kernel,

_; sin (n + %) t
sin (%)

The n'" Fejer mean, o, f () is the average of the first n of the S, f (z). Thus

1 n P 1 n
oni1f (2) = n+1kz_05kf(x)=/ﬂ <n+1kZ_ODk (t)> fle—t)dt

The Fejer kernel is

D, (t) = (2n)

Fops (1) = nil S D (h).
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. Foqa (t) = Foya (t+2m)
2. [T Fp(t)dt=1

Co

T Fu () f (@ —t)dt =3, bre™® for a suitable choice of by.

4. F+(t):$+z))F 11(t) > 0,F, (t) = Fp ().

N

For every § > 0,
lim sup {F,41(¢t): 7> [t| >} =0.
n—oo

In fact, for |t| >4,
2

Fra (0) < (n+1) sin? (g) 47’

Proof: Part 1.) is obvious because F,y; 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.
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The last statements in 4.) are obvious from the formula which is the only hard part
of 4.).
Foq1 (1) ! isin<<k+1)t>
n+1 = N —
(n+1)sin (%) 27 P 2

“wrmarr s (2) )= ()

Using the identity sin (a) sin (b) = cos (a — b) —cos (a + b) witha = (k+ 3) t and b =
it follows

t
27

Fn+1 (t)

1 n
(n+1)sin® (%) 4 kZ:% (cos (kt) — cos (k+1)t)
1—cos((n+1)t)

(n+1)sin® () 4n

which completes the demonstration of 4.).
Next consider 5.). Since F, 11 is even it suffices to show

lim sup{Fp11(¢) :m>t>6} =0
n—oo
For the given ¢,

1—cos((n+1)t) < 2
(n+1)sin® (§)4r = (n+ 1)sin® (§) 4r

FnJrl (t) <

which shows 5.). This proves the lemma.
Here is a picture of the Fejer kernels for n=2,4,6.

1.0

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
Tim (| = onpa flly = 0.

Proof: Let € > 0 be given. Then by part 2. of Lemma MIG3,

s

1@ -t @l =| [ 1@ P - |

—T

Furr () 1 (& — 1) dy‘

— ‘/_Z(f(x)—f(x—y))FnH (y)dy‘
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g/w @) — f (@ —9)| Fapr (o) dy

—T

) T
- / If(x)—f(x—y)an+1(y)dy+/ @) — f (2 — )| Furs () dy
5 §

-5
+[ 1@ el P ) dy

—T

Since F,,41 is even and |f| is continuous and periodic, hence bounded by some constant
M the above is dominated by

) T
s[5|f<x>—f<x—y>|Fn+l <y>dy+4M/6 Foir () dy

Now choose ¢ such that for all z, it follows that if |y| < § then

[f () = f(z —y)l <e/2.

This can be done because f is uniformly continuous on [—m, 7] by Theorem B2 on
Page [ID. Since it is periodic, it must also be uniformly continuous on R. (why?)
Therefore, for this J, this has shown that for all x

1 (2) = 0nprf ()] < /2 4+ 4M /6 " s () dy

and now by Lemma B3 it follows

SMm
(n + 1) sin? (g) 47

Nf = onifllo <e/2+ <e

provided n is large enough. This proves the theorem.

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 L g

ag = 5= f(0)e

~ o o

Then using this fact as needed, consider the following computation.

/W f(6) — i bre™| do
- k=—n
:/7r (f 6) — Z bkeik9> <f(0)— Z aleM> do
- k=—n l=—n
= [ (o (5 e (555
- k=—n l=—n

—1(0) Zn: e — F(0) Zn: bkeik9> do

l=—n k=—n
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= / £ (0)]% a6 + Zbkbﬁ/ e*0e=10d0 — 2wy “bia; — 21 Y g
kl l k

—T —T

Then adding and subtracting 27 ", lag|®
= [ 1OP @2l 2w Y
- k &
—27‘&'2()76” — 2772 brag + 2772 |a;€|2
1 k k

- [ uor o =2 Y ol +zw<2<bk—ak>(m—ak>>

k

:/ 7 (O dQ—ZWZ\ak\ +2772|b;€—ak|

Therefore, to make
| o~

as small as possible for all choices of by, one should let by, = ay,, the k** Fourier coefficient.
Stated another way,

.

for any choice of b;. In particular,

n 2
§ bk eik@

k=—n

a6 > / 1 (0) = Suf () do

—T

/_ |f(0) — 0n+1f(9)|2 do > /_ If (8) = S, f (9)\2d0. (10.23)

Also,

/‘n’ f (9) Snf (9)d9 _ /Tr Z akf (9) e-zkede

- T k=—n
=27may
— i % " f(@) 671k9d9
k=—n —m
= 27 Z ‘ak|2
k=—n

Similarly,

| T@.s @0 =2 S

k=—n

and a simple computation of the above sort shows that also

Sf() d0—27r2|ak|

-7 k=—n

Therefore,

o< [ G0 -5.00) (70 -5.5@) a0

—T
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= [ UOF 18,5 OF - T@S0f 0)— (05,7 O

—T

= [ rer-is.sofo

—T
showing

xS < [(1ss@Pas [CiroPa (10.24)

k=—n

Now it is easy to prove the following fundamental theorem.

Theorem 10.6.5 Let f € R([—W,w]) and it is periodic of period 2w. Then

lim |f S fI? dz = 0.

n—roo

Proof: First assume f is continuous and 27 periodic. Then by MI23

[|f—snf|2dx < / f = onii /2 de

—T

IN

/ If = onsa fl2de = 21 || — onia /112

—T

and the last expression converges to 0 by Theorem MG

Next suppose f € R ([—m,7]) and |f ()| < M for all . Then the construction used
in Lemma 33 yields a continuous function A which vanishes off some closed interval
contained in (—m, ) such that

ﬁ >[ |f () = h(z)|de > 2]1\4 @)= h (@) da. (10.25)

Since h vanishes off some closed interval contained in (—m, ), if h is extended off [—7, 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 B.)

(a+b+c)2§4(a2+b2+02)
/|f—snf|2dx=/ (If = bl + b = Suhl + |Suh — Sy f1)? da

<t [ (17 =HP s+ h= Suhl? (S, - S, F) do

—T

and from and M3 this is no larger than

8/ = h\2d;c+4/ \h — Sph|* dx
16M—— +4
< 16M o+ /4|h Snh|? da

= 5+4/ |h — Sph)? dz

and by the first part, this last term converges to 0 as n — oo. Therefore, since ¢ is
arbitrary, this shows that for n large enough,

/ |f = S, fPde <e

This proves the theorem.
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10.7 Exercises

1. Suppose f has infinitely many derivatives and is also periodic with period 27. Let
the Fourier series of f be

Show that
lim £™ap = lim k™a_, =0
k—o00 k—o00

for every m € N.

2. The proof of Theorem MIBA used the inequality (a + b+ 0)2 <4 (a2 + 0%+ 02)
whenever a,b and ¢ are nonnegative numbers. In fact the 4 can be replaced with
3. Show this is true.

3. Let f be a continuous function defined on [—, 7r]. Show there exists a polynomial,
p such that |[p — f|| < € where

lgll = sup {lg (z)| : @ € [-m, 7]}

Extend this result to an arbitrary interval. This is another approach to the Weier-
strass 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,n] of a continuous
periodic function F. Now find a trig polynomial,

o(x) = ag +Zak cos kx + by sin kx
k=1

such that ||o — F|| < §. Recall M. 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,

™

2 3 |ak|2§/f ISnf((’)lzd@S/ RO

k=—n -T
is called Bessel’s inequality. Use this inequality to give an easy proof that for all

f € R([_WJTD )

T

lim f(x)e™dr = 0.
n—oo J_

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 () = &[4 ) () . Show

b
lim [ (z)sin (az + B) dx = 0.

a

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]) .
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6.

10.

11.

12.

Let f (z) = for x € (—m, ) 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 z = 7.

Let f (z) = 22 on (—7,7) and extend to form a 27 periodic function defined on

R. Find the Fourier series of f. Now obtain a famous formula for %2 by letting
T =T.
Let f(z) = cosz for x € (0,7) and define f (x) = —cosx for z € (—m,0). Now

extend this function to make it 27 periodic. Find the Fourier series of f.

Suppose f,g € R([—n,n]). Show
I _
a_ fgd.]? = Z akﬁk)

where «, are the Fourier coefficients of f and 3, are the Fourier coefficients of g.

Recall the partial summation formula, called the Dirichlet formula which says that

q q—1
> arby = Agby — Ap_1by + Y Ap (br — brsa) -
k=p k=p

Here A, = ZZ:1 ag. Also recall Dirichlet’s test which says that if limg_, o by = 0,
Ay, are bounded, and Y by — bi41| converges, then > arby converges. Show the
partial sums of ), sinkx are bounded for each € R. Using this fact and the
Dirichlet test above, obtain some theorems which will state that ), aj sinkx
converges for all z.

Let {a, } be a sequence of positive numbers having the property that lim,, ,cc na, =
0 and for all n € N, na,, > (n+ 1) any1. Show that if this is so, it follows that
the series, > p-, @y, sinnz 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 M on ) kak% 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 Y }'_; coskz = 0. Sum this series by considering

the real part of the geometric series, ZZ=1 (e”)]C and then show the partial sums
of Y % are Riemann sums for a certain finite integral.

The problem in Apostol’s book mentioned in Problem I does not require na,
to be decreasing and is as follows. Let {ax},—, be a decreasing sequence of non-
negative numbers which satisfies lim, ., na, = 0. Then

Z a sin (kx)
k=1

converges uniformly on R. You can find this problem worked out completely in
Jones [E2F]. Fill in the details to the following argument or something like it to
obtain a proof. First show that for p < ¢, and x € (0,7),

q
Z ay sin (kx)| < 3a, csc (g) . (10.26)

k=p
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13.
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To do this, use summation by parts using the formula

1

zq:sin (kx) = cos ((p— 3) =) —cos ((¢+ 3) x)

2sin (%) ’

which you can establish by taking the imaginary part of a geometric series of

the form Y 7_, (e"”‘)]C 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 k > n, ar < b(n) /k. Then from
and the assumption {ay} is decreasing,

=0 if m=q
q m q
Z agsin (kx)| < Z ag sin (kx)| + Z a sin (kx)
k=p k=p k=m+1
Zz;p @ |sin (kz)| + 3a,csc (%) if m < g
N Z::p @ |sin (kz)| if m = q.
m  b(k) 2 -
S { Zk:p Tkx + 30‘}77 ifm <q (1027)

ZZ:p @kx ifm=gq
where this uses the inequalities

T T
sin (=) > —,|sin(x)| < |x| for x € (0, 7).
(5) = 5o lsin @)] < o] (0,7)
There are two cases to consider depending on whether z < 1/q. First suppose
that © < 1/¢. Then let m = ¢ and use the bottom line of MIZA to write that in
this case,

1 1
qg>—>m>——1
T T
Then in this case,
q m
b(k 2
Z agsin (kx)| < Z %kx + 3ap—7r
k=p k=p
< b

(p) x (m — p) + 6wa, (m + 1)
(

1 b(p)
< b — 6 1) <25b(p).
< b0 (3) +om P e < 2000
Therefore, the partial sums of the series, Y ag sinkz form a uniformly Cauchy
sequence and must converge uniformly on (0,7). Now explain why this implies
the series converges uniformly on R.

Suppose f(xz) = Y ;- agsinkz and that the convergence is uniform. Recall
something like this holds for power series. Is it reasonable to suppose that [’ (z) =
> e axk cos kz? Explain.
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14.

15.

16.

17.

Suppose |ug (z)| < K, for all x € D where

i Kk:nlirrgo i Ky < o0.

k=—o0 k=—n

Show that > - __ uy (z) converges converges uniformly on D in the sense that
for all € > 0, there exists N such that whenever n > N,

o0 n

k=—o00 k=—n

<eg

for all z € D. This is called the Weierstrass M test.

Let ag, by, > 0. Show the Cauchy Schwarz inequality

n n 1/2 n 1/2
e (54”59
k=1 k=1 k=1

To do this note that

n

p(t) = (ar +the)* > 0

k=1

for all t. Now pick an auspicious value of ¢, perhaps the value at which p (¢) achieves
its minimum.

Suppose f is a differentiable function of period 27 and suppose that both f and
f are in R ([—m,n]) such that for all € (—m, ) and y sufficiently small,

Tty
f(x+y)—f(x):/ o

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 z. Next let > 7o axe’*® be the
Fourier series for f. Then from the definition of ay, show that for k& # 0, ay = ia%
where aj, is the Fourier coefficient of f’. Now use the Bessel’s inequality to argue
that > 22 |a§€|2 < oo and then show this implies Y |ax| < co. You might
want to use the Cauchy Schwarz inequality in Problem [ to do this part. Then
using the version of the Weierstrass M test given in Problem @ obtain uniform

convergence of the Fourier series to f.

— 00

Let f be a function defined on R. Then f is even if f (8) = f(—0) for all § € R.
Also f is called odd if for all § € R, —f (0) = f (—6). Now using the Weierstrass
approximation 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) — Zak 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 @ on [0,7]. Now use the Weierstrass approximation theorem
on [—1,1].
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18.

19.

20.

21.
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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 Y77 | a,,. 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 "
1
o= S
k=1

where
k
SkE E Q.
Jj=1

Show that if 220:1 an converges then lim, ., 0, also exists and equals the same
thing. Next find an example where, although Zz’;l a, fails to converge, lim,,_, o, 0,
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

A.f(0) = Z 7kl gtk

k=—o00

where the aj are the Fourier coefficients of f. Show that if f is continuous, then

lim A,f(6) = (6).

r—1—

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
_1 sin (n + %) t
sin (%)
and it has the property that ffﬂ D, (t) dt = 1. Show first that this implies

1 /7r sin(nt)cos(t/?)dt: 1

or | sin(t/2)

D, (t) = (2n)

and this implies

1 ”sin(nt)cos(t/2):
/0— 1

™ sin (t/2)
Next change the variable to show the integral equals

1 (™" sin (u) cos (u/2n) 1
/0 —du

T sin (u/2n) n
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22.

Now show that
sin (u) cos (u/2n) 1 2sinu

1
~=

n—oo  sin(u/2n) u

Next show that

lim l/ 2s1nudu: lim l/ s1n(1'z)cos(u/2n)ldu:1
o u n—oo T Jo sin (u/2n) n

Finally show

lim
R—o0 /o u 2

This is a very important improper integral.

To work this problem, you should first review Problem B3 on Page BEZA about
interchanging the order of iterated integrals. Suppose f is Riemann integrable on
every finite interval, bounded, and

R 0
lim |f (t)|dt < o0, lim |f ()] dt < 0.
R—o0 R

R—o0 0
Show that
R . 0 '
lim / () etdt, lim / f (@) e "at
0 R—o0 —R

R—o0

both exist. Define

R—o0

" LSt — > —its
MnA Flt)eitdt = A F(t) e itdt

0 0
lim /_Rf(t)e_“sdt /_ ft)ye dt

R—o0
and 0
/ f@p%%uz/ fun%%ﬁ+/ Fl)e "t
—o0 0 —00
Now suppose the Dini condition on f, that

fla—t)+fla+t) = (flz=)+ f(z+)
2t

t—

is a function in R ((0, 1]). This happens, for example if for ¢ > 0 and small,
\f(x+1t)— f(z+) < Ct for >0

and if
|f(x—1t)— f(z—)] < Ct* fora >0

Now show using Problem B3 on Page EZA (You fill in the details including modi-
fying things so that the result of this problem applies.) to conclude

1 R 00 ) . 1 R o )
— / / f(t)e "5dte’ " ds = —/ / f(x—u)e™duds
27 —R J—o00 27 —RJ—o00

1 [ S, 1 [ sin Ru
= %[mf(:cfu)/Re dsduf;/ioof(xfu) " du

_ 2/°°sinuf(:n—}§)+f(m+}§)du
0

s U 2
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Conclude using Problem I

/ [0 La2) 1w 1028

_2/°°sinu f(ai—%)+f($+%)_f(f_)+f(x+) du
0

T u 2 2

Explain how the above equals an expression of the form

Q/Rsinu fl@a—%)+f(z+%) _ fla)+ flat)
0

T U 2 2

>du+e(R)

where e(R) — 0 as R — oo. Now change the variable letting u/R = t and
conclude equals

2 [ fa-t)+f@+t)—(f(z—)+ f(=1))
7/0 sm(Rt)( >

- 57 dt + e (R)

Now apply the Riemann Lebesgue lemma to conclude
lim 7\/ / f 72tsdt zswds f( ) f((E-l—)

The Fourier transform is defined as

F(s) = \/% /jo f(t)e at

and this has shown that under the Dini condition described above and for the sort
of f defined above,

This is the Fourier inversion formula.



Chapter 11

The Generalized Riemann
Integral

11.1 Definitions And Basic Properties

This chapter is on the generalized Riemann integral. The Riemann Darboux integral
presended earlier has been obsolete for over 100 years. The integral of this chapter is
certainly not obsolete and is in certain important ways the very best integral currently
known. This integral is called the generalized Riemann integral, also the Henstock
Kurzweil integral after the two people who invented it and sometimes the gauge integral.
Other books which discuss this integral are the books by Bartle [B], Bartle and Sherbert,
[6], Henstock [EO], or McLeod [4]. Considerably more is presented in these references.
In what follows, F' will be an increasing function, the most important example being
F(z)==.

Definition 11.1.1 Let [a,b] be a closed and bounded interval. A tagged divi-
sion® of [a,b] = I is a set of the form P = {(I;,t;)},_, where t; € I; = [x;_1,2;], and
a=mxi_1 <---<xp=">. Let thet; 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 — (S(ti) st + (S(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, “TH’] 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, Is which fails to have a d fine division. Continue this way to

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.

261
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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 li = {z}

where = € [a,b]. Now [ — ¢ (z),x + 0 (x)] must contain some I} because the diameters
of these intervals converge to zero. It follows that {(Iy,x)} is a ¢ fine division of Ty,
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 et X be a complete normed vector space. (For example,
X=RorX=CorX=RP.) Then f : [a,b] = X is generalized Riemann integrable,
written as f € R*[a,b] if there exists R € X such that for all e > 0, there exists a
gauge, &, such that if P = {(I;,t;)},—, is § fine then defining, S (P, f) by

S(P,f)=Y_f(t)AF,
i=1
where if I; = [x;—1, ;]

AFi = F(Z‘Z) — F(Z‘i_l)

it follows

|S(P7f)_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 §; < § then it follows P is also ¢ fine.

How does this relate to the usual Riemann integral discussed above in Theorem HZ2
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
€ > 0, there exists a gauge function d. such that if P and @ are any two divisions which
are 0. fine, then

IS (P, f)—5(Q, /) <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 . fine, then

|[R—S (P, f) <e/2.
Now let P, @ be two such §. fine divisions. Then

ISP f) =S @ N < ISP f) = B[+ |R=S5(Q, )

< +§—5
5 =¢&

<
2
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Conversely, suppose the condition of the proposition holds. Let &, — 0+ as n — oo
and let J., denote the gauge which goes with €,. Without loss of generality, assume
that 0. 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., D R. ,, because é., is decreasing in n. Therefore, there
exists a unique, R € N72; R., . To see 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 ¢., fine division,

IS(P,f)— R| <e,<e.

Therefore, R = f ; J- This proves the proposition.

Are there examples of functions which are in R* [a,b]? Are there examples of func-
tions 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 ¢ > 0,
there exists 0 > 0 such that if

P= {.To,.’I,']_,"' ;xn}

is any partition having ||P|| < §, and z; € [x;—1, 4],

n

I=> f(z)(F(zi) = F (i) <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
ITT3. 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 EZ3.

Theorem 11.1.7 Let f be continuous on [a,b] and let F be any increasing in-
tegrator. 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 o and B are constants and that f and g are in
R* [a,b]. Then af + g € R* [a,b] and

/I(af+69)dF:a/Ide+5/lng.
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Proof:Let n = +7 and choose gauges, d, and d7 such that if P is d, fine,

£
[B]+]al
‘S(RQ) —/ng' <n
I
and that if P is 0y fine,
’S(R 1) - /de‘ <n.
I

Now let 6 = min (d4,0¢). 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,g)

and so

‘S(P,ozf+/3’g) <B/Ing+a/Ide>‘ < ‘BS(P,Q)B/Ing‘

" aS(P,f)a/Ide‘ <181y +laln<e.

Since € > 0 is arbitrary, this shows the number, S [ 1 9dF + /, ; fdF qualifies in the
definition of the generalized Riemann integral and so af + fg € R* [a, ] and

/(af+5g)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 6 be a gauge function such
that if P is § fine then
‘ / de‘ <e.

Since F is increasing, it is clear that S (f, P) > 0. Therefore,

/dezsu,P)—sz e
I

and since ¢ is arbitrary, it follows [, fdF > 0 as claimed.
To verify the second part, note that by Proposition T4 there exists a gauge, §
such that if P, Q are § fine then

‘S(f,P)—S(f,Q)|<E

But

[ (Re f, P) = S (Re f,Q)]

[Re (5(f, P)) — Re (5 (f,Q))]
1S(f,P) = S(f,Q)l

and so the conditions of Proposition T4 are satisfied and you can conclude Re f €
R* [I]. Similar reasoning applies to Im f. This proves the lemma.

IN
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Corollary 11.1.10 If|f], f € R* [a,b], where f has values in C, then

Mde‘ < [1s1ar.

Proof:Let |o| =1 and « [, fdF = |[; fdF|. Then by Theorem [TTH and Lemma

[T
7o

/Iozde:/I(Re(af)+i1m(af))dF
= /IRe(ozf)dF+i/IIm(ozf)dF:/IRe(af)dF

[ Retaniar < [ if1ar

Note the assumption that |f| € R* [a, ]].
The following lemma is also fundamental.

IN

Lemma 11.1.11 If f € R*[a,b] and [c,d] C [a,b], then f € R*[c,d].

Proof:Let ¢ > 0 and choose a gauge § such that if P is a division of [a, b] which is
6 fine, then
|S(P,f)— R| <e/2.

Now pick a § fine division of [c, d] , {(I;, tl)} and then let {(I;,¢; )}1 vand {(1i,t) i,y
be fixed ¢ fine divisions on [a, ¢] and [d, b] respectlvely

Now let P; and @1 be 4 fine divisions of [c,d] and let P and @ be the respective ¢
fine diViSlons if [a,b] just described which are obtained from P; and @; by adding in

{Ui, t )}1, y and {(I;,t;) 1o 141+ Then

e>15(Q, ) =S (P )l =15(Qu1, f) = S (P, ).
By the above Cauchy criterion, Proposition IITA, f € R*[c,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 [7 fdF means f[a g faF.

Proof: Let £ > 0. Let §; be a gauge function on [a, ¢] such that whenever P; is a
41 fine division of [a, ¢],

/cde—S(Pl,f)‘ < /3.

Let d2 be a gauge function on ¢, b] such that whenever P; is a d5 fine division of [c, b],

b
/ FdF — S (Py, )| < /3.

Let d5 be a gauge function on [a,b] such that if P is a 3 fine division of [a, b],

b
/de—S(P,f) <c/3.
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Now define a gauge function

5(2) = { min (1, d3) on [a, (]

min (d2,d3) on [c,b]
Then letting P; be a ¢ fine division on [a,c] and P, be a § fine division on [e,b], it

follows that P = Py UP; is a d3 fine division on [a, b] and all the above inequalities hold.
Thus noting that S (P, f) = S (P1, f) + S (P, f),

Ide-(/acde+/cbde>‘

< ‘/Ide—(S(Pl,f)wLS(Pz»f))’

+

c b
S(PLF)+8 (P f) - (/ de+/ de)‘

<

b
S(Py. f) —/ fdF

/Ide—S(P,f)‘—&—’S(Pl,f)—/cde‘—&-

< €/3+¢/34+¢/3=¢.

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(@f)—/Ide‘ <.

Then if P = {(I;,t;)};—, is any & fine division, and P' = {(Iij,tij)}r

=1 is a subset of
P, then

=1 j=1"1

Proof:Let (J,¢) € P\ P'. From Lemma T 1N, f € R*[J;]. Therefore, letting
{(Jki,tki)}é’;l be a suitable ¢ fine division of Jg,

<n

i
; FAF =" f (tri) AF;
k i=1

where n > 0. Then the collection of these ¢ fine divisions, {(Jk:, txi) i’;l taken together
with {(Iij , tij) };:1 forms a ¢ fine division of I denoted by P. Therefore,

gz‘s(ﬁ,f)—/lde’z if(tij)AFi—i/I FdF
j=1 =171

+

I
o > ft) AR - > /deF

kg{ii, i} =1 k¢{i1, - ,ir}
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> (1) AR =Y [ gar| - 1P\ Py
j=1 j=1"Ti;

where |P \ P’| denotes the number of intervals contained in P\ P’. It follows that

HP\PIn= S () AR =Y [ far
J=17"4

Jj=1

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;,2;)}]_,

is ¢ 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) _ /I de‘ <.

Then if {(I;,t;)},_, is & fine, it follows that

Zf(tj)AF(Ij)—Z/ fdF| <e.
j=1 =171

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

f(t:) AF; — / de‘ < 2. (11.1)

I;

Proof:Let 7 = {z Lf () AF; > [ de} and let Z€ = {1,--- ,n} \ Z. Then by
Henstock’s lemma

Zf(mAFi—Z/I_de

i€l i€L

-

i€l

and

S ft) AR - /,vde

1€ZC 1€ZC
so adding these together yields .
This generalizes immediately to the following.

-y

i€ZC

Corollary 11.1.16 Suppose f € R* [a,b] has values in C and that

‘S(P,f)—/lde‘ <c (11.2)
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for all P which is & fine. Then if P = {(I;,t;)}.—, is & fine,

n

D

i=1

f(t;) AF, — / de‘ < 4e. (11.3)

I;

Proof: It is clear that if T2 holds, then
‘S(P,Ref) —Re/de‘ <e
I

which shows that Re [, fdF = [, Re fdF. Similarly Im [, fdF' = [, Im fdF. Therefore,
using Corollary T T3

n

>

=1

Re f (t;) AF; —/ Rede‘ < 2¢

I;

and
n

>

=1

ilm f (¢;) AF; f/ iImde‘ < 2e.
I;
Adding and using the triangle inequality, yields II=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
/ ; JndF — J ; JdF. 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 [23].

Theorem 11.1.17 rLet ¥, () > 0 and suppose f, € R*[a,b], --- fn(z) <
fot1 (@) -+ and that f(x) = lim,— oo fr (z) for all © and that f(x) has real values.
Also suppose that {fl fn}zozl is a bounded sequence. Then f € R* [a,b] and

/ fdF = lim [ fudF (11.4)
I I

n—oo

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 IIT-I.I7 let € > 0 be given. Then there
exists a gauge, 6, such that if P is § fine, then for alln € N,

‘S(P,fn)/lfndF‘ <e. (11.5)

Proof of the Lemma: Let 3n+ (F (b) — F (a))n < €.
Claim 1: There exists N € N such that whenever n,j > N

/IfndF—/Ifde‘ <. (11.6)

Proof of Claim 1: Such an N exists because, the sequence, {fI fndF}Zo:1 is increasing
and bounded above and is therefore a Cauchy sequence. This proves the claim.

Claim 2: There exists a sequence of disjoint sets, {E, } -y such that for x € E,,
it follows that for all j > n,

15 (@) = f ()| <.
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Proof of Claim 2: For n > N, let
F,={z:|fj(x)— f(z)] <nforal j>n}.

Then the sets, F;, are increasing in n and their union equals I. Let EFny = Fy 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;,#;)}{_, is 0 fine and
if
IjE{iZtiEEj}, Ijzmlf]<N,
thenif 7 C {n,n+1,---}

SN falt) AF, - ZZ/ fndF| <n27". (11.7)

j=J i€Z; JET i€L;

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,
On,n =1,2,--- such that if P is §,, fine, then

<n2" (11.8)

and define § on I by letting
§(xz) =min (01 (z), -+ ,0, (z)) f z € E,. (11.9)

Since the union of the E,, equals I, this defines § on I. Note that some of the E, may be
empty. If n < j, then 4,, () got included in the above minimum for all z € E;,j € J.
Therefore, by Corollary ITT14, Henstock’s lemma, it follows that TI=a holds. This
proves Claim 3.

Suppose now that P = {(I;,¢;)}{_, is 6 fine. It is desired to verify ITA. Note first

/fndF— Z Z/fndFSan)_ S > k) AF,

j=min(n,N) i€Z; j=min(n,N) i€Z;

where as before, the sums are really finite. Recall Z; = () if j < N. If n < N, then by
Claim 3,

‘/fndF SPf’ ZZ/fndF Zan JAF| <n2™" <

Jj=ni€Zl; Jj=ni€Zl;

Therefore, I3 holds in case n < N.
The interesting case is when n > N. Then in this case,

‘/fndF SPf' ZZ/fndF an

Jj=Ni€Z; j=Ni€Z;
n—1
< ZZ/fndF S°S fult) AR,
Jj=Ni€Tl; j=Ni€T;

ZZ/fndF Zan i) AF, (11.10)

j=ni€Zl; Jj=ni€L;
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By Claim 3, the last term in T is smaller than n2~". Thus

n—1 n—1
/IfndF—b“(P,f)‘ <2ty Z/I_ FadF =373 fu (i) AF,

=N €T, J=Ni€Z;

n—1 n—1
<2 /1 fadF =% /1 f;dF (11.11)

j=Ni€Z; j=Ni€Z;

+ i Z /1 fidF — i Z fi (t:) AF; (11.12)

j=NicZI; j=Ni€eZ;

+ 2 > fi(ti) AR - i D fati) AF, (11.13)

j=Ni€cZI; j=Ni€eZ;

Then using Claim 1 on T, the messy term is dominated by

n—1 n—1
JndF — f;dF
;gg;gguﬁi ;g%;;;uﬁij
n—1
< fndF — f—dF)
L2 (=],
n—1
= jz;vz_;zj/li(fn—fj)dFS‘/IfndF—/Ifde)<n

Next consider the term in ITIA. By Claim 3 with J = {j}

n—1

> Z/I‘fdez_: > fi (i) AF;

j=Niez; i J=N i€,
n—1

< > Z/ [idF =" f; () AF;
j=N |iez; /Ti i€Z;
n—1

< > o<
j=N

Finally consider [I13. By Claim 2,

i Z [i (ti) AF; — i Z fn (t;) AF;

j=N i€, j=Ni€T;
n—1

< S SIS () — fu ()| AFS <0 (F (b) - F (a)
j=Ni€TI;

Thus the terms in T - T3 have been estimated and are no larger than

27" +n+n+n(F O - F(a) <e
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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€

/1 fudF — S (P, f,)

for all n € N. Taking the limit as n — oo in the above inequality,

n—oo

lim /fndFS(P,f)‘ <e
I

and since ¢ is arbitrary, this shows that

This proves the theorem.

Example 11.1.19 Let

ro={ohrea

/Olde:o.

This is obvious. Let f, () to equal 1 on the first n rational numbers in an enumer-
ation of the rationals and zero everywhere else. Clearly f, (z) T f (x) 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’ (x) exists for all = € [a, b], taking the derivative from the right
or left at the endpoints. What about the formula

b
/ f@t)dt=f () — f(a)? (11.14)

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 (%) ifz € (0,1]

You can verify that f has a derivative on [0, 1] but that this derivative is not continuous.
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The fact that derivatives are generalized Riemann integrable depends on the follow-
ing simple lemma called the straddle lemma by McLeod [E3].

Lemma 11.2.2 Suppose f : [a,b] — R is differentiable. Then there exist 6 (z) > 0
such that if u < x <wv and u,v € [x —§ (z),x + 6 (z)], then

If (@) = f () = /(&) (v —u)| <efo—ul.
Proof: Consider the following picture.
“ z 4

T T
From the definition of the derivative, there exists § () > 0 such that if |v — x|,
|z —u| < d(x), then

3

[ (w) = f (@) = f'(2) (u—2)| < 5

u— x|
and A
/' (@) (v = 2) = f(0) + f (2)] < 5 |0 — 2]

Now add these and use the triangle inequality along with the above picture to write

1" (@) (0 —u) = (f (v) = f ()| <e|v—ul.

This proves the lemma.
The next proposition says T4 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
F0)-fl@) = [ fda
where the integrator function is F (v) = x

Proof:Let € > 0 be given and let ¢ (z) be such that the conclusion of the above
lemma holds for € replaced with £/ (b — a). Then let P = {(I;,t;)};_, be ¢ fine. Then
using the triangle inequality and the result of the above lemma with Az; = z; — x;_1,

n

FO) = f(a) =) [ () Az,

i=1

IN
™
~
=
|
&
>
&
I
m

This proves the proposition.
With this proposition there is a very simple statement of the integration by parts
formula which follows immediately.

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
folb - / fo'de = / fgde
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The following example, is very significant. It exposes an unpleasant property of the
generalized Riemann integral. You can’t multiply two generalized Riemann integrable
functions together and expect to get one which is generalized Riemann integrable. 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
_ x2sin(m%) ifx#0
f(”:){ 0ifz=0
Then [’ (x) exists for all x € R and equals
yon f 2awsin(L) — 2cos (L) ifx#0
! (x)_{ 0ifz=0

Then f' is generalized Riemann integrable on [0,1] because it is a derivative. Now let
¥ (x) denote the sign of f (x). Thus

1if f(x) >0
b@)={ —1iff(x) <0
0if f(x) =0
Then v is a bounded function and you can arque it is Riemann integrable on [0,1].
However, 1 (z) f (z) = |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 lim,,_, o fI o= f[ f-

2. In Example 23 there is the function given

2 sin (L) — 2 cos (L) if x %0
g(x)z{ ()xlfszl(:x(z)) 2cos (5z) if x #

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(z) =
max (0, g (2))?

3. Let f € R* [a,b] and consider the function 2 — [ f (t) dt. Is this function contin-
uous? Explain. Hint: Let € > 0 be given and let a gauge, § be such that if P is
0 fine then

b
S(P,f)—/ fdz| < £/2

Now pick h < 6 (z) for some = € (a,b) such that x + h < b. Then consider the
single tagged interval, ([x, 2z + h],z) where z is the tag. By Corollary [T 114

x+h
|f(;z:)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.
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Generalize Problem B to the case where the integrator function is more general.
You need to consider two cases, one when the integrator function is continuous at
z and the other when it is not continuous.

Suppose f € R* [a,b] and f is continuous at = € [a,b]. Show G (y) = [” f (t)dt is
differentiable at z and G’ (z) = f ().

Suppose f has n + 1 derivatives on an open interval containing c. Show using
induction and integration by parts that

n k c T
f=r@+Y L w0+ 3 [ -
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) = 271/2 for
x>0 and 0 for x = 0. Find fol 2~ /2dx. Hint: Let f, (z) = 0 for 2 € [0,1/n] and
2712 for # > 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
decreasing sequence of functions, {fi} rather than an increasing sequence?

For E a subset of R, let Xg (x) be defined by

lifzre F
XE(“”)_{ Oifa ¢ E

For F' an integrator function, define E to be measurable if for all n € N, Xp €
R*[—n,n] and in this case, let

n

,u(E)Esup{ XE(t)dt:neN}

—n

Show that if each Ej, is measurable, then so is U2, E}, and if F is measurable,
then so is R\ E. Hint: This will involve the monotone convergence theorem.

The gamma function is defined for x > 0 as

e R
T (x) E/ e " 1dt = lim e " dt
0

R—o0 0
Show this limit exists. Also show that
Fz+1)=al(x), T(1)=1.

How does I' (n) for n an integer compare with (n — 1)!7



Appendix A

Construction Of Real
Numbers

The purpose of this chapter is to give a construction of the real numbers from the
rationals.

Definition A.0.1 Let R denote the set of Cauchy sequences of rational num-
bers. If {z,} o, is such a Cauchy sequence, this will be denoted by x for the sake of
simplicity of notation. A Cauchy sequence x will be called a null sequence if

lim z, =0.
n—oo

Denote the collection of such null Cauchy sequences as N.Then define x ~ y if and only
if
x—yeN

Here x —y signifies the Cauchy sequence {x,, — yn}zozl. Also, for simplicity of notation,
let Q denote the collection of constant Cauchy sequences: for a € Q, let a ={a}
where a, = a for alln. Thus Q C R.

Then the following proposition is very easy to establish and is left to the reader.
Proposition A.0.2 ~ is an equivalence relation on R.

Definition A.0.3 DefineR as the set of equivalence classes of R. For x],[y],[z] €
R, define
x| [y] = [xy]

where Xy is the sequence {x,yn}or, . Also define
X+ [yl =x+y].
Theorem A.0.4 with the two operations defined above, R is a field.

Proof: First it is necessary to verify that the two operations are binary operations
on R. This is obvious for addition. The question for multiplication reduces to whether
xy is a Cauchy sequence.

|xnyn - xmynl + |xmyn - xmym‘

‘xnyn _xmym| <

275
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for some constant which is independent of n, m. This follows because x,y being Cauchy
implies that these sequences are both bounded.

Now why are these operations well defined? Consider multiplication because it
is fairly obvious that addition is well defined. If x ~x’ and y ~y’, is it true that
(x'y'] = [xy]? Is {2},y7, — Tnyn}o, € N?

|x’/ﬂy7/’7, - xﬂyn| < |xfny'/n - xfnyn| + |x{nyn - xnyn|
< C(|y’;L - yn| + |x;L - xn|)

where C' is a constant which bounds all terms of all four given Cauchy sequences, the
constant existing because these are all Cauchy sequences. By assumption, the last
expression converges to 0 as n — co and so {z,yl, — Tpyn},.; € N which verifies that
[x'y’] = [xy] as hoped. The case for addition is similar but easier.

Commutative and associative laws for addition and multiplication are all obvious.
So is the distributive law. The existence of an additive identity is clear. You just use
[0]. Similarly [1] is a multiplicative identity. For [x] # [0], let y, = 1 if z, = 0 and
Yo =z,  if 2, #0. Is y € R? Since [x] # [0], there exists a subsequence of x, {z,, }
and a positive number § > 0 such that

|, | > 26

for all k. Therefore, since x is a Cauchy sequence, it must be the case that for some N,

|xn| > 8
for all n > N. Now for m,n > N,
1 1 Ty —T 1
|yn_ym|:_‘:|nm|§2|xn_$m
Tpn T [Zn|lzm] ~ 6

which shows that {y,}°°, € R. Then clearly [y] = [x] ' because

[yl %] = [yx]
and yx is a Cauchy sequence which equals 1 for all n large enough. Therefore, [xy] = [1]
as required. It is obvious that an additive inverse [—x] = — [x] exists for each [x] € R.

Thus R is a field as claimed. B

Of course there are two other properties which need to be considered. Is R ordered?
Is R complete? First recall what it means for R to be ordered. There is a subset of R
called the positive numbers, such that

The sum of positive numbers is positive.
The product of positive numbers is positive.
[x] is either positive [0], or — [x] is positive.

Definition A.0.5 Define [x] > [0] if there exists 6 > 0 and a subsequence of x
{@n, }oey with the property that

ZTp,, > 0 for all k.
First, it is convenient to present a simple lemma.

Lemma A.0.6 [x] > [0] if and only if for every 0 < r < 1 there exists 6 > 0 and m
such that x,, > rd for all n > m.
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Proof: <= is obvious. Suppose then that [x] > [0]. Then there exists § > 0 and a
subsequence {x,, } such that x,, > . Let m be large enough that |z, — x| < (1 —7)¢
for all [,n > m. Then pick k£ > m. It follows that ny > m and so for n > m,

—1-md<zp—zn, <(1-1)d

and so
ri=0—1-r)d<zp, —d<z, N

Theorem A.0.7 The above definition makes R into an ordered field.

Proof: First, why is the above definition even well defined? Suppose [x] is positive
with § as in the definition. Is it true that if x'~ x, then x’ is also positive? By the
above lemma, there exists an N such that x,, > 2§/3 for all n > N. Since x — x’ € N it
follows that there is a larger Ny such that if n > Ny, then a/, > §/2. Thus the concept
of being positive is well defined.

Suppose both [x], [y] are positive. Then by the above lemma, there exists an N, § > 0
such that if n > N, then

Tp >0, Yo >0

Therefore, if n > N,
TnYn > 6

and so [xy] = [x] [y] > 0. It is obvious that the sum of positive numbers is positive.
Next suppose that [x] # [0]. Then there exists a subsequence {x,, } such that

|, | >0

It follows that either z,, > ¢ infinitely often or z,, < —J infinitely often but not both.
Thus either [x] > 0 or [x] < 0. H

For a rational number r, denote by r the real number [r],r being the constant
sequence equalling r. Then also r [x] = [rx].

It remains to verify that R is complete. This requires a measure of distance between
two elements of R. So how do you do this? Simply define the absolute value the usual
way.

[x] if [x] > [0]
][ = q [0] if [x] = [0]
[x] = —[x] if [x] <0

Then it is routine to verify that this satisfies the usual properties of absolute value.
The main difficulty is, as usual, the triangle inequality. Note that from the definition,
|[x]| > [x]. First say that [x +y] > [0].

I+ [yl =[x +yll = x+y] = X + [y] <[] +[[y]l

In case [x + y] < [0], it is a similar argument. Thus the triangle inequality holds. What
about |[x][y]| = |[x]||[y]|? You can simply check the various cases. Consider the case
that [x] < [0] and [y] > [0].

I y]l = [yl = = xyl = [=xy] = [=x] [y] = ][ |[y]] -

Lemma A.0.8 Ifr > 1, then there exists m, such that for all n > m,.,
[T — yn| <7lx -yl

Also |[x]| = [|x|] where |x| = {|zk|}ie; -
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Proof: Consider the last claim first. If [x] < [0], then there exists § < 0 such that
for all n large enough z,, < § < 0. Therefore, |[x]| = [-x]. Also [|x|] = [—x] so these
are equal. The case where [x] > 0 is similar. Consider the other assertion.

x=yll=lx-yll<[rx-yl=rlx-yl=rlx-yl

and so, it follows as in Lemma BT that for all n large enough, the above conclusion
holds. B
Finally, here is a proof that R is complete.

Theorem A.0.9 R as defined above is a complete ordered field.

Proof: Suppose {[x"]},~, is a Cauchy sequence in R. Then there exists a subse-
quence, still denoted as {[x"]} such that

Hx"] — [X”‘HH <27

I will show that a subsequence of this one converges. Then it will follow that the original
Cauchy sequence converges.
Since each x™ is a Cauchy sequence, there exists N (n),---N(n) < N(n+1)---,
such that if k,1 > N (n), then
|z — ] <277

By making N (n) larger if necessary, it can also be assumed that for each k > N (n),
!xz — xZ‘H’ <27"

Then define a sequence y as
_ .k
Y = xN(k) .

Then
k k+1 k k k k+1
Yk — Ypt1| = TN(k) — fﬂNJEkH)’ < ‘xN(k) - xN(k+1)’ + ‘xN(kJ,-l) - INJEkH)
< 27F 427k =27(1

the second term on the right of the top line being less that 2~ because N (k + 1) >
N (k). It follows that {yx},—, is a Cauchy sequence.
It remains to verify if possible that limg_ oo |[xk} — [y]‘ = 0. First consider the

subsequence { [xV(*)] };Qzl .Let { > N (N (k)). Then

N(k N(k N(k
’xz ( )_yl‘ = ‘xz ( )—xﬁva)‘ < ‘xz ( )—xf‘ + ‘»’ff —flf\r(z)’ + ‘xlzcv(z) —xéw)

Now both I, N (I) > N (k) because
[>N(N(k)>NFk) >k

and so the middle term above is less than 27*. Consider the last term. If I > i > k,
then N (I) > N (i) and so

. . iy
xﬁvu) - xﬁ(z)‘ <27

Therefore, in the case that k # [, the last term is dominated by

-1 o
> fov = o | < o2 =2
i=k i=k
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Next consider the first term. For k <i < N (k),N (i) < N (N (k)) <1 and so
’x} - xl”l‘ <27

Therefore, supposing that N (k) > k, (There is nothing to show if this is not so.)

N(k)—1 0o
‘xlN(k)_xéc‘ < Z ‘x§_$§+1| §Z2—¢:2—(k—1).
i=k i=k

It follows that for I > N (N (k)),
Oy <3 (270)
and consequently,
[ = ]| <5 (27)
The given sequence is a Cauchy sequence, so if € > 0 is given, there exists K, such that

if m,n > K., then
€

") = k"l <

Pick £ > K.. Then for n > K.,

"=yl <

<

] =[] |+ ] -
€

Z 45 (2—(k—1)>

5 +

Therefore, simply pick k sufficiently large and it follows that for n > K.,

X" =yl <e.

Hence the given Cauchy sequence converges to [y]. B

It follows you can consider each real number in R as an equivalence class of Cauchy
sequences. It seems to me that it is easier to consider it simply as a point on the number
line and begin with the real number line as the fundamental thing to study.

There are other ways to construct the real numbers from the rational numbers. The
technique of Dedekind cuts is often used for example. See the advanced calculus book
by Rudin [B1] for this. It might be a little shorter and easier to understand. However,
the above technique of the consideration of equivalence classes of Cauchy sequences can
also be used to complete any metric space. The technique of Dedekind cuts cannot. A
metric space is just a nonempty set X on which is defined a distance function (metric)
which satisfies the following axioms for z,y,z € X.

d(z,y) =d(y,z), oo >d(z,y) 20

d(z,y) +d(y,z) = d(z,z)
d(z,y) =0 if and only if x = y.
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