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Chapter 1

Sets and Functions

We understand a “set” to be any collection M of certain distinct objects
of our thought or intuition (called the “elements” of M) into a whole.
(Georg Cantor, 1895)

In mathematics you don’t understand things. You just get used to them.
(Attributed to John von Neumann)

In this chapter, we define sets, functions, and relations and discuss some of
their general properties. This material can be referred back to as needed in the
subsequent chapters.

1.1. Sets

A set is a collection of objects, called the elements or members of the set. The
objects could be anything (planets, squirrels, characters in Shakespeare’s plays, or
other sets) but for us they will be mathematical objects such as numbers, or sets
of numbers. We write z € X if = is an element of the set X and « ¢ X if x is not
an element of X.

If the definition of a “set” as a “collection” seems circular, that’s because it
is. Conceiving of many objects as a single whole is a basic intuition that cannot
be analyzed further, and the the notions of “set” and “membership” are primitive
ones. These notions can be made mathematically precise by introducing a system
of axioms for sets and membership that agrees with our intuition and proving other
set-theoretic properties from the axioms.

The most commonly used axioms for sets are the ZFC axioms, named somewhat
inconsistently after two of their founders (Zermelo and Fraenkel) and one of their
axioms (the Axiom of Choice). We won’t state these axioms here; instead, we use
“naive” set theory, based on the intuitive properties of sets. Nevertheless, all the
set-theory arguments we use can be rigorously formalized within the ZFC system.
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2 1. Sets and Functions

Sets are determined entirely by their elements. Thus, the sets X, Y are equal,
written X =Y, if
r € X ifandonlyif ze€V.

It is convenient to define the empty set, denoted by &, as the set with no elements.
(Since sets are determined by their elements, there is only one set with no elements!)
If X # &, meaning that X has at least one element, then we say that X is non-
empty.

We can define a finite set by listing its elements (between curly brackets). For
example,

X ={2,3,5,7,11}

is a set with five elements. The order in which the elements are listed or repetitions
of the same element are irrelevant. Alternatively, we can define X as the set whose
elements are the first five prime numbers. It doesn’t matter how we specify the
elements of X, only that they are the same.

Infinite sets can’t be defined by explicitly listing all of their elements. Never-
theless, we will adopt a realist (or “platonist”) approach towards arbitrary infinite
sets and regard them as well-defined totalities. In constructive mathematics and
computer science, one may be interested only in sets that can be defined by a rule or
algorithm — for example, the set of all prime numbers — rather than by infinitely
many arbitrary specifications, and there are some mathematicians who consider
infinite sets to be meaningless without some way of constructing them. Similar
issues arise with the notion of arbitrary subsets, functions, and relations.

1.1.1. Numbers. The infinite sets we use are derived from the natural and real
numbers, about which we have a direct intuitive understanding.

Our understanding of the natural numbers 1,2,3,... derives from counting.
We denote the set of natural numbers by

N=1{1,2,3,...}.

We define N so that it starts at 1. In set theory and logic, the natural numbers
are defined to start at zero, but we denote this set by Ny = {0,1,2,...}. Histori-
cally, the number 0 was later addition to the number system, primarily by Indian
mathematicians in the 5th century AD. The ancient Greek mathematicians, such
as Euclid, defined a number as a multiplicity and didn’t consider 1 to be a number
either.

Our understanding of the real numbers derives from durations of time and
lengths in space. We think of the real line, or continuum, as being composed of an
(uncountably) infinite number of points, each of which corresponds to a real number,
and denote the set of real numbers by R. There are philosophical questions, going
back at least to Zeno’s paradoxes, about whether the continuum can be represented
as a set of points, and a number of mathematicians have disputed this assumption
or introduced alternative models of the continuum. There are, however, no known
inconsistencies in treating R as a set of points, and since Cantor’s work it has been
the dominant point of view in mathematics because of its precision, power, and
simplicity.
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We denote the set of (positive, negative and zero) integers by
zZ=A...,-3,-2,-1,0,1,2,3,...},
and the set of rational numbers (ratios of integers) by

Q={p/qa:p,q€Zand q#0}.
The letter “Z” comes from “zahl” (German for “number”) and “Q” comes from
“quotient.” These number systems are discussed further in Chapter

Although we will not develop any complex analysis here, we occasionally make
use of complex numbers. We denote the set of complex numbers by

C={z+iy:z,y e R},

where we add and multiply complex numbers in the natural way, with the additional
identity that i2 = —1, meaning that 7 is a square root of —1. If z = 2 + iy € C, we
call z = Rz the real part of z and y = Iz the imaginary part of z, and we call

o = Va? 2

the absolute value, or modulus, of z. Two complex numbers z = x + iy, w = u + v
are equal if and only if x = v and y = v.

1.1.2. Subsets. A set A is a subset of a set X, written A C X or X D A, if
every element of A belongs to X; that is, if

x € A implies that z € X.

We also say that A is included in X E| For example, if P is the set of prime numbers,
then P C N, and N C R. The empty set @ and the whole set X are subsets of any
set X. Note that X = Y if and only if X C Y and Y C X; we often prove the
equality of two sets by showing that each one includes the other.

In our notation, A C X does not imply that A is a proper subset of X (that
is, a subset of X not equal to X itself), and we may have A = X. This notation
for non-strict inclusion is not universal; some authors use A C X to denote strict
inclusion, in which A # X, and A C X to denote non-strict inclusion, in which
A = X is allowed.

Definition 1.1. The power set P(X) of a set X is the set of all subsets of X.
Example 1.2. If X = {1,2,3}, then
P(X) = {2, {1}, {2}, {3},{2,3}, {1, 3}, {1,2}, {1,2,3}} .

The power set of a finite set with n elements has 2™ elements because, in
defining a subset, we have two independent choices for each element (does it belong
to the subset or not?). In Example X has 3 elements and P(X) has 2% = 8
elements.

The power set of an infinite set, such as N, consists of all finite and infinite
subsets and is infinite. We can define finite subsets of N, or subsets with finite

1By contrast, we say that an element x € X is contained in X, in which cases the singleton set
{z} is included in X. This terminological distinction is not universal, but it is almost always clear from
the context whether one is referring to an element of a set or a subset of a set. In fact, before the
development of the contemporary notation for set theory, Dedekind [3] used the same symbol (C) to
denote both membership of elements and inclusion of subsets.
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complements, by listing finitely many elements. Some infinite subsets, such as
the set of primes or the set of squares, can be defined by giving a definite rule
for membership. We imagine that a general subset A C N is “defined” by going
through the elements of N one by one and deciding for each n € N whether n € A
orn ¢ A

If X is a set and P is a property of elements of X, we denote the subset of X
consisting of elements with the property P by {x € X : P(x)}.

Example 1.3. The set
{nEN:n:k2 forsomekeN}
is the set of perfect squares {1,4,9,16,25,...}. The set
{reR:0<2x <1}

is the open interval (0, 1).

1.1.3. Set operations. The intersection A N B of two sets A, B is the set of
all elements that belong to both A and B; that is

re ANBifand only if x € A and = € B.

Two sets A, B are said to be disjoint if A N B = &; that is, if A and B have no
elements in common.

The union A U B is the set of all elements that belong to A or B; that is
re€ AUBifandonly ifx € Aor z € B.

Note that we always use ‘or’ in an inclusive sense, so that x € AU B if z is an
element of A or B, or both A and B. (Thus, ANB C AUB.)

The set-difference of two sets B and A is the set of elements of B that do not
belong to A,

B\A={xe€B:x¢ A}.

If we consider sets that are subsets of a fixed set X that is understood from the
context, then we write A° = X \ A to denote the complement of A C X in X. Note
that (A°)° = A.

Example 1.4. If
A=1{2,3,57,11}, B ={1,3,5,7,9,11}

then
ANB=1{3,57,11}, AUB=1{1,2,3,5,7,9,11}.
Thus, AN B consists of the natural numbers between 1 and 11 that are both prime

and odd, while AU B consists of the numbers that are either prime or odd (or
both). The set differences of these sets are

B\A={1,9}, A\B-=1{2}.

Thus, B\ A is the set of odd numbers between 1 and 11 that are not prime, and
A\ B is the set of prime numbers that are not odd.
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These set operations may be represented by Venn diagrams, which can be used
to visualize their properties. In particular, if A, B C X, we have De Morgan’s laws:

(AUB)°=A°NB°, (ANB)°= A°UB".

The definitions of union and intersection extend to larger collections of sets in
a natural way.

Definition 1.5. Let C be a collection of sets. Then the union of C is
UC:{x:xeXforsomeXEC},

and the intersection of C is
ﬂC:{x:xGXforeveryXGC}.

If C = {A, B}, then this definition reduces to our previous one for AU B and
ANB.

The Cartesian product X x Y of sets X, Y is the set of all ordered pairs (z,y)
with z € X and y € Y. If X =Y, we often write X x X = X2. Two ordered
pairs (1,41), (z2,y2) in X XY are equal if and only if 1 = 2 and y; = y2. Thus,
(z,y) # (y,x) unless z = y. This contrasts with sets where {z,y} = {y, x}.

Example 1.6. If X = {1,2,3} and Y = {4,5} then
XxY = {(174)7 (17 5)7 (274)» (27 5)7 (374)7 (37 5)} .

Example 1.7. The Cartesian product of R with itself is the Cartesian plane R?
consisting of all points with coordinates (z,y) where z,y € R.

The Cartesian product of finitely many sets is defined analogously.

Definition 1.8. The Cartesian products of n sets X;, Xs,...,X,, is the set of
ordered n-tuples,

X1XXQX-~-XXn:{(.’L‘l,ZL‘Q,...,.Tn)Z.TiEXZ' fOI‘iZl,Q,...,TL},

where (z1,z9,...,2,) = (y1,Y2,...,ys) if and only if z; = y; for every i =
1,2,...,n.

1.2. Functions

A function f: X — Y between sets X, Y assigns to each x € X a unique element
f(x) € Y. Functions are also called maps, mappings, or transformations. The set
X on which f is defined is called the domain of f and the set Y in which it takes
its values is called the codomain. We write f :  — f(z) to indicate that f is the
function that maps z to f(x).

Example 1.9. The identity function idx : X — X on a set X is the function
idx : z — = that maps every element to itself.

Example 1.10. Let A C X. The characteristic (or indicator) function of A,
XA X = {Oa l}a
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is defined by
1 ifxzeA,
Xa(@) = {0 if 2 ¢ A.
Specifying the function x 4 is equivalent to specifying the subset A.

Example 1.11. Let A, B be the sets in Example We can define a function
f:A— Bby

f@) =7 fB)=1, f(6)=11, f(7)=3, f(11)=9,
and a function g : B — A by
9(1) =3, 9@B) =17, 9(5)=2,9(7) =2, ¢(9) =5, g(11) =1L
Example 1.12. The square function f : N — N is defined by
f(n) =n?,
which we also write as f : n +— n% The equation g(n) = \/n, where /n is the
positive square root, defines a function g : N — R, but h(n) = £1/n does not define

a function since it doesn’t specify a unique value for h(n). Sometimes we use a
convenient oxymoron and refer to h as a multi-valued function.

One way to specify a function is to explicitly list its values, as in Example
Another way is to give a definite rule, as in Example If X is infinite and f is
not given by a definite rule, then neither of these methods can be used to specify
the function. Nevertheless, we suppose that a general function f : X — Y may be
“defined” by picking for each = € X a corresponding value f(z) € Y.

If f: X — Y and U C X, then we denote the restriction of f to U by
fly : U =Y, where f|,(z)= f(z) forxz e U.

In defining a function f : X — Y, it is crucial to specify the domain X of
elements on which it is defined. There is more ambiguity about the choice of
codomain, however, since we can extend the codomain to any set Z O Y and define
a function g : X — Z by g(z) = f(x). Strictly speaking, even though f and g
have exactly the same values, they are different functions since they have different
codomains. Usually, however, we will ignore this distinction and regard f and g as
being the same function.

The graph of a function f: X — Y is the subset Gy of X x Y defined by
Gr={(z,y) e X xY:ze X andy = f(z)}.

For example, if f : R — R, then the graph of f is the usual set of points (z,y) with
y = f(x) in the Cartesian plane R?. Since a function is defined at every point in
its domain, there is some point (x,y) € Gy for every € X, and since the value of
a function is uniquely defined, there is exactly one such point. In other words, for
each x € X the “vertical line” L, = {(z,y) € X x Y : y € Y} through z intersects
the graph of a function f : X — Y in exactly one point: L, NGy = (z, f(x)).

Definition 1.13. The range, or image, of a function f : X — Y is the set of values
ranf ={y €Y :y= f(z) for some z € X}.
A function is onto if its range is all of Y'; that is, if

for every y € Y there exists x € X such that y = f(z).
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A function is one-to-one if it maps distinct elements of X to distinct elements of
Y; that is, if

x1,x9 € X and x1 # xo implies that f(x1) # f(x2).
An onto function is also called a surjection, a one-to-one function an injection, and
a one-to-one, onto function a bijection.

Example 1.14. The function f : A — B defined in Example is one-to-one but
not onto, since 5 ¢ ran f, while the function g : B — A is onto but not one-to-one,
since ¢(5) = g(7).

1.3. Composition and inverses of functions

The successive application of mappings leads to the notion of the composition of
functions.

Definition 1.15. The composition of functions f : X — Y and g : Y — Z is the
function go f : X — Z defined by

(go f)x) =g (f(x)).

The order of application of the functions in a composition is crucial and is read
from from right to left. The composition go f can only be defined if the domain of
g includes the range of f, and the existence of g o f does not imply that f o g even
makes sense.

Example 1.16. Let X be the set of students in a class and f : X — N the function
that maps a student to her age. Let g : N — N be the function that adds up the
digits in a number e.g., g(1729) = 19. If x € X is 23 years old, then (go f)(x) =5,
but (f o g)(x) makes no sense, since students in the class are not natural numbers.

Even if both go f and fog are defined, they are, in general, different functions.
Example 1.17. If f: A — B and g : B — A are the functions in Example
then go f: A — A is given by
(9o1)2) =2, (g0 f)3) =3, (gof)5) =11,
(g0 f)(T) =T, (gof)(11)=5.

and fog: B — B is given by
(feg))=1, (feg)3)=3, (feg)5)=T7,
(fog)() =7, (fog)9) =11, (fog)(11)=09.

A one-to-one, onto function f : X — Y has an inverse f ' : Y — X defined by

f~l(y) = x if and only if f(x) =y.

Equivalently, f ' o f =idx and fo f~! =idy. A value f~!(y) is defined for every
y € Y since f is onto, and it is unique since f is one-to-one. If f: X — Y is one-
to-one but not onto, then one can still define an inverse function f~!:ran f — X
whose domain in the range of f.

The use of the notation f~! to denote the inverse function should not be con-
fused with its use to denote the reciprocal function; it should be clear from the
context which meaning is intended.
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Example 1.18. If f : R — R is the function f(z) = 2®, which is one-to-one and
onto, then the inverse function f~!: R — R is given by

7 a) = o
On the other hand, the reciprocal function g = 1/f is given by

o)== g R\{0) R

The reciprocal function is not defined at = 0 where f(z) = 0.

If f: X—Y and A C X, then we let
fA)={yeY :y= f(x) for some z € A}
denote the set of values of f on points in A. Similarly, if B C Y, we let
f7H(B)={re X : f(z) € B}

denote the set of points in X whose values belong to B. Note that f~!(B) makes
sense as a set even if the inverse function f~!:Y — X does not exist.

Example 1.19. Define f : R — R by f(z) = 22. If A = (—2,2), then f(4) = [0,4).
If B=(0,4), then

fHB) = (=2,0) U (0,2).
If C = (—4,0), then f~1(C) = 2.

Finally, we introduce operations on a set.

Definition 1.20. A binary operation on a set X is a function f: X x X — X.

We think of f as “combining” two elements of X to give another element
of X. One can also consider higher-order operations, such as ternary operations
f: X x X x X — X, but will will only use binary operations.

Example 1.21. Addition ¢ : N x N — N and multiplication m : N x N — N are
binary operations on N where

a(z,y) =z +y, m(z,y) = wy.

1.4. Indexed sets

We say that a set X is indexed by a set I, or X is an indexed set, if there is an
onto function f: I — X. We then write
X={z;:iel}
where x; = f(i). For example,
{1,4,9,16,...} = {n® : n e N}.

The set X itself is the range of the indexing function f, and it doesn’t depend on
how we index it. If f isn’t one-to-one, then some elements are repeated, but this
doesn’t affect the definition of the set X. For example,

{-1,1} ={(-1)":ne N} = {(-1)""' :n e N}.
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If C = {X, : i € I'} is an indexed collection of sets X;, then we denote the union
and intersection of the sets in C by

UX,»:{x:a:EXi for some i € T}, ﬂXi:{a::xeXi for every i € I},
i€l iel
or similar notation.
Example 1.22. For n € N, define the intervals
=[1/n,1-1/n]={zecR:1/n<zx<1-1/n},

An
B, =(-1/n,1/n)={z €eR:—-1/n <z <1/n}).

Then

(@

n=1 n=1

U 4.
neN

The general statement of De Morgan’s laws for a collection of sets is as follows.

neN

Proposition 1.23 (De Morgan). If {X; C X : 4 € I} is a collection of subsets of

a set X, then (U XZ.)C N (m X) =Ux.

i€l icl icl icl

Proof. We have « ¢ |J,c; X; if and only if 2 ¢ X; for every i € I, which holds
if and only if 2 € (,.; X§. Similarly, 2 ¢ (,.; X; if and only if z ¢ X; for some
i € I, which holds if and only if z € {J,;.; X¥. O

The following theorem summarizes how unions and intersections map under
functions.

Theorem 1.24. Let f : X — Y be a function. If {Y; CY : j € J} is a collection
of subsets of Y, then

A Yy =Urt o, Ny =0rtos

jeJ jeJ jeJ jeJ
and if {X; C X :4 € I} is a collection of subsets of X, then
f(UXz):Uf(Xi), f(an)Cﬂf(Xi)'
iel il i€l i€l
Proof. We prove only the results for the inverse image of a union and the image
of an intersection; the proof of the remaining two results is similar.
Ifze f! (UjeJY]), then there exists y € UjeJYj such that f(x) =y. Then
y €Y; for some j € J and x € f~1(Y;),s0z € Ujes F7H(Y;). It follows that

I Yy cyrto.

jedJ jedJ
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Conversely, if x € U, f7H(Y;), then z € f=1 (Y;) for some j € J, so f(x) € Y;
and f(z) € ;¢ Yj, meaning that = € =t (UjeJYj)~ It follows that

Jrteert Uy,
jeJ jeJ
which proves that the sets are equal.

Ifyef (ﬂiel Xi), then there exists x € (,.; X; such that f(z) = y. Then
r € X; and y € f(X;) for every i € I, meaning that y € (., f (X;). It follows

that
f <mxi> () f (X))

iel i€l
g

The only case in which we don’t always have equality is for the image of an
intersection, and we may get strict inclusion here if f is not one-to-one.

Example 1.25. Define f: R — R by f(x) = 2. Let A = (—1,0) and B = (0,1).
Then ANB =@ and f(ANB) =g, but f(A) = f(B) =(0,1), so f(A)N f(B) =
(0,1) # f(AN B).

Next, we generalize the Cartesian product of finitely many sets to the product
of possibly infinitely many sets.

Definition 1.26. Let C = {X; :i € I} be an indexed collection of sets X;. The
Cartesian product of C is the set of functions that assign to each index ¢ € I an
element z; € X;. That is,

HXZ-:{f:[—>UXi:f(i)GXiforeveryiEI}.

iel iel
For example, if I = {1,2,...,n}, then f defines an ordered n-tuple of elements
(x1,a,...,2,) with z; = f(i) € X, so this definition is equivalent to our previous

one.

If X; = X for every i € I, then []
to X, and we also write it as

e Xi is simply the set of functions from I

X' ={f:1— X}.
We can think of this set as the set of ordered I-tuples of elements of X.

Example 1.27. A sequence of real numbers (21,72, 23,...,%p,...) € RY is a
function f : N — R. We study sequences and their convergence properties in
Chapter [3]

Example 1.28. Let 2 = {0, 1} be a set with two elements. Then a subset A C I
can be identified with its characteristic function x4 : I — 2 by: i € A if and only
if xa(i) = 1. Thus, A+ x4 is a one-to-one map from P(I) onto 27.

Before giving another example, we introduce some convenient notation.
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Definition 1.29. Let
Y ={(s1,52,83,.--,8k,...) : 8 =0,1}

denote the set of all binary sequences; that is, sequences whose terms are either 0
or 1.

Example 1.30. Let 2 = {0,1}. Then ¥ = 2N, where we identify a sequence
(s1,82,...5k,...) with the function f : N — 2 such that s = f(k). We can
also identify ¥ and 2V with P(N) as in Example For example, the sequence
(1,0,1,0,1,...) of alternating ones and zeros corresponds to the function f : N — 2

defined by
1 if kis odd,
f(k) = {

0 if k is even,

and to the set {1,3,5,7,...} C N of odd natural numbers.

1.5. Relations

A binary relation R on sets X and Y is a definite relation between elements of X
and elements of Y. We write xRy if x € X and y € Y are related. One can also
define relations on more than two sets, but we shall consider only binary relations
and refer to them simply as relations. If X =Y, then we call R a relation on X.

Example 1.31. Suppose that S is a set of students enrolled in a university and B
is a set of books in a library. We might define a relation R on S and B by:

s € S hasread b € B.

In that case, sRb if and only if s has read b. Another, probably inequivalent,
relation is:
s € S has checked b € B out of the library.

When used informally, relations may be ambiguous (did s read b if she only
read the first page?), but in mathematical usage we always require that relations
are definite, meaning that one and only one of the statements “these elements are
related” or “these elements are not related” is true.

The graph Gy of a relation R on X and Y is the subset of X x Y defined by
Gr={(z,y) € X XY : zRy}.

This graph contains all of the information about which elements are related. Con-
versely, any subset G C X XY defines a relation R by: xRy if and only if (z,y) € G.
Thus, a relation on X and Y may be (and often is) defined as subset of X x Y. As
for sets, it doesn’t matter how a relation is defined, only what elements are related.

A function f : X — Y determines a relation F' on X and Y by: xFy if and
only if y = f(z). Thus, functions are a special case of relations. The graph G of
a general relation differs from the graph G of a function in two ways: there may
be elements x € X such that (x,y) ¢ Gg for any y € Y, and there may be x € X
such that (z,y) € Gg for many y € Y.

For example, in the case of the relation R in Example there may be some
students who haven’t read any books, and there may be other students who have
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read lots of books, in which case we don’t have a well-defined function from students
to books.

Two important types of relations are orders and equivalence relations, and we
define them next.

1.5.1. Orders. A primary example of an order is the standard order < on the
natural (or real) numbers. This order is a linear or total order, meaning that two
numbers are always comparable. Another example of an order is inclusion C on the
power set of some set; one set is “smaller” than another set if it is included in it.
This order is a partial order (provided the original set has at least two elements),
meaning that two subsets need not be comparable.

Example 1.32. Let X = {1,2}. The collection of subsets of X is
P(X)={2,A,B,X}, A={1}, B={2}.
Wehave 9 CAC X and @ C BC X,but AZ Band B¢ A, so A and B are not

comparable under ordering by inclusion.

The general definition of an order is as follows.

Definition 1.33. An order < on a set X is a binary relation on X such that for
every r,y,z € X:

(a) z <z (reflexivity);

(b) if 2 <y and y < x then z = y (antisymmetry);

(¢) if # <y and y = z then x < z (transitivity).

An order is a linear, or total, order if for every x,y € X either x < y or y =< =,
otherwise it is a partial order.

If < is an order, then we also write y > x instead of x < y, and we define a
corresponding strict order < by
z<yifx <yand x #y.
There are many ways to order a given set (with two or more elements).

Example 1.34. Let X be a set. One way to partially order the subsets of X is by
inclusion, as in Example Another way is to say that A < B for A, B C X if
and only if A D B, meaning that A is “smaller” than B if A includes B. Then =<
in an order on P(X), called ordering by reverse inclusion.

1.5.2. Equivalence relations. Equivalence relations decompose a set into dis-
joint subsets, called equivalence classes. We begin with an example of an equivalence
relation on N.

Example 1.35. Fix N € N and say that m ~ n if
m=n (mod N),

meaning that m — n is divisible by N. Two numbers are related by ~ if they have
the same remainder when divided by N. Moreover, N is the union of N equivalence
classes, consisting of numbers with remainders 0, 1,... N — 1 modulo N.
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The definition of an equivalence relation differs from the definition of an order
only by changing antisymmetry to symmetry, but order relations and equivalence
relations have completely different properties.

Definition 1.36. An equivalence relation ~ on a set X is a binary relation on X
such that for every z,y,z € X:

(a) & ~ x (reflexivity);
(b) if  ~ y then y ~ = (symmetry);

(c) if x ~y and y ~ z then x ~ z (transitivity).

For each x € X, the set of elements equivalent to z,
[/ ~]={ye X :z~y},
is called the equivalence class of x with respect to ~. When the equivalence relation
is understood, we write the equivalence class [/ ~| simply as [z]. The set of
equivalence classes of an equivalence relation ~ on a set X is denoted by X/ ~.

Note that each element of X/ ~ is a subset of X, so X/ ~ is a subset of the power
set P(X) of X.

The following theorem is the basic result about equivalence relations. It says
that an equivalence relation on a set partitions the set into disjoint equivalence
classes.

Theorem 1.37. Let ~ be an equivalence relation on a set X. Every equivalence
class is non-empty, and X is the disjoint union of the equivalence classes of ~.

Proof. If z € X, then the symmetry of ~ implies that 2 € [z]. Therefore every
equivalence class is non-empty and the union of the equivalence classes is X.

To prove that the union is disjoint, we show that for every z,y € X either
2] N[yl =2 (if x £ y) or [x] = [y] (if = ~ y).

Suppose that [z] N [y] # @. Let z € [x] N [y] be an element in both equivalence
classes. If 1 € [z], then 21 ~ z and z ~ y, so 21 ~ y by the transitivity of ~, and
therefore 1 € [y]. It follows that [z] C [y]. A similar argument applied to y; € [y]
implies that [y] C [z], and therefore [z] = [y]. In particular, y € [z], so z ~ y. On
the other hand, if [z] N [y] = &, then y ¢ [x] since y € [y], so = £ y. O

There is a natural projection 7 : X — X/ ~, given by m(x) = [z], that maps
each element of X to the equivalence class that contains it. Conversely, we can
index the collection of equivalence classes

X/ ~={[a]:a € A}
by a subset A of X which contains exactly one element from each equivalence class.
It is important to recognize, however, that such an indexing involves an arbitrary
choice of a representative element from each equivalence class, and it is better

to think in terms of the collection of equivalence classes, rather than a subset of
elements.

Example 1.38. The equivalence classes of N relative to the equivalence relation
m ~n if m =n (mod 3) are given by

Io=1{3,6,9,...}, I ={1,4,7,...}, I,=1{258,...}.
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The projection m : N — {1y, I;, I} maps a number to its equivalence class e.g.
m(101) = I;. We can choose {1,2,3} as a set of representative elements, in which
case

Iy = [3]’ L = [1}7 I, = [2]’

but any other set A C N of three numbers with remainders 0, 1, 2 (mod 3) will do.
For example, if we choose A = {7,15,101}, then

Io=[15, ILi=[7, I,=/[101].

1.6. Countable and uncountable sets

One way to show that two sets have the same “size” is to pair off their elements.
For example, if we can match up every left shoe in a closet with a right shoe, with
no right shoes left over, then we know that we have the same number of left and
right shoes. That is, we have the same number of left and right shoes if there is a
one-to-one, onto map f : L — R, or one-to-one correspondence, from the set L of
left shoes to the set R of right shoes.

We refer to the “size” of a set as measured by one-to-one correspondences as
its cardinality. This notion enables us to compare the cardinality of both finite and
infinite sets. In particular, we can use it to distinguish between “smaller” countably
infinite sets, such as the integers or rational numbers, and “larger” uncountably
infinite sets, such as the real numbers.

Definition 1.39. Two sets X, Y have equal cardinality, written X =~ Y, if there
is a one-to-one, onto map f : X — Y. The cardinality of X is less than or equal to
the cardinality of YV, written X <Y, if there is a one-to-one (but not necessarily
onto) map g: X = Y.

If X ~ Y, then we also say that X, Y have the same cardinality. We don’t
define the notion of a “cardinal number” here, only the relation between sets of
“equal cardinality.”

Note that ~ is an equivalence relation on any collection of sets. In particular,
it is transitive because if X ~ Y and Y ~ Z, then there are one-to-one and onto
maps f: X Y andg:Y — Z,s0ogo f: X — Z is one-to-one and onto, and
X =~ Z. We may therefore divide any collection of sets into equivalence classes of
sets with equal cardinality.

It follows immediately from the definition that < is reflexive and transitive.
Furthermore, as stated in the following Schréder-Bernstein theorem, if X <Y and
Y < X, then X =~ Y. This result allows us to prove that two sets have equal
cardinality by constructing one-to-one maps that need not be onto. The statement
of the theorem is intuitively obvious but the proof, while elementary, is surprisingly
involved and can be omitted without loss of continuity. (We will only use the
theorem once, in the proof of Theorem m)

Theorem 1.40 (* Schréder-Bernstein). If X, Y are sets such that there are one-
to-one maps f: X — Y and g : Y — X, then there is a one-to-one, onto map
h: X =Y.
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Proof. We divide X into three disjoint subsets Xx, Xy, Xo with different map-
ping properties as follows.

Consider a point z; € X. If x; is not in the range of g, then we say z; € Xx.
Otherwise there exists y; € Y such that g(y1) = 21, and y; is unique since g is
one-to-one. If y; is not in the range of f, then we say z; € Xy. Otherwise there
exists a unique xo € X such that f(x2) = y;. Continuing in this way, we generate
a sequence of points

L1,Y1,L2,Y25 -+ -5 Ty Yns Tn+1s - - -

with z, € X, y, € Y and

9(Yn) = Tn, f(@nt1) = Yn-

We assign the starting point z; to a subset in the following way: (a) z; € Xx if
the sequence terminates at some z,, € X that isn’t in the range of g; (b) 1 € Xy
if the sequence terminates at some y,, € Y that isn’t in the range of f; (c) 1 € X
if the sequence never terminates.

Similarly, if y; € Y, then we generate a sequence of points

Y1,21,Y2, 225 -+ -5 Yns Tns Ynt-1s - - -

with z,, € X, y, € Y by

f(xn) = Yn, g(yn—l-l) = Tn,

and we assign y; to a subset Yx, Yy, or Y, of YV as follows: (a) y; € Yx if the
sequence terminates at some z, € X that isn’t in the range of g; (b) y; € Yy if the
sequence terminates at some y,, € Y that isn’t in the range of f; (¢) y1 € Yy if the
sequence never terminates.

We claim that f : Xx — Yx is one-to-one and onto. First, if z € Xx, then
f(x) € Yx because the the sequence generated by f(z) coincides with the sequence
generated by x after its first term, so both sequences terminate at a point in X.
Second, if y € Yx, then there is z € X such that f(z) =y, otherwise the sequence
would terminate at y € Y, meaning that y € Yy. Furthermore, we must have
x € Xx because the sequence generated by x is a continuation of the sequence
generated by y and therefore also terminates at a point in X. Finally, f is one-to-
one on Xx since f is one-to-one on X.

The same argument applied to g : Yy — Xy implies that g is one-to-one and
onto, so ¢~ : Xy — Yy is one-to-one and onto.

Finally, similar arguments show that f : X, — Y, is one-to-one and onto: If
x € Xoo, then the sequence generated by f(z) € Y doesn’t terminate, so f(x) € Yoo;
and every y € Y, is the image of a point « € X which, like y, generates a sequence
that does not terminate, so x € X .

It then follows that h: X — Y defined by
flx) ifreXx
h(z) =< g (x) ifre Xy
f(x) if v € Xoo

is a one-to-one, onto map from X to Y. [l
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We can use the cardinality relation to describe the “size” of a set by comparing
it with standard sets.
Definition 1.41. A set X is:
(1) Finite if it is the empty set or X ~ {1,2,...,n} for some n € N;
(2) Countably infinite (or denumerable) if X ~ N;
(3) Infinite if it is not finite;
(4
(

5

Countable if it is finite or countably infinite;

)
)
)
) Uncountable if it is not countable.

We’ll take for granted some intuitively obvious facts which follow from the
definitions. For example, a finite, non-empty set is in one-to-one correspondence
with {1,2,...,n} for a unique natural number n € N (the number of elements in
the set), a countably infinite set is not finite, and a subset of a countable set is
countable.

According to Definition [T.-41] we may divide sets into disjoint classes of finite,
countably infinite, and uncountable sets. We also distinguish between finite and
infinite sets, and countable and uncountable sets. We will show below, in Theo-
rem that the set of real numbers is uncountable, and we refer to its cardinality
as the cardinality of the continuum.

Definition 1.42. A set X has the cardinality of the continuum if X ~ R.

One has to be careful in extrapolating properties of finite sets to infinite sets.

Example 1.43. The set of squares

S =1{1,4,9,16,...,n% ...}

is countably infinite since f : N — S defined by f(n) = n? is one-to-one and onto.

It may appear surprising at first that the set N can be in one-to-one correspondence
with an apparently “smaller” proper subset S, since this doesn’t happen for finite
sets. In fact, assuming the axiom of choice, one can show that a set is infinite if
and only if it has the same cardinality as a proper subset. Dedekind (1888) used
this property to give a definition infinite sets that did not depend on the natural
numbers N.

Next, we prove some results about countable sets. The following proposition
states a useful necessary and sufficient condition for a set to be countable.

Proposition 1.44. A non-empty set X is countable if and only if there is an onto
map f: N — X.

Proof. If X is countably infinite, then there is a one-to-one, onto map f: N — X.
If X is finite and non-empty, then for some n € N there is a one-to-one, onto map
g:{1,2,...,n} = X. Choose any z € X and define the onto map f : N — X by

g(k) iftk=1,2,... n,
Flky = {90
x ifk=n+1,n+2,....
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Conversely, suppose that such an onto map exists. We define a one-to-one, onto
map g recursively by omitting repeated values of f. Explicitly, let g(1) = f(1).
Suppose that n > 1 and we have chosen n distinct g-values g(1),¢(2),...,g(n). Let

A, ={keN: f(k)#g(y) for every j =1,2,...,n}

denote the set of natural numbers whose f-values are not already included among
the g-values. If A,, = @, then ¢g: {1,2,...,n} = X is one-to-one and onto, and X
is finite. Otherwise, let k,, = min A4,,, and define g(n+1) = f(k,), which is distinct
from all of the previous g-values. Either this process terminates, and X is finite, or
we go through all the f-values and obtain a one-to-one, onto map g : N — X, and
X is countably infinite. O

If X is a countable set, then we refer to an onto function f : N — X as an
enumeration of X, and write X = {x, : n € N}, where z,, = f(n).

Proposition 1.45. The Cartesian product N x N is countably infinite.

Proof. Define a linear order < on ordered pairs of natural numbers as follows:
(m,n) < (m/,n’) ifeither m+n<m'+n orm+n=m'+n" andn <n'
That is, we arrange N x N in a table

(1,1

—_ = =

(2
(3
(4

and list it along successive diagonals from bottom-left to top-right as

(1,1), (2,1), (1,2), (3,1), (2,2), (1,3), (4,1), (3,2), (2,3), (1,4), ....

We define f : N — N x N by setting f(n) equal to the nth pair in this order;
for example, f(7) = (4,1). Then f is one-to-one and onto, so N x N is countably
infinite. O

Theorem 1.46. A countable union of countable sets is countable.

Proof. Let {X,, : n € N} be a countable collection of countable sets. From Propo-
sition [[.44] there is an onto map f,, : N = X,,. We define

9:NxN= X,
neN
by g(n,k) = f.(k). Then g is also onto. From Proposition there is a one-to-
one, onto map h : N — N x N, and it follows that
goh:N— |J X,
neN

is onto, so Proposition [[.44] implies that the union of the X, is countable. O
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The next theorem gives a fundamental example of an uncountable set, namely
the set of all subsets of natural numbers. The proof uses a “diagonal” argument due
to Cantor (1891), which is of frequent use in analysis. Recall from Definition
that the power set of a set is the collection of all its subsets.

Theorem 1.47. The power set P(N) of N is uncountable.

Proof. Let C C P(N) be a countable collection of subsets of N
C={A4, CN:neN}.

Define a subset A C N by
A={neN:n¢A,}.

Then A # A, for every n € N since either n € Aandn ¢ A, orn¢ Aandn € A,.
Thus, A ¢ C. Tt follows that no countable collection of subsets of N includes all of
the subsets of N, so P(N) is uncountable. O

This theorem has an immediate corollary for the set % of binary sequences
defined in Definition [1.29]

Corollary 1.48. The set X of binary sequences has the same cardinality as P(N)
and is uncountable.

Proof. By Example the set ¥ is in one-to-one correspondence with P(N),
which is uncountable. g

It is instructive to write the diagonal argument in terms of binary sequences.
Suppose that S = {s,, € ¥ : n € N} is a countable set of binary sequences that
begins, for example, as follows

s1=001101...
S5 =110010 ...
s3=110110...
s, =011000...
s5=100111 ...
s6=100100 ...

Then we get a sequence s ¢ S by going down the diagonal and switching the values
from 0 to 1 or from 1 to 0. For the previous sequences, this gives

s=101101....
We will show in Theorem below that ¥ and P(N) are also in one-to-one cor-
respondence with R, so both have the cardinality of the continuum.

A similar diagonal argument to the one used in Theorem shows that for
every set X the cardinality of the power set P(X) is strictly greater than the
cardinality of X. In particular, the cardinality of P(P(N)) is strictly greater than
the cardinality of P(N), the cardinality of P(P(P(N))) is strictly greater than
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the cardinality of P(P(N), and so on. Thus, there are many other uncountable
cardinalities apart from the cardinality of the continuum.

Cantor (1878) raised the question of whether or not there are any sets whose
cardinality lies strictly between that of N and P(N). The statement that there
are no such sets is called the continuum hypothesis, which may be formulated as
follows.

Hypothesis 1.49 (Continuum). If ¢ C P(N) is infinite, then either C ~ N or
C =~ P(N).

The work of Gédel (1940) and Cohen (1963) established the remarkable result
that the continuum hypothesis cannot be proved or disproved from the standard
axioms of set theory (assuming, as we believe to be the case, that these axioms
are consistent). This result illustrates a fundamental and unavoidable incomplete-
ness in the ability of any finite system of axioms to capture the properties of any
mathematical structure that is rich enough to include the natural numbers.
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Chapter 2

Numbers

God created the integers and the rest is the work of man. (Leopold
Kronecker, in an after-dinner speech at a conference, Berlin, 1886)

“God created the integers and the rest is the work of man.” This maxim
spoken by the algebraist Kronecker reveals more about his past as a
banker who grew rich through monetary speculation than about his philo-
sophical insight. There is hardly any doubt that, from a psychological
and, for the writer, ontological point of view, the geometric continuum is
the primordial entity. If one has any consciousness at all, it is conscious-
ness of time and space; geometric continuity is in some way inseparably
bound to conscious thought. (René Thom, 1986)

In this chapter, we describe the properties of the basic number systems. We
briefly discuss the integers and rational numbers, and then consider the real num-
bers in more detail.

The real numbers form a complete number system which includes the rational
numbers as a dense subset. We will summarize the properties of the real numbers in
a list of intuitively reasonable axioms, which we assume in everything that follows.
These axioms are of three types: (a) algebraic; (b) ordering; (c¢) completeness. The
completeness of the real numbers is what distinguishes them from the rationals
numbers and is the essential property for analysis.

The rational numbers may be constructed from the natural numbers as pairs
of integers, and there are several ways to construct the real numbers from the ra-
tional numbers. For example, Dedekind used cuts of the rationals, while Cantor
used equivalence classes of Cauchy sequences of rational numbers. The real num-
bers that are constructed in either way satisfy the axioms given in this chapter.
These constructions show that the real numbers are as well-founded as the natural
numbers (at least, if we take set theory for granted), but they don’t lead to any
new properties of the real numbers, and we won’t describe them here.
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2.1. Integers

Why then is this view [the induction principle] imposed upon us with such
an irresistible weight of evidence? It is because it is only the affirmation
of the power of the mind which knows it can conceive of the indefinite
repetition of the same act, when that act is once possible. (Poincaré,
1902)

The set of natural numbers, or positive integers, is
N=1{1,2,3,...}.

We add and multiply natural numbers in the usual way. (The formal algebraic
properties of addition and multiplication on N follow from the ones stated below
for R.)

An essential property of the natural numbers is the following induction princi-
ple, which expresses the idea that we can reach every natural number by counting
upwards from one.

Axiom 2.1. Suppose that A C N is a set of natural numbers such that: (a) 1 € A4;
(b) n € A implies (n+1) € A. Then A =N.

This principle, together with appropriate algebraic properties, is enough to
completely characterize the natural numbers. For example, one standard set of
axioms is the Peano axioms, first stated by Dedekind [3], but we won’t describe
them in detail here.

As an illustration of how induction can be used, we prove the following result
for the sum of the first n squares, written in summation notation as

n
SR =12422 434 40
k=1

Proposition 2.2. For every n € N,

> k= én(n +1)(2n+1).
k=1

Proof. Let A be the set of n € N for which this identity holds. It holds for n =1,
so 1 € A. Suppose the identity holds for some n € N. Then

n+1

> k= ik@ +(n+1)>2
k=1 k=1
= én(n +1)@2n+1)+ (n+1)2

= é(n“) (2n® + 7Tn +6)

- é(n L 1)(n +2)(2n + 3).

It follows that the identity holds when n is replaced by n 4+ 1. Thus n € A implies
that (n+ 1) € A, so A =N, and the proposition follows by induction. |
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Note that the right hand side of the identity in Proposition [2.2] is always an
integer, as it must be, since one of n, n + 1 is divisible by 2 and one of n, n + 1,
2n + 1 is divisible by 3.

Equations for the sum of the first n cubes,
—~ 51, 2
k=1

and other powers can be proved by induction in a similar way. Another example of a
result that can be proved by induction is the Euler-Binet formula in Proposition [3.9]
for the terms in the Fibonacci sequence.

One defect of such a proof by induction is that although it verifies the result, it
does not explain where the original hypothesis comes from. A separate argument is
often required to come up with a plausible hypothesis. For example, it is reasonable
to guess that the sum of the first n squares might be a cubic polynomial in n. The
possible values of the coefficients can then be found by evaluating the first few
sums, after which the general result may be verified by induction.

The set of integers consists of the natural numbers, their negatives (or additive
inverses), and zero (the additive identity):

Z={.,-3-2-1,01,23,...}.

We can add, subtract, and multiply integers in the usual way. In algebraic termi-
nology, (Z,+, ) is a commutative ring with identity.

Like the natural numbers N, the integers Z are countably infinite.
Proposition 2.3. The set of integers Z is countably infinite.
Proof. The function f : N — Z defined by f(1) =0, and
f@n)=n, f@2n+1)=-n forn > 1,
is one-to-one and onto. (I
The function in the previous proof corresponds to listing the integers as
0,1, -1, 2, =2, 3, =3, 4, —4, 5, =5, ....
Alternatively, but less directly, we can prove Proposition by writing
Z=-NU{0}UN

as a countable union of countable sets and applying Theorem [1.46

2.2. Rational numbers

A rational number is a ratio of integers. We denote the set of rational numbers by

Q{i:pqezmﬂq¢o}

where we may cancel common factors from the numerator and denominator, mean-

ing that
P _ P2 if and only if p1g2 = p2q1.-
q1 a2
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We can add, subtract, multiply, and divide (except by 0) rational numbers in the
usual way. In algebraic terminology, (Q,+,-) a field. We state the field axioms
explicitly for R in Axiom [2.6] below.

We can construct Q from Z as the collection of equivalence classes in Z x Z\ {0}
with respect to the equivalence relation (p1,q1) ~ (p2,¢2) if p1g2 = p2gi. The usual
sums and products of rational numbers are well-defined on these equivalence classes.

The rational numbers are linearly ordered by their standard order, and this
order is compatible with the algebraic structure of Q. Thus, (Q,+,-,<) is an
ordered field. Moreover, this order is dense, meaning that if 71,72 € Q and r; < 79,
then there exists a rational number r € Q between them with r;1 < r < ry. For
example, we can take

1
r=§(r1+r2).

The fact that the rational numbers are densely ordered might suggest that they
contain all the numbers we need. But this is not the case: they have a lot of “gaps,”
which are filled by the irrational real numbers.

The following theorem shows that v/2 is irrational. In particular, the length of
the hypotenuse of a right-angled triangle with sides of length one is not rational.
Thus, the rational numbers are inadequate even for Euclidean geometry; they are
yet more inadequate for analysis.

The irrationality of v/2 was discovered by the Pythagoreans of Ancient Greece
in the 5th century BC, perhaps by Hippasus of Metapontum. According to one
legend, the Pythagoreans celebrated the discovery by sacrificing one hundred oxen.
According to another legend, Hippasus showed the proof to Pythagoras on a boat,
while they were having a lesson. Pythagoras believed that, like the musical scales,
everything in the universe could be reduced to ratios of integers and threw Hippasus
overboard to drown.

Theorem 2.4. There is no rational number z € Q such that 2% = 2.

Proof. Suppose for contradiction that 22> = 2 and x = p/q where p,q € N. By
canceling common factors, we can assume p and g are relatively prime (that is, the
only integers that divide both p and ¢ are 41). Since 2% = 2, we have

p* = 2¢%,
which implies that p? is even. Since the square of an odd number is odd, p = 2r
must be even. Therefore

2r? = q27
which implies that ¢ = 2s is even. Hence p and ¢ have a common factor of 2, which
contradicts the initial assumption. O

Theorem may raise the question of whether there is a real number z € R
such that 22 = 2. As we will see in Example below, there is.

A similar proof, using the prime factorization of integers, shows that \/n is
irrational for every m € N that isn’t a perfect square. Two other examples of
irrational numbers are m and e. We will prove in Theorem that e is irrational,
but a proof of the irrationality of 7 is harder.
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The following result may appear somewhat surprising at first, but it is another
indication that there are not “enough” rationals.

Theorem 2.5. The rational numbers are countably infinite.

Proof. The rational numbers are not finite since, for example, they contain the
countably infinite set of integers as a subset, so we just have to show that Q is
countable.

Let QF = {z € Q : > 0} denote the set of positive rational numbers, and
define the onto (but not one-to-one) map

g:NxN—Qf, g(p,q)zg

Let h: N — N x N be a one-to-one, onto map, as obtained in Proposition [[.45] and
define f : N — QT by f =goh. Then f : N — Q7 is onto, and Proposition
implies that Q7 is countable. It follows that Q = Q~ U {0} UQ™, where Q~ ~ Q™
denotes the set of negative rational numbers, is countable. (I

Alternatively, we can write
Q= {r/g:ren}
geN

as a countable union of countable sets, and use Theorem [I.46] As we prove in The-
orem [2.19] the real numbers are uncountable, so there are many “more” irrational
numbers than rational numbers.

2.3. Real numbers: algebraic properties

The algebraic properties of R are summarized in the following axioms, which state
that (R, +,-) is a field.

Axiom 2.6. There exist binary operations
a,m:RxR—R,

written a(z,y) = 2 +y and m(z,y) = z -y = xy, and elements 0,1 € R such that
for all z,y,z € R:
(a) x + 0=z (existence of an additive identity 0);

(b) for every = € R there exists y € R such that x+y = 0 (existence of an additive
inverse y = —x);

x+ (y+2) = (z +y) + 2z (addition is associative);
x +y =y + « (addition is commutative);
xl = x (existence of a multiplicative identity 1);

for every x € R\ {0}, there exists y € R such that zy = 1 (existence of a
multiplicative inverse y = x~1);

(g) z(yz) = (xy)z (multiplication is associative);
(h) zy = yx (multiplication is commutative);

(i) (x 4+ y)z = 2z + yz (multiplication is distributive over addition).
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Axioms (a)—(d) say that R is a commutative group with respect to addition;
axioms (e)—(h) say that R\ {0} is a commutative group with respect to multipli-
cation; and axiom (i) says that addition and multiplication are compatible, in the
sense that they satisfy a distributive law.

All of the usual algebraic properties of addition, subtraction (subtracting x
means adding —z), multiplication, and division (dividing by = means multiplying
by 7 1) follow from these axioms, although we will not derive them in detail. The
natural number n € N is obtained by adding one to itself n times, the integer —n is
its additive inverse, and p/q = pq~!, where p, q are integers with ¢ # 0 is a rational
number. Thus, NCZ C Q C R.

2.4. Real numbers: ordering properties

The real numbers have a natural order relation that is compatible with their alge-
braic structure. We visualize the ordered real numbers as the real line, with smaller
numbers to the left and larger numbers to the right.

Axiom 2.7. There is a strict linear order < on R such that for all z,y,z € R:
(a) either x <y, x =y, or z > y;
(b) ifx <ythenz+2z<y+z;
(¢) if z <y and z > 0, then zz < yz.

For any a,b € R with a < b, we define the open intervals
(—o0,b) ={r e R:x <b},
(a,b) ={r € R:a <z <b},
(a,00) ={x eR:a < a},
the closed intervals
(—o0,b)={zr eR:z <b},
[a,b)) ={zr eR:a <z <b},
[a,00) ={z eR:a <z},
and the half-open intervals
(a,b)={z eR:a <z <>},
[a,b) ={zx €eR:a <z <b}.
All standard properties of inequalities follow from Axiom [2.6] and Axiom [277]
For example: if x < y and z < 0, then xz > yz, meaning that the direction of
an inequality is reversed when it is multiplied by a negative number; and z2 > 0

for every x # 0. In future, when we write an inequality such as z < y, we will
implicitly require that x,y € R.

Real numbers satisfy many inequalities. A simple, but fundamental, example
is the following.

Proposition 2.8. If z,y € R, then

vy < < (2% +97),

1
2
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with equality if and only if x = y.

Proof. We have
0< (z—y)?=2" - 2ay +y°,
with equality if and only if z = vy, so 2zy < 2% + y2. O

On writing z = /a, y = Vb, where a,b > 0, in the result of Proposition
we get that

\/(]ES a;—b’

which says that the geometric mean of two nonnegative numbers is less than or
equal to their arithmetic mean, with equality if and only if the numbers are equal.
A geometric interpretation of this inequality is that the square-root of the area
of a rectangle is less than or equal to one-quarter of its perimeter, with equality
if and only if the rectangle is a square. Thus, a square encloses the largest area
among all rectangles of a given perimeter, which is a simple form of an isoperimetric
inequality.

The arithmetic-geometric mean inequality generalizes to more than two num-

bers: If n € N and ay,as,...,a, > 0 are nonnegative real numbers, then
art+as+---+a
(a1a2...an)1/"§ ! 2TL n,

with equality if and only if all of the aj, are equal. For a proof, see e.g., Steele [13].

2.5. The supremum and infimum

Next, we use the ordering properties of R to define the supremum and infimum of
a set of real numbers. These concepts are of central importance in analysis. In
particular, in the next section we use them to state the completeness property of
R.

First, we define upper and lower bounds.
Definition 2.9. A set A C R of real numbers is bounded from above if there exists
a real number M € R, called an upper bound of A, such that x < M for every
x € A. Similarly, A is bounded from below if there exists m € R, called a lower

bound of A, such that z > m for every z € A. A set is bounded if it is bounded
both from above and below.

Equivalently, a set A is bounded if A C I for some bounded interval I = [m, M].

Example 2.10. The interval (0,1) is bounded from above by every M > 1 and
from below by every m < 0. The interval (—o0,0) is bounded from above by every
M > 0, but it not bounded from below. The set of integers Z is not bounded from
above or below.

If ACR, we define —A C R by
—A={yeR:y=—zfor some z € A}.

For example, if A = (0,00) consists of the positive real numbers, then —A =
(—00,0) consists of the negative real numbers. A number m is a lower bound of
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A if and only if M = —m is an upper bound of —A. Thus, every result for upper
bounds has a corresponding result for lower bounds, and we will often consider only
upper bounds.

Definition 2.11. Suppose that A C R is a set of real numbers. If M € R is an
upper bound of A such that M < M’ for every upper bound M’ of A, then M is
called the least upper bound or supremum of A, denoted

M =sup A.

If m € R is a lower bound of A such that m > m’ for every lower bound m’ of A,
then m is called the greatest lower bound or infimum of A, denoted

m = inf A.

If A= {z;:i€ I}is an indexed subset of R, we also write
sup A = sup z;, inf A = inf z;.
icl el

As an immediate consequence of the definition, we note that the supremum (or
infimum) of a set is unique if one exists: If M, M’ are suprema of A, then M < M’
since M’ is an upper bound of A and M is a least upper bound; similarly, M’ < M,
so M = M’'. Furthermore, the supremum of a nonempty set A is always greater
than or equal to its infimum if both exist. To see this, choose any x € A. Since inf A
is a lower bound and sup A is an upper bound of A, we have inf A < z < sup A.

If sup A € A, then we also denote it by max A and refer to it as the maximum of
A; and if inf A € A, then we also denote it by min A and refer to it as the minimum
of A. As the following examples illustrate, sup A and inf A may or may not belong
to A, so the concepts of supremum and infimum must be clearly distinguished from
those of maximum and minimum.

Example 2.12. Every finite set of real numbers
A={x1,29,...,2,}
is bounded. Its supremum is the greatest element,
sup A = max{xy,za,..., 2.},
and its infimum is the smallest element,
inf A = min{xy,29,...,2,}.
Both the supremum and infimum of a finite set belong to the set.

Example 2.13. If A = (0,1), then every M > 1 is an upper bound of A. The
least upper bound is M =1, so

sup(0,1) = 1.
Similarly, every m < 0 is a lower bound of A, so
inf(0,1) = 0.

In this case, neither sup A nor inf A belong to A. The set R = (0,1) NQ of rational
numbers in (0, 1), the closed interval B = [0, 1], and the half-open interval C' = (0, 1]
all have the same supremum and infimum as A. Neither sup R nor inf R belong to
R, while both sup B and inf B belong to B, and only sup C belongs to C.
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Example 2.14. Let

A{lznGN}
n

be the set of reciprocals of the natural numbers. Then sup A = 1, which belongs to
A, and inf A = 0, which does not belong to A.

A set must be bounded from above to have a supremum (or bounded from below
to have an infimum), but the following notation for unbounded sets is convenient.
We introduce a system of extended real numbers

R = {-00} URU {00}

which includes two new elements denoted —oo and oo, ordered so that —co < & < 0o
for every =z € R.

Definition 2.15. If a set A C R is not bounded from above, then sup A = oo, and
if A is not bounded from below, then inf A = —oo0.

For example, supN = oo and inf R = —oco. We also define sup @ = —oo and
inf @ = 0o, since — by a strict interpretation of logic — every real number is both
an upper and a lower bound of the empty set. With these conventions, every set
of real numbers has a supremum and an infimum in R. Moreover, we may define
the supremum and infimum of sets of extended real numbers in an obvious way; for
example, sup A = o0 if oo € A and inf A = —c0 if —0c0 € A.

While R is linearly ordered, we cannot make it into a field however we extend
addition and multiplication from R to R. Expressions such as co — oo or 0 - 0o
are inherently ambiguous. To avoid any possible confusion, we will give explicit
definitions in terms of R alone for every expression that involves to0o. Moreover,
when we say that sup A or inf A exists, we will always mean that it exists as a
real number, not as an extended real number. To emphasize this meaning, we will

sometimes say that the supremum or infimum “exists as a finite real number.”

2.6. Real numbers: completeness

The rational numbers QQ and real numbers R have similar algebraic and order prop-
erties (they are both densely ordered fields). The crucial property that distinguishes
R from Q is its completeness. There are two main ways to define the completeness
of R. The first, which we describe here, is based on the order properties of R and
the existence of suprema. The second, which we describe in Chapter [3] is based on
the metric properties of R and the convergence of Cauchy sequences.

We begin with an example that illustrates the difference between Q and R.
Example 2.16. Define A C Q by
A:{xe(@:m2<2}.
Then A is bounded from above by every M € Q7 such that M? > 2. Nevertheless,
A has no supremum in Q because v/2 is irrational: for every upper bound M € Q

there exists M’ € Q such that /2 < M’ < M, so M isn’t a least upper bound of A
in Q. On the other hand, A has a supremum in R, namely sup A = /2.
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The following axiomatic property of the real numbers is called Dedekind com-
pleteness. Dedekind (1872) showed that the real numbers are characterized by the
condition that they are a complete ordered field (that is, by Axiom [2.6] Axiom
and Axiom .

Axiom 2.17. Every nonempty set of real numbers that is bounded from above has
a supremuin.

Since inf A = —sup(—A) and A is bounded from below if and only if —A
is bounded from above, it follows that every nonempty set of real numbers that
is bounded from below has an infimum. The restriction to nonempty sets in Ax-
iom [2.17]is necessary, since the empty set is bounded from above, but its supremum
does not exist.

As a first application of this axiom, we prove that R has the Archimedean
property, meaning that no real number is greater than every natural number.

Theorem 2.18. If z € R, then there exists n € N such that x < n.

Proof. Suppose, for contradiction, that there exists z € R such that > n for every
n € N. Then z is an upper bound of N, so N has a supremum M = supN € R.
Since n < M for every n € N, we have n — 1 < M — 1 for every n € N, which
implies that n < M — 1 for every n € N. But then M — 1 is an upper bound of N,
which contradicts the assumption that M is a least upper bound. ([

By taking reciprocals, we also get from this theorem that for every ¢ > 0 there
exists n € N such that 0 < 1/n < e.

These results say roughly that there are no infinite or infinitesimal real num-
bers. This property is consistent with our intuitive picture of a real line R that
does not “extend past the natural numbers,” where the natural numbers are ob-
tained by counting upwards from 1. Robinson (1961) introduced extensions of the
real numbers, called non-standard real numbers, which form non-Archimedean or-
dered fields with both infinite and infinitesimal elements, but they do not satisfy
Axiom

The following proof of the uncountability of R is based on its completeness and
is Cantor’s original proof (1874). The idea is to show that given any countable set
of real numbers, there are additional real numbers in the “gaps” between them.

Theorem 2.19. The set of real numbers is uncountable.

Proof. Suppose that

S = {331,56‘2,.%‘3,...,.%‘”,...}
is a countably infinite set of distinct real numbers. We will prove that there is a
real number z € R that does not belong to S.

If 21 is the largest element of S, then no real number greater than x; belongs to
S. Otherwise, we select recursively from S an increasing sequence of real numbers
ar, and a decreasing sequence by as follows. Let a; = x; and choose by = xy,
where n; is the smallest integer such that z,, > a;. Then z, ¢ (a1,by) for all
1<n<ny. Ifz, ¢ (a1,b) for all n € N, then no real number in (ay, b1) belongs to
S, and we are done e.g., take x = (a1 + b1)/2. Otherwise, choose as = x,,, where
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ma > ny is the smallest integer such that ay < 2y, < b1. Then x,, ¢ (aq,b;) for all
1<n<my. Ifz, ¢ (az,b1) for all n € N, we are done. Otherwise, choose by = x,,
where ng > my is the smallest integer such that ay < z,, < by.

Continuing in this way, we either stop after finitely many steps and get an
interval that is not included in S, or we get subsets {a1, az,...} and {b1,bs,...} of
{z1,z9,...} such that

ap <ap < - <ap <o <bp <o < by <y

It follows from the construction that for each n € N, we have x,, ¢ (ay, by) when k
is sufficiently large. Let

= , inf by, = b,
s=gmen i
which exist by the completeness of R. Then a < b (see Proposition below) and
x ¢ S if a <z <b, which proves the result. O

This theorem shows that R is uncountable, but it doesn’t show that R has the
same cardinality as the power set P(N) of the natural numbers, whose uncountabil-
ity was proved in Theorem In Theorem we show that R has the same
cardinality as P(N); this provides a second proof that R is uncountable and shows
that P(N) has the cardinality of the continuum.

2.7. Properties of the supremum and infimum

In this section, we collect some properties of the supremum and infimum for later
use. This section can be referred back to as needed.

First, we state an equivalent way to characterize the supremum and infimum,
which is an immediate consequence of Definition [2.11

Proposition 2.20. If A C R, then M = sup A if and only if: (a) M is an upper
bound of A; (b) for every M’ < M there exists € A such that > M’. Similarly,
m = inf A if and only if: (a) m is a lower bound of A; (b) for every m’ > m there
exists € A such that © < m/.

We frequently use this proposition as follows: (a) if M is an upper bound of
A, then sup A < M; (b) if A is nonempty and bounded from above, then for every
e > 0, there exists © € A such that > sup A — e. Similarly: (a) if m is a lower
bound of A, then m < inf A; (b) if A is nonempty and bounded from below, then
for every € > 0, there exists € A such that z < inf A + €.

Making a set smaller decreases its supremum and increases its infimum. In the
following inequalities, we allow the sup and inf to be extended real numbers.

Proposition 2.21. Suppose that A, B are subsets of R such that A C B. Then
sup A < sup B, and inf A > inf B.

Proof. The result is immediate if B = @, when A = &, so we may assume that B
is nonempty. If B is not bounded from above, then sup B = oo, so sup A < sup B.
If B bounded from above, then sup B is an upper bound of B. Since A C B, it
follows that sup B is an upper bound of A, so sup A < sup B. Similarly, either
inf B = —o0 or inf B is a lower bound of A, so inf A > inf B. O
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The next proposition states that if every element in one set is less than or equal
to every element in another set, then the sup of the first set is less than or equal to
the inf of the second set.

Proposition 2.22. Suppose that A, B are nonempty sets of real numbers such

that x <y for all z € A and y € B. Then sup A < inf B.

Proof. Fix y € B. Since x < y for all z € A, it follows that y is an upper bound
of A, so sup A is finite and sup A < y. Hence, sup A is a lower bound of B, so inf B
is finite and sup A < inf B. |
If ACR and ¢ € R, then we define
cA={yeR:y=cx for some x € A}.

Multiplication of a set by a positive number multiplies its sup and inf; multiplication
by a negative number also exchanges its sup and inf.

Proposition 2.23. If ¢ > 0, then

supcA = csup A4, inf cA = cinf A.
If ¢ < 0, then

supcA = cinf A, inf cA = csup A.

Proof. The result is obvious if ¢ = 0. If ¢ > 0, then cx < M if and only if
x < M/e¢, which shows that M is an upper bound of cA if and only if M/c is an
upper bound of A, so supcA = csup A. If ¢ < 0, then then cx < M if and only if
x> M/c, so M is an upper bound of cA if and only if M/c is a lower bound of A,
so sup cA = cinf A. The remaining results follow similarly. d

If A, B C R, then we define
A+B={zeR:z=x+yforsomez € A, y € B},
A-B={zeR:z=x—yforsomez € A, y € B}.

Proposition 2.24. If A, B are nonempty sets, then
sup(A + B) = sup A + sup B, inf(A + B) = inf A 4 inf B,
sup(A — B) =sup A — inf B, inf(A— B) =inf A — sup B.
Proof. The set A+ B is bounded from above if and only if A and B are bounded

from above, so sup(A + B) exists if and only if both sup A and sup B exist. In that
case, if z € A and y € B, then

x+y <supA+sup B,
so sup A + sup B is an upper bound of A + B, and therefore
sup(A + B) < sup A + sup B.

To get the inequality in the opposite direction, suppose that € > 0. Then there
exist x € A and y € B such that

x>supA—§, y>supB—§.
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It follows that
r+y>supA+supB—e¢
for every € > 0, which implies that
sup(A + B) > sup A + sup B.

Thus, sup(A+ B) = sup A+sup B. It follows from this result and Proposition m
that
sup(A — B) = sup A + sup(—B) = sup A — inf B.

The proof of the results for inf(A 4+ B) and inf(A — B) is similar, or we can
apply the results for the supremum to —A and —B. O

Finally, we prove that taking the supremum over a pair of indices gives the
same result as taking successive suprema over each index separately.

Proposition 2.25. Suppose that
{.Z‘ij ZiGI,jEJ}
is a doubly-indexed set of real numbers. Then

sup @;; = sup (sup xij) .
(i)ETxJ i€l \jeJ

Proof. For each a € I, we have {a} x J C I x J, so
SUpZgj < SUp  Tyj.
JjeJ (i,5)€IxJ
Taking the supremum of this inequality over a € I, and replacing ‘a’ by ‘i’, we get
that
sup (sup xij> < osup Xy
iel \jeJ (i,7)eIxJ
To prove the reverse inequality, first note that if
sup Lij
(i,5)€IxJ
is finite, then given € > 0 there exists a € I, b € J such that
LTab > sup  x;; — €.
(i,4)€IxJ

It follows that

SUpZgqj > Sup T — €,
jed (i,5)€IxJ

and therefore that
sup <sup:cij> > sup T — €.
i€l \jeJ (i,9)eIxJ
Since € > 0 is arbitrary, we have
sup (sup xij> > sup .
iel \jeJ (i,7)eIxJ

Similarly, if
sup  T;; = 00,
(i,4)eIxJ
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then given M € R there exists a € I, b € J such that z,, > M, and it follows that

sup (sup xij> > M.
iel \jeJ

Since M is arbitrary, we have

sup (sup $i]‘) = 00,
iel \jeJ

which completes the proof. ([
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2.8. Density of the Rationals

An essential property of the natural numbers is the following induction principle,
which expresses the idea that we can reach every natural number by counting
upwards from one.

Axiom 2.26. Suppose that A C N is a set of natural numbers such that: (a) 1 € A;
(b) n € A implies (n +1) € A. Then A =N.

Before stating the next theorem, we give a formal definition of the maximal
and minimal elements of a set.

Definition 2.27. Suppose that A C R is a set of real numbers. A maximal element
of A is a number M = max A such that M € A and M > z for every x € A. A
minimal element of A is a number m = min A such that m € A and m < z for
every x € A.

It follows immediately from the definition that if A has a maximal or minimal
element, then sup A = max A or inf A = min A. However, sup A or inf A may exist,
even when max A or min A don’t exist, if they don’t belong to A.

The following result states a fundamental property of the natural numbers
called the well-ordering property.

Theorem 2.28. Every nonempty subset of natural numbers contains a minimal
element.

Proof. We will use induction to show that if a set S C N contains no minimal
element, then S is the empty set, which proves the result.

Let

A={neN:1,2,...,n¢ S}.

If 1 ¢ A, then 1 € S, so 1 a minimal element of S since 1 < n for every n € N,
which contradicts our assumption on S. Hence, 1 € A.

Suppose that n € A for some n € N, meaning that 1,2,...,n ¢ S. If n+1 ¢ A,
thenn+1€ S, son+1is aminimal element of S. This contradiction shows that
n+ 1€ A. It follows by induction that A = N, which implies that S = &. O

One can also prove that the well-ordering property of N implies the induction
axiom, so the well-ordering of N is equivalent to induction.

The integers Z are not well-ordered (for example, Z itself has no minimal el-
ement), but a similar property holds for sets of integers that are bounded from
below.

Corollary 2.29. If a nonempty set S C Z is bounded from below in R, then S has

a minimal element.

Proof. Since S is bounded from below in R, the Archimedean property of R implies

that S is bounded from below by some integer a € Z. Then
B={n—-a+1:neS}CN,

so Theorem [2.28| implies that B has a minimal element b € B. It follows that
m=>b+a—1€ S is a minimal element of S. O
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We can now prove the following (intuitively obvious) lemma, which we will use
to prove the density of Q in R.

Lemma 2.30. If z,y € R satisfy y — > 1, then there exists m € Z such that
T <m<uy.

Proof. We construct m as the minimal integer strictly greater than z. Let
S={ne€Z:xz<n}.
Then S C Z is nonempty (by the Archimedean property) and bounded from below

(by ), so it has a minimal element m € S with m —1 ¢ S. It follows that x < m
and z >m —1,s0 x <m < z+ 1 <y, which proves the result. ([l

Finally, we prove the density of the rational numbers in the real numbers,
meaning that there is a rational number strictly between any pair of distinct real
numbers (rational or irrational), however close together those real numbers may be.

Theorem 2.31. If z,y € R and = < y, then there exists r € Q such that z < r < y.

Proof. Let ¢ = y — 2 > 0. By the Archimedean property, there exists n € N such
that 0 < 1/n < €, which implies that ny — nz > 1. By Lemma there exists
m € Z such that nz < m < ny, which proves the result with » = m/n. (Il

Repeated application of this theorem shows that there are, in fact, infinitely
many rational numbers between any pair of distinct real numbers. One can also
use the result to prove that the irrational numbers R\ Q are dense in R.
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Chapter 3

Sequences

In this chapter, we discuss sequences. We say what it means for a sequence to
converge, and define the limit of a convergent sequence. We begin with some
preliminary results about the absolute value, which can be used to define a distance
function, or metric, on R. In turn, convergence is defined in terms of this metric.

3.1. The absolute value

Definition 3.1. The absolute value of z € R is defined by

T if x >0,
|z| = .
—x ifx<0O.

Some basic properties of the absolute value are the following.
Proposition 3.2. For all z,y € R:
(a) |z| > 0 and |z| = 0 if and only if z = 0;

(b) [ = 2| = [zf;
(¢) |z 4+ y| < x| + |y| (triangle inequality);
(d) =yl = [=[lyl;

Proof. Parts (a), (b) follow immediately from the definition. Part (c) remains
valid if we change the signs of both z and y or exchange x and y. Therefore we can
assume that > 0 and |z| > |y| without loss of generality, in which case x +y > 0.
If y > 0, corresponding to the case when x and y have the same sign, then

|z +yl=2+y=|z|+y|

If y < 0, corresponding to the case when x and y have opposite signs and x+y > 0,
then

lz+yl=2+y=|z| |yl <l|z|+[yl,
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which proves (c). Part (d) remains valid if we change = to —x or y to —y, so we
can assume that x,y > 0 without loss of generality. Then xy > 0 and |zy| = xy =
|z lyl- O

One useful consequence of the triangle inequality is the following reverse trian-
gle inequality.
Proposition 3.3. If z,y € R, then

2| = [yl < |z =yl

Proof. By the triangle inequality,
[ =z —y+yl <|z—yl+ ]yl
so |z| — |y| < |z —yl|. Similarly, exchanging = and y, we get |y| — |z| < |z —y|, which
proves the result.
We can give an equivalent condition for the boundedness of a set by using the

absolute value instead of upper and lower bounds as in Definition [2.9

Proposition 3.4. A set A C R is bounded if and only if there exists a real number
M > 0 such that

|z] < M for every x € A.

Proof. If the condition in the proposition holds, then M is an upper bound of
A and —M is a lower bound, so A is bounded. Conversely, if A is bounded from
above by M’ and from below by m/, then |z| < M for every x € A where M =
max{|m/|, |M’'|}. O

A third way to say that a set is bounded is in terms of its diameter.
Definition 3.5. Let A C R. The diameter of A is
diam A =sup{|lx —y|: z,y € A}.

Then a set is bounded if and only if its diameter is finite.

Example 3.6. If A = (—a,a), then diam A = 2a, and A is bounded. If A =
(—00,a), then diam A = oo, and A is unbounded.

3.2. Sequences

A sequence (zy,) of real numbers is an ordered list of numbers z,, € R, called the
terms of the sequence, indexed by the natural numbers n € N. We often indicate a
sequence by listing the first few terms, especially if they have an obvious pattern.
Of course, no finite list of terms is, on its own, sufficient to define a sequence.
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Figure 1. A plot of the first 40 terms in the sequence z, = (1 4+ 1/n)",
illustrating that it is monotone increasing and converges to e &~ 2.718, whose
value is indicated by the dashed line.

Example 3.7. Here are some sequences:

1,8, 27,64, ...,  x, =n>,

111 1
1, =, =, =, ... "=
DR =

1, -1, 1, =1, ... a,=

(1+1),(1+;)2, (14—;)3,... xn:<1+;>n.

Note that unlike sets, where elements are not repeated, the terms in a sequence
may be repeated.

71)n+1,

—~

The formal definition of a sequence is as a function on N, which is equivalent
to its definition as a list.

Definition 3.8. A sequence () of real numbers is a function f : N — R, where

xn = f(n).

We can consider sequences of many different types of objects (for example,
sequences of functions) but for now we only consider sequences of real numbers,
and we will refer to them as sequences for short. A useful way to visualize a
sequence () is to plot the graph of x,, € R versus n € N. (See Figure [1] for an
example.)
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If we want to indicate the range of the index n € N explicitly, we write the
sequence as (,,)22,. Sometimes it is convenient to start numbering a sequence
from a different integer, such as n = 0 instead of » = 1. In that case, a sequence
(20)22, is a function f : Ny — R where z,, = f(n) and Ny = {0,1,2,3,...}, and

similarly for other starting points.

Every function f : N — R defines a sequence, corresponding to an arbitrary
choice of a real number z,, € R for each n € N. Some sequences can be defined
explicitly by giving an expression for the nth terms, as in Example others can
be defined recursively. That is, we specify the value of the initial term (or terms) in
the sequence, and define x,, as a function of the previous terms (x1,x2,...,Tn_1)-

A well-known example of a recursive sequence is the Fibonacci sequence (F},)
1,1,2 3,5 8 13, ...,
which is defined by Fy = F» =1 and
F,=F,_1+F,_> for n > 3.

That is, we add the two preceding terms to get the next term. In general, we cannot
expect to solve a recursion relation to get an explicit expression for the nth term
in a sequence, but the recursion relation for the Fibonacci sequence is linear with
constant coefficients, and it can be solved to give an expression for F;, called the
Euler-Binet formula.

Proposition 3.9 (Euler-Binet formula). The nth term in the Fibonacci sequence

is given by
RN 1445
F”‘ﬁ[¢ (ab” A

Proof. The terms in the Fibonacci sequence are uniquely determined by the linear
difference equation

F,—F,1—F, 2=0, n >3,
with the initial conditions
=1, =1
We see that F,, = r™ is a solution of the difference equation if r satisfies
r?—r—1=0,

which gives

E

1+

~ 1.61 .
5 61803

r=¢or —

1
R d) =
¢
By linearity,

o en ()

is a solution of the difference equation for arbitrary constants A, B. This solution
satisfies the initial conditions F} = F5 = 1 if

B=-

which proves the result. O
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Alternatively, once we know the answer, we can prove Proposition by in-
duction. The details are left as an exercise. Note that although the right-hand side
of the equation for F,, involves the irrational number v/5, its value is an integer for
every n € N.

The number ¢ appearing in Proposition [3.9]is called the golden ratio. It has
the property that subtracting 1 from it gives its reciprocal, or
1
¢o—1 s
Geometrically, this property means that the removal of a square from a rectangle
whose sides are in the ratio ¢ leaves a rectangle whose sides are in the same ratio.
The number ¢ was originally defined in Euclid’s Elements as the division of a line in
“extreme and mean ratio,” and Ancient Greek architects arguably used rectangles
with this proportion in the Parthenon and other buildings. During the Renaissance,
¢ was referred to as the “divine proportion.” The first use of the term “golden

section” appears to be by Martin Ohm, brother of the physicist Georg Ohm, in a
book published in 1835.

3.3. Convergence and limits

Roughly speaking, a sequence (z,) converges to a limit « if its terms x,, get arbi-
trarily close to x for all sufficiently large n.

Definition 3.10. A sequence (z,) of real numbers converges to a limit z € R,
written

r= lim z,, or z,— T asn— oo,
n—oo

if for every € > 0 there exists N € N such that
|z, — x| <€ for all n > N.

A sequence converges if it converges to some limit x € R, otherwise it diverges.

Although we don’t show it explicitly in the definition, N is allowed to depend
on e. Typically, the smaller we choose €, the larger we have to make N. One way
to view a proof of convergence is as a game: If I give you an ¢ > 0, you have to
come up with an N that “works.” Also note that z,, — = as n — oo means the
same thing as |z, — 2| — 0 as n — oo.

It may appear obvious that a limit is unique if one exists, but this fact requires
proof.

Proposition 3.11. If a sequence converges, then its limit is unique.

Proof. Suppose that (x,,) is a sequence such that z,, — x and x,, — 2’ as n — co.

Let € > 0. Then there exist N, N’ € N such that
|zn, — x| < for all n > N,

|z, — 2’| < for all n > N'.

[N e N e}
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Choose any n > max{N, N'}. Then, by the triangle inequality,

|x—x’|§|x—xn\+|xn—x’|<§+g<e.

2
Since this inequality holds for all € > 0, we must have |z — 2’| = 0 (otherwise the
inequality would be false for e = |z — 2’|/2 > 0), so x = 2. O

The following notation for sequences that “diverge to infinity” is convenient.
Definition 3.12. If (z,) is a sequence then

lim z, = oo,
n—oo

or x, — 00 as n — oo, if for every M € R there exists N € R such that
Ty > M for all n > N.
Also

lim z, = —o0,
n—roo

or x, — —o00 as n — 00, if for every M € R there exists N € R such that

Ty < M for all n > N.

That is, ,, — oo as nm — oo means the terms of the sequence (z,,) get arbitrarily
large and positive for all sufficiently large n, while z,, — —oco as n — oo means
that the terms get arbitrarily large and negative for all sufficiently large n. The
notation xz,, — oo does not mean that the sequence converges.

To illustrate these definitions, we discuss the convergence of the sequences in
Example

Example 3.13. The terms in the sequence

1, 8, 27, 64, ..., T, =n’

eventually exceed any real number, so n® — oo as n — oo and this sequence

does not converge. Explicitly, let M € R be given, and choose N € N such that
N > M3, (If —oo < M < 1, we can choose N = 1.) Then for all n > N, we have
n3 > N3 > M, which proves the result.

Example 3.14. The terms in the sequence
1 1 1 1

Ty = —

’ 57 §7 17 s n
get closer to 0 as n gets larger, and the sequence converges to 0:

1

lim — =0.
n—,oo N

To prove this limit, let € > 0 be given. Choose N € N such that N > 1/e. (Such a
number exists by the Archimedean property of R stated in Theorem [2.18]) Then
foralln > N

S < — <,
n N ¢

111 1
_’I’L

which proves that 1/n — 0 as n — oo.
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Example 3.15. The terms in the sequence
1, =1, 1, -1, ... z, = (=1)"T

oscillate back and forth infinitely often between 1 and —1, but they do not approach
any fixed limit, so the sequence does not converge. To show this explicitly, note
that for every € R we have either |z — 1| > 1 or |z 4 1| > 1. It follows that there
is no N € N such that |z, — x| < 1 for all n > N. Thus, Definition fails if
€ = 1 however we choose = € R, and the sequence does not converge.

Example 3.16. The convergence of the sequence

(1+1) 1+12 1+13 ~(1+4)
) 2 ) 3 y :I:n— n )

illustrated in Figure[l] is less obvious. Its terms are given by
1

T = a,, anzl—l—ﬁ.

As n increases, we take larger powers of numbers that get closer to one. If a > 1
is any fixed real number, then a — 0o as n — oo so the sequence (a™) does not
converge (see Proposition below for a detailed proof). On the other hand, if
a =1, then 1" =1 for all n € N so the sequence (1™) converges to 1. Thus, there
are two competing factors in the sequence with increasing n: a,, — 1 but n — oo.
It is not immediately obvious which of these factors “wins.”

In fact, they are in balance. As we prove in Proposition[3.32]below, the sequence

converges with
1 n
lim (1 + ) =e,
n— oo n

where 2 < e < 3. This limit can be taken as the definition of e ~ 2.71828.

For comparison, one can also show that

2
1 n 1 n
lim (1+2> =1, lim (1—|—> = 00.
n— 00 n n—00 n

In the first case, the rapid approach of a,, = 14+1/n? to 1 “beats” the slower growth
in the exponent n, while in the second case, the rapid growth in the exponent n?
“beats” the slower approach of a,, =14 1/n to 1.

An important property of a sequence is whether or not it is bounded.

Definition 3.17. A sequence (x,) of real numbers is bounded from above if there
exists M € R such that z,, < M for all n € N, and bounded from below if there
exists m € R such that x, > m for all n € N. A sequence is bounded if it is
bounded from above and below, otherwise it is unbounded.

An equivalent condition for a sequence (x,) to be bounded is that there exists
M > 0 such that
|zn| < M for all n € N.

Example 3.18. The sequence (n3) is bounded from below but not from above,
while the sequences (1/n) and ((—1)""!) are bounded. The sequence

1, =2, 3, =4, 5, —6, ... z, = (—=1)"Tln
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is not bounded from below or above.

We then have the following property of convergent sequences.

Proposition 3.19. A convergent sequence is bounded.

Proof. Let (x,) be a convergent sequence with limit z. There exists N € N such
that

|z, — 2] < 1 for all n > N.
The triangle inequality implies that
|Tn| < |zn — 2|+ |2] <1+ |2] for all » > N.

Defining
M = max {|x1], |x2|, ..., |len], 1+ |2|},
we see that |x,| < M for all n € N, so (x,,) is bounded. O

Thus, boundedness is a necessary condition for convergence, and every un-
bounded sequence diverges; for example, the unbounded sequence in Example [3.13]
diverges. On the other hand, boundedness is not a sufficient condition for conver-
gence; for example, the bounded sequence in Example diverges.

The boundedness, or convergence, of a sequence (z,)52; depends only on the
behavior of the infinite “tails” (z,)5% 5 of the sequence, where N is arbitrarily
large. Equivalently, the sequence (z,)32; and the shifted sequences (x,+n)22,
have the same convergence properties and limits for every N € N. As a result,
changing a finite number of terms in a sequence doesn’t alter its boundedness or
convergence, nor does it alter the limit of a convergent sequence. In particular, the
existence of a limit gives no information about how quickly a sequence converges

to its limit.

Example 3.20. Changing the first hundred terms of the sequence (1/n) from 1/n
to n, we get the sequence
1 1 1
1017 1027 103"
which is still bounded (although by 100 instead of by 1) and still convergent to

0. Similarly, changing the first billion terms in the sequence doesn’t change its
boundedness or convergence.

1,2, 3, ..., 99, 100,

We introduce some convenient terminology to describe the behavior of “tails”
of a sequence,

Definition 3.21. Let P(x) denote a property of real numbers x € R. If (z,) is a
real sequence, then P(z,) holds eventually if there exists N € N such that P(z,)
holds for all n > N; and P(x,,) holds infinitely often if for every N € N there exists
n > N such that P(z,) holds.

For example, (z,) is bounded if there exists M > 0 such that |z,| < M
eventually; and (z,) does not converge to € R if there exists ¢y > 0 such that
|x,, — x| > €o infinitely often.
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Note that if a property P holds infinitely often according to Definition [3.21
then it does indeed hold infinitely often: If N = 1, then there exists n; > 1 such
that P(zy,) holds; if N = nq, then there exists ng > n; such that P(z,,) holds;
then there exists ns > ng such that P(x,,) holds, and so on.

3.4. Properties of limits
In this section, we prove some order and algebraic properties of limits of sequences.

3.4.1. Monotonicity. Limits of convergent sequences preserve (non-strict) in-
equalities.

Theorem 3.22. If (z,,) and (y,) are convergent sequences and z, < y, for all
n € N, then

lim z, < lim y,.

n—oo n—oo
Proof. Suppose that xz,, — = and y, — y as n — oo. Then for every € > 0 there

exists P, @ € N such that
|z — x| < for all n > P,

ly —yn| < for all n > Q.

NN Ee NOR e )

Choosing n > max{P, Q}, we have

€ €
J:zxn+x—xn<yn+§=y+yn—y+§<y+€-

Since z < y + € for every € > 0, it follows that x < y. ([

This result, of course, remains valid if the inequality x, < ¥, holds only for
all sufficiently large n. Limits need not preserve strict inequalities. For example,
1/n > 0 for all n € N but lim,,_, 1/n = 0.

It follows immediately that if (z,,) is a convergent sequence with m < z,, < M
for all n € N, then
m < lim z, < M.

n— oo

The following “squeeze” or “sandwich” theorem is often useful in proving the
convergence of a sequence by bounding it between two simpler convergent sequences
with equal limits.

Theorem 3.23 (Sandwich). Suppose that (z,) and (y,) are convergent sequences
of real numbers with the same limit L. If (z,) is a sequence such that

Tn < zZn < Yn for all n € N,

then (z,) also converges to L.

Proof. Let € > 0 be given, and choose P, @ € N such that
|z, — L| <€ foralln> P, lyn — L| <€ foralln> Q.
If N = max{P,Q}, then for alln > N
—€e<zp,—L<z,—L<y,—L<e,
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which implies that |z, — L| < e. This prove the result. O

It is essential here that (z,) and (y,) have the same limit.

Example 3.24. If z,, = —1, y, = 1, and 2, = (—=1)"*!, then x,, < 2, <y, for all
n € N, the sequence (x,,) converges to —1 and (y,,) converges 1, but (z,) does not
converge.

As once consequence, we show that we can take absolute values inside limits.

Corollary 3.25. If 2, — x as n — oo, then |z, | — |z| as n — oo.

Proof. By the reverse triangle inequality,
0 < [|zn| = |z|| < |20 — 2l
and the result follows from Theorem [3.23 O

3.4.2. Linearity. Limits respect addition and multiplication. In proving the
following theorem, we need to show that the sequences converge, not just get an
expressions for their limits.

Theorem 3.26. Suppose that (x,) and (y,) are convergent real sequences and
¢ € R. Then the sequences (cxy,), (¢n + yn), and (z,y,) converge, and

lim cx, =c lim z,,
n—oo n—oo

lim (z, +y,) = lim x, + lim y,,
n— oo n— 00 n— oo

lim (2,y,) = (lim xn) (lim yn)

n—oo n—oo n—oo

Proof. We let

= lim z,, y= lim y,.
n— oo n—roo

The first statement is immediate if ¢ = 0. Otherwise, let € > 0 be given, and choose
N € N such that

|$n—$|<ﬁ for all n > N.
c
Then

lcx, —cx| <€ for all n > NV,

which proves that (cx,) converges to cx.
For the second statement, let € > 0 be given, and choose P,@Q € N such that

\xn—m|<§ for all n > P, |yn—y|<§ for all n > Q.
Let N = max{P,Q}. Then for all n > N, we have
l(@n +yn) = (@ +y)| < lzn — 2+ |yn —y| <,

which proves that (z, + y,) converges to = + y.

For the third statement, note that since (z,) and (y,) converge, they are
bounded and there exists M > 0 such that

|Tnl, [yn| < M for all n € N
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and |z|, ly| < M. Given € > 0, choose P, @ € N such that
€ €
2M 2M
and let N = max{P,@}. Then for all n > N,
|xnyn - $y| = |(xn - x)yn + x(yn - y)l

< |on — o] [ynl + || lyn — |
<M (Jon — ]+ [yn —yl)
<€,

|z, — 2| < for all n > P, lyn, — y| < for all n > Q,

which proves that (z,y,) converges to xy. O

Note that the convergence of (x,, + y,,) does not imply the convergence of ()
and (y,) separately; for example, take x, = n and y, = —n. If, however, (z,)
converges then (y,) converges if and only if (x,, + y,) converges.

3.5. Monotone sequences

Monotone sequences have particularly simple convergence properties.

Definition 3.27. A sequence (x,) of real numbers is increasing if =, 1 > z, for
all n € N, decreasing if z,, 11 < z,, for all n € N, and monotone if it is increasing
or decreasing. A sequence is strictly increasing if x,,41 > x,, strictly decreasing if
Tpt1 < Zn, and strictly monotone if it is strictly increasing or strictly decreasing.

We don’t require a monotone sequence to be strictly monotone, but this us-
age isn’t universal. In some places, “increasing” or “decreasing” is used to mean
“strictly increasing” or “strictly decreasing.” In that case, what we call an increas-
ing sequence is called a nondecreasing sequence and a decreasing sequence is called
nonincreasing sequence. We’ll use the more easily understood direct terminology.

Example 3.28. The sequence
1, 2,2, 3,3, 3,4, 4,4, 4,5, ...

is monotone increasing but not strictly monotone increasing; the sequence (n?) is
strictly monotone increasing; the sequence (1/n) is strictly monotone decreasing;
and the sequence ((—1)"*!) is not monotone.

Bounded monotone sequences always converge, and unbounded monotone se-
quences diverge to £oo.

Theorem 3.29. A monotone sequence of real numbers converges if and only if it
is bounded. If (z,) is monotone increasing and bounded, then

lim x, = sup{z, :n € N},

n—oo
and if (x,) is monotone decreasing and bounded, then
lim z, = inf{z, : n € N}.

n—oo

Furthermore, if (z,,) is monotone increasing and unbounded, then

lim z, = oo,
n—oo
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and if (x,) is monotone decreasing and unbounded, then

lim z,, = —oo.
n—oo

Proof. If the sequence converges, then by Proposition [3.19]it is bounded.

Conversely, suppose that (z,) is a bounded, monotone increasing sequence.
The set of terms {z,, : n € N} is bounded from above, so by Axiom it has a
supremum

z = sup{x,, : n € N}.

Let € > 0. From the definition of the supremum, there exists an N € N such that
xn > x — €. Since the sequence is increasing, we have x,, > xx for all n > N, and
therefore x — e < z,, < z. It follows that

|z, — x| <€ for all n > NV,

which proves that x,, = x as n — oo.

If (x,,) is an unbounded monotone increasing sequence, then it is not bounded
from above, since it is bounded from below by its first term x;. Hence, for every
M € R there exists N € N such that zx > M. Since the sequence is increasing, we
have x,, > xny > M for all n > N, which proves that x,, — 0o as n — oo.

The result for a monotone decreasing sequence (z,) follows similarly, or by
applying the previous result to the monotone increasing sequence (—x,,). ([

The fact that every bounded monotone sequence has a limit is another way to
express the completeness of R. For example, this is not true in QQ: an increasing
sequence of rational numbers that converges to v/2 is bounded from above in Q (for
example, by 2) but has no limit in Q.

We sometimes use the notation x, 1 x to indicate that (z,) is a monotone
increasing sequence that converges to x, and z, | x to indicate that (z,) is a
monotone decreasing sequence that converges to x, with a similar notation for
monotone sequences that diverge to co. For example, 1/n | 0 and n® 1 oo as
n — 0o.

The following propositions give some examples of monotone sequences. In the
proofs, we use the binomial theorem, which we state without proof.

Theorem 3.30 (Binomial). If z,y € R and n € N, then
n __ - n n—k, k n _ n!
(@t+y)" = ;0 (k)x v <k) B
Here,n!=1-2-3----- n and, by convention, 0! = 1. The binomial coefficients

(1) -t et
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read “n choose k,” give the number of ways of choosing k objects from n objects,
order not counting. For example,

(z +y)* =2 + 20y + ¢,

(z+y)* = 2% + 322y + 3zy® + ¢°,

(x +y)* = 2* + 42y + 62%y® + day® + y*
We also recall the sum of a geometric series: if a # 1, then

n

1_an+1
E b=
1—a
k=0

Proposition 3.31. The geometric sequence (a™)22,
1, a, a?, a3, ...,
is strictly monotone decreasing if 0 < a < 1, with
lim a" =0,
n—o0o

and strictly monotone increasing if 1 < a < co, with

lim a"™ = oo.
n— o0

Proof. If 0 < a < 1, then 0 < a"*! = a - a™ < a™, so the sequence (a™) is strictly
monotone decreasing and bounded from below by zero. Therefore by Theorem [3.29
it has a limit € R. Theorem implies that
z= lim "™ = lim a-a" =a lim a" = ax.
n—roo n—oo n—oo

Since a # 1, it follows that z = 0.

If a > 1, then a"*! = a-a™ > a", so (a™) is strictly increasing. Let a = 1+ 4§
where 6 > 0. By the binomial theorem, we have

a=(1+0)"
" /n
_ k
=3 (3)s
k=0
1
:1+n5+§n(n—1)(52+---+5"
> 1+ nd.
Given M > 0, choose N € N such that N > M/4. Then for all n > N, we have
a®>14+né>1+Nd> M,
SO a, — 00 as n — o0. O
The next proposition proves the existence of the limit for e in Example [3.16
Proposition 3.32. The sequence (z,,) with
1 n
Ty = (1 + )
n

is strictly monotone increasing and converges to a limit 2 < e < 3.
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Proof. By the binomial theorem,

(+3) =2 ()

Each of the terms in the sum on the right hand side is a positive increasing func-
tion of n, and the number of terms increases with n. Therefore (z,) is a strictly
increasing sequence, and z,, > 2 for every n > 2. Moreover, since 0 < (1—k/n) < 1
for 1 < k < n, we have

T R N R
n 21 3! nl’

Since n! > 271 for n > 1, it follows that

TR PSP S SSSUOTIE S S e €7/ i
n 2 22 gn—=1 7 " 9 1-1/2 ’

so (z,) is monotone increasing and bounded from above by a number strictly less
than 3. By Theorem the sequence converges to a limit 2 < e < 3. (]

3.6. The limsup and lim inf

The lim sup and lim inf allow us to reduce questions about the convergence and lim-
its of general real sequences to ones about monotone sequences. They are somewhat
subtle concepts, and after defining them we will consider a number of examples.

Unlike the limit, the limsup and liminf of every bounded sequence of real
numbers exist. A sequence converges if and only if its lim sup and lim inf are equal,
in which case its limit is their common value. Furthermore, a sequence is unbounded
if and only if at least one of its limsup or liminf diverges to +o00, and it diverges
to +oo if and only if both its lim sup and lim inf diverge to +oc.

In order to define the limsup and liminf of a sequence (z,) of real numbers,
we introduce the sequences (y,) and (z,) obtained by taking the supremum and
infimum, respectively, of the “tails” of (z,):

yn =sup {zg : k > n}, zn =inf {xg : k > n}.

As n increases, the supremum and infimum are taken over smaller sets, so (y,) is
monotone decreasing and (z,,) is monotone increasing. The limits of these sequences
are the lim sup and lim inf, respectively, of the original sequence.
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Definition 3.33. Suppose that (z,) is a sequence of real numbers. Then

limsupxz, = lim y,, yn =sup{xy : k >n},
n—00 n—o0
liminf z, = lim z,, zp = inf{xy : k> n}.

Note that limsup x,, exists and is finite provided that each of the y,, is finite
and (y,) is bounded from below; similarly, liminf x,, exists and is finite provided
that each of the z, is finite and (z,,) is bounded from above. We may also write

limsup z,, = inf (sup xk> , liminf z,, = sup (inf xk> .
n—00 neN \k>n n—00 neN \k=n
As for the limit of monotone sequences, it is convenient to allow the liminf or
lim sup to be 00, and we state explicitly what this means. We have —oco < y,, < 00
for every n € N, since the supremum of a non-empty set cannot be —oo, but we
may have y, | —oo; similarly, —oo < 2z, < oo, but we may have z, 1T co. These
possibilities lead to the following cases.

Definition 3.34. Suppose that (x,) is a sequence of real numbers and the se-
quences (yy,), (z,) of possibly extended real numbers are given by Definition [3.33]
Then

limsup z,, = 00 if y, = oo for every n € N,
n—oo
limsupx, = —o0 if y, } —o00 asn — oo,
n—oo
liminf x, = —oc0 if z,, = —oo for every n € N,
n—oo
liminf z,, = 0o if z,, T o0 as n — oo.
n—oo

In all cases, we have z,, <y, for every n € N, with the usual ordering conven-
tions for +00, and by taking the limit as n — oo, we get that

liminf z,, < limsup z,,.
n—00 n—00

We illustrate the definition of the lim sup and lim inf with a number of examples.

Example 3.35. Consider the bounded, increasing sequence
1 2 3 1

5, g, 1, Z‘n:l—ﬁ
Defining y,, and z, as above, we have

1 1 1
ynsup{lk:an}l, zninf{lk:an}l,

0,

n

and both y, | 1 and z, T 1 converge monotonically to the limit 1 of the original
sequence. Thus,
limsup z, = liminf z,, = lim =z, = 1.
n—oo n—oo n—oo

Example 3.36. Consider the bounded, non-monotone sequence

1, =1, 1, —1,... z, = (—1)"Th
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Figure 2. A plot of the first 40 terms in the sequence x,, = (—1)*T1(141/n)
in Example|3.37 The dashed lines show limsup z, = 1 and liminf z,, = —1.

Then
Yo =sup{ (1)t 1k >n} =1, 2z, =if{(-1)*":k>n}=-1,
and y, | 1, z, T —1 converge to different limits. Thus,

limsup x,, = 1, liminf 2, = —1.
n—o00 n—00

The original sequence does not converge, and lim z,, is undefined.

Example 3.37. The bounded, non-monotone sequence
3 4 5 1
—— =, == n=(=D)"" (14 =
203 4 o = (=1) ( +n>

is shown in Figure[2] We have

2,

1+1/n if n is odd,

n =sup{xr :k>n}t =
Y p {zk } {1+1/(n+1) if n is even,

zp = inf{zy 1 k> n} = {—[1+1/(n+1)] it n is odd,

—[141/n] if n is even,
and it follows that
limsupz, =1, liminf z,, = —1.
n— 00 n—00

The limit of the sequence does not exist. Note that infinitely many terms of the
sequence are strictly greater than limsupz,, so limsupzx, does not bound any
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“tail” of the sequence from above. However, every number strictly greater than
lim sup x,, eventually bounds the sequence from above. Similarly, liminf z,, does
not bound any “tail” of the sequence from below, but every number strictly less
than liminf z,, eventually bounds the sequence from below.

Example 3.38. Consider the unbounded, increasing sequence
1, 2, 3,4, 5,... Ty =MN.
We have
Yn = sup{zy : k > n} = oo, zn = 1inf{xg : k > n} =n,
so the lim sup, liminf and lim all diverge to oo,

limsup x,, = liminfz,, = lim z,, = co.
n—oo n— 00 n— oo

Example 3.39. Consider the unbounded, non-monotone sequence

if n is odd
1, -2, 3, —4, 5,... zn:{n s odd,

—n if n is even.

We have y,, = co and z, = —oo for every n € N, and
lim sup x,, = o0, liminf z,, = —c0.
n—00 n—00

The sequence oscillates and does not diverge to either co or —oo, so limz, is
undefined even as an extended real number.

Example 3.40. Consider the unbounded non-monotone sequence

Ll :{n if n is odd.
2T " 1/n if n is even,
Then y,, = oo and 2, = 0, so
hgl—ilip T, = 00, linIr_1>ioréf z, = 0.

As noted above, the limsup of a sequence needn’t bound any tail of the se-
quence, but the sequence is eventually bounded from above by every number that
is strictly greater than the limsup, and the sequence is greater infinitely often
than every number that is strictly less than the limsup. This property gives an
alternative characterization of the lim sup, one that we often use in practice.

Theorem 3.41. Let (z,) be a real sequence. Then

y = limsup x,,
n—roo

if and only if —oco <y < oo satisfies one of the following conditions.
(1) —c0 < y < oo and for every € > 0: (a) there exists N € N such that z,, < y+e
for all n > N; (b) for every N € N there exists n > N such that x,, >y —e.

(2) y = oo and for every M € R, there exists n € N such that z,, > M, i.e., (x,)
is not bounded from above.

(3) y = —oc and for every m € R there exists N € N such that x,, < m for all
n > N, ie., x, — —00 as n — 00.
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Similarly,

z = liminf z,,
n— 00

if and only if —oo < 2z < oo satisfies one of the following conditions.
(1) —o0 < z < oo and for every € > 0: (a) there exists N € N such that z, > z—e¢
for all n > N; (b) for every N € N there exists n > N such that x,, < z + €.

(2) z = —o0 and for every m € R, there exists n € N such that z,, < m, i.e., (z,)
is not bounded from below.

(3) z = oo and for every M € R there exists N € N such that x,, > M for all
n> N, ie., x, = 00 as n — 0.

Proof. We prove the result for limsup. The result for liminf follows by applying
this result to the sequence (—z,).

First, suppose that y = limsup,, and —oco < y < co. Then (z,) is bounded
from above and

yn =sup{ag:k>n}ly as n — oo.

Therefore, for every € > 0 there exists N € N such that yny < y+ €. Since z, < yn
for all n > N, this proves (1a). To prove (1b), let ¢ > 0 and suppose that N € N is
arbitrary. Since yy > y is the supremum of {z,, : n > N}, there exists n > N such
that x, > yn — € > y — €, which proves (1b).

Conversely, suppose that —oco < y < oo satisfies condition (1) for the lim sup.
Then, given any e > 0, (1a) implies that there exists N € N such that

Yn =sup{zr :k>n} <y-+e foralln > N,

and (1b) implies that y,, > y — € for all n € N. Hence, |y, —y| < € for all n > N,
SO Yn, — Yy as n — oo, which means that y = lim sup z,,.

We leave the verification of the equivalence for y = +00 as an exercise. O

Next we give a necessary and sufficient condition for the convergence of a se-
quence in terms of its liminf and lim sup.

Theorem 3.42. A sequence (x,,) of real numbers converges if and only if

liminf z,, = limsupz, =z
n—00 n— 00

are finite and equal, in which case

lim z, = z.
n—oo

Furthermore, the sequence diverges to oo if and only if

liminf x,, = limsup x,, = oo
n—00 n—oo

and diverges to —oo if and only if

liminf x,, = limsupz, = —oco
n—00 n— 00
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Proof. First suppose that

liminf z,, = limsupz, =z
n—00 n—00

for some x € R. Then y, | « and 2, T« as n — co where
yn =sup{xg : k> n}, zn = inf{ag : k> n}.
Since z, <z, < yn, the “sandwich” theorem implies that

lim z, = x.
n—oo

Conversely, suppose that the sequence (z,) converges to a limit 2 € R. Then
for every € > 0, there exists N € N such that

r—e<z,<r+e€ for all n > N.

It follows that
r—€<zp, <yn<zT+e€ for all n > N.

Therefore y,, z, — * as n — oo, so limsup z,, = liminf z,, = x.

The sequence (z,) diverges to oo if and only if liminfz, = oo, and then
limsup x,, = oo, since liminf z, < limsupx,. Similarly, (z,) diverges to —oo if
and only if lim sup x,, = —oco, and then liminf z,, = —oco. ([

If liminf z,, # limsup x,, then we say that the sequence (z,,) oscillates. The
difference
lim sup z,, — liminf x,,
provides a measure of the size of the oscillations in the sequence as n — oc.

Every sequence has a finite or infinite lim sup, but not every sequence has a
limit (even if we include sequences that diverge to +00). The following corollary
gives a convenient way to prove the convergence of a sequence without having to
refer to the limit before it is known to exist.

Corollary 3.43. Let (z,) be a sequence of real numbers. Then (x,) converges
with lim,,_, o @, = x if and only if limsup,,_, . |z, — 2| = 0.
Proof. If lim,_, . x, = x, then lim,_, |z, — 2| = 0, so

limsup |z, — 2| = lim |z, —z| =0.
n—00 n—oo

Conversely, if limsup,,_, . |zn — x| = 0, then
0 < liminf |z, — z| < limsup |z, —z| =0,
n—0o0 n—oo

so liminf, o |z, — x| = limsup,,_, ., Zn|x, — 2| = 0. Theorem implies that
lim’ﬂ,—)oo |xn - x| - O, or limn_)oo Ty = . |:|

Note that the condition liminf, o |, — 2| = 0 doesn’t tell us anything about
the convergence of (z,,).

Example 3.44. Let z, =1+ (—1)". Then (z,) oscillates between 0 and 2, and

liminf x,, =0, limsup z,, = 2.
n—0o0 n—00

The sequence is non-negative and its lim inf is 0, but the sequence does not converge.
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3.7. Cauchy sequences

Cauchy has become unbearable. Every Monday, broadcasting the known
facts he has learned over the week as a discovery. I believe there is no
historical precedent for such a talent writing so much awful rubbish. This
is why I have relegated him to the rank below us. (Jacobi in a letter to
Dirichlet, 1841)

The Cauchy condition is a necessary and sufficient condition for the convergence
of a real sequence that depends only on the terms of the sequence and not on its
limit. Furthermore, the completeness of R can be defined by the convergence of
Cauchy sequences, instead of by the existence of suprema. This approach defines
completeness in terms of the distance properties of R rather than its order properties
and generalizes to other metric spaces that don’t have a natural ordering.

Roughly speaking, a Cauchy sequence is a sequence whose terms eventually get
arbitrarily close together.

Definition 3.45. A sequence (z,,) of real numbers is a Cauchy sequence if for
every € > 0 there exists V € N such that

| T — n| <€ for all m,n > N.
Theorem 3.46. A sequence of real numbers converges if and only if it is a Cauchy
sequence.
Proof. First suppose that (z,) converges to a limit € R. Then for every ¢ > 0
there exists N € N such that

|xnfx|<§ for all n > N.

It follows that if m,n > N, then

[T — Tn| < |2m — x| + |2 — 25| <,

which implies that (z,,) is Cauchy. (This direction doesn’t use the completeness of
R; for example, it holds equally well for sequence of rational numbers that converge

in Q.)
Conversely, suppose that (x,) is Cauchy. Then there is N7 € N such that
|Zm — 2] < 1 for all m,n > Nj.
It follows that if n > Ny, then
2| < |2n — N1l + TN 1] S 1+ 2Nl
Hence the sequence is bounded with

|zn| < max {|z1], [z2], ..., |zn, |, 1 + [2N, +1]} -

Since the sequence is bounded, its limsup and liminf exist. We claim they are
equal. Given € > 0, choose N € N such that the Cauchy condition in Definition [3.45)
holds. Then

Ty — €< Ty < Ty +6€ for all m > n > N.

It follows that for all n > N we have

Tp —€ <inf{z,, :m>n}, sup{xm,:m>n}<z,+e,
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which implies that
sup{zm :m >n} —e<inf{z,, :m>n}+e
Taking the limit as n — co, we get that

limsup z,, — € < liminf z,, + ¢,
n—00 n—00

and since € > 0 is arbitrary, we have

limsup x,, < liminf z,,.
n—o0 n—oo

It follows that limsup z;,, = liminf z,,, so Theorem implies that the sequence
converges. O

3.8. Subsequences

A subsequence of a sequence (z,,)
L1y, 2, T3y vy Tpy - -
is a sequence (z, ) of the form
Tnys Tngy Tngs -« Tngy - -
where ny <ng <ng <---<nkp <....

Example 3.47. A subsequence of the sequence (1/n),

L bd
727 37 47 57 AR
is the sequence (1/k?)
11 1 1
) Z? §7 T67 2757
Here, ny, = k2. On the other hand, the sequences
o L1t 11t
) 727 37 47 57 et 2) )3) 4) 5) AR

aren’t subsequences of (1/n) since ny is not a strictly increasing function of k in
either case.

The standard short-hand notation for subsequences used above is convenient
but not entirely consistent, and the notion of a subsequence is a bit more involved
than it might appear at first sight. To explain it in more detail, we give the formal
definition of a subsequence as a function on N.

Definition 3.48. Let (z,) be a sequence, where z,, = f(n) and f : N — R. A
sequence (yx), where yr = g(k) and g : N — R, is a subsequence of (x,,) if there is
a strictly increasing function ¢ : N — N such that g = f o ¢. In that case, we write
¢(k) = ni and y = zn,.

Example 3.49. In Example the sequence (1/n) corresponds to the function
f(n) = 1/n and the subsequence (1/k?) corresponds to g(k) = 1/k?. Here, g = fo¢
with ¢(k) = k2.

Note that since the indices in a subsequence form a strictly increasing sequence
of integers (ny), it follows that ni — 0o as k — oo.
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Proposition 3.50. Every subsequence of a convergent sequence converges to the
limit of the sequence.

Proof. Suppose that (z,,) is a convergent sequence with lim,,_, z, = x and (z,,)
is a subsequence. Let ¢ > 0. There exists N € N such that |z, — x| < € for all
n > N. Since nj — oo as k — oo, there exists K € N such that np > N if £ > K.
Then k > K implies that |z,, — x| < €, so limy_,o0 Tp, = T. ]

A useful criterion for the divergence of a sequence follows immediately from
this result and the uniqueness of limits.

Corollary 3.51. If a sequence has subsequences that converge to different limits,
then the sequence diverges.

Example 3.52. The sequence ((—1)"*1),

1, -1, 1, -1, 1

) 9 9 ) y ottt

has subsequences (1) and (—1) that converge to different limits, so it diverges.

In general, we define the limit set of a sequence to be the set of all limits of its
convergent subsequences.

Definition 3.53. The limit set of a sequence (z,,) is the set
{z € R : there is a subsequence (x,, ) such that z,, — = as k — oo}

of limits of all of its convergent subsequences.

The limit set of a convergent sequence consists of a single point, namely its
limit.

Example 3.54. The limit set of the divergent sequence ((—1)"*1),
1, -1, 1, -1, 1, ...,
contains two points, and is {—1,1}.

Example 3.55. Let {r, : n € N} be an enumeration of the rational numbers
in [0,1]. Every = € [0,1] is a limit of a subsequence (ry,). To obtain such a
subsequence recursively, choose n; = 1, and for each k£ > 2 choose a rational
number 7, such that |z —r,, | < 1/k and n; > ni_1. This is always possible since
the rational numbers are dense in [0, 1] and every interval contains infinitely many
terms of the sequence. Conversely, if r,, — x, then 0 < 2 <1 since 0 < r,, < 1.
Thus, the limit set of (r,,) is the interval [0, 1].

Finally, we state a characterization of the lim sup and liminf of a sequence in
terms of of its limit set, where we use the usual conventions about +oo. We leave
the proof as an exercise.

Theorem 3.56. Suppose that (x,) is sequence of real numbers with limit set S.
Then

lim sup x,, = sup 5, liminf z, = inf S.
n—00 n—oo
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3.9. The Bolzano-Weierstrass theorem

The Bolzano-Weierstrass theorem is a fundamental compactness result. It allows
us to deduce the convergence of a subsequence from the boundedness of a sequence
without having to know anything specific about the limit. In this respect, it is anal-
ogous to the result that a monotone increasing sequence converges if it is bounded
from above, and it also provides another way of expressing the completeness of R.

Theorem 3.57 (Bolzano-Weierstrass). Every bounded sequence of real numbers
has a convergent subsequence.

Proof. Suppose that (z,) is a bounded sequence of real numbers. Let

M = sup x,, m = inf z,,
neN neN

and define the closed interval Iy = [m, M].

Divide Iy = Lg U R in half into two closed intervals, where
Lo =[m,(m+ M)/2], Ry = [(m+ M)/2, M].

At least one of the intervals Lo, Ry contains infinitely many terms of the sequence,
meaning that z, € Ly or x,, € Ry for infinitely many n € N (even if the terms
themselves are repeated).

Choose I; to be one of the intervals Ly, Ry that contains infinitely many terms
and choose n; € N such that z,, € I;. Divide Iy = L; U R; in half into two
closed intervals. One or both of the intervals Ly, Ry contains infinitely many terms
of the sequence. Choose I to be one of these intervals and choose ny > ny such
that x,, € I». This is always possible because Iy contains infinitely many terms
of the sequence. Divide I in half, pick a closed half-interval I3 that contains
infinitely many terms, and choose n3 > ng such that z,, € Is. Continuing in this
way, we get a nested sequence of intervals Iy D Iy D I3 D ...I; D ... of length
|I;;| = 27%(M — m), together with a subsequence (x,, ) such that ,, € Ij.

Let € > 0 be given. Since |Iy| — 0 as k — oo, there exists K € N such
that || < e for all k¥ > K. Furthermore, since z,, € Ik for all & > K we have
|Tn,; — Tn,| < € forall j,k > K. This proves that (x,,) is a Cauchy sequence, and
therefore it converges by Theorem [3.46] O

The subsequence obtained in the proof of this theorem is not unique. In partic-
ular, if the sequence does not converge, then for some & € N both the left and right
intervals L and Ry, contain infinitely many terms of the sequence. In that case, we
can obtain convergent subsequences with different limits, depending on our choice
of Ly or Ry. This loss of uniqueness is a typical feature of compactness arguments.

We can, however, use the Bolzano-Weierstrass theorem to give a criterion for
the convergence of a sequence in terms of the convergence of its subsequences. It
states that if every convergent subsequence of a bounded sequence has the same
limit, then the entire sequence converges to that limit.

Theorem 3.58. If (x,) is a bounded sequence of real numbers such that every
convergent subsequence has the same limit x, then (x,) converges to x.
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Proof. We will prove that if a bounded sequence (z,,) does not converge to x, then
it has a convergent subsequence whose limit is not equal to x.

If (z,,) does not converges to x then there exists ¢y > 0 such that |z, — x| > €
for infinitely many n € N. We can therefore find a subsequence (x,, ) such that

|xnk - $| > €

for every k € N. The subsequence (z,,) is bounded, since (x,) is bounded, so by
the Bolzano-Weierstrass theorem, it has a convergent subsequence ((Enkj ). If

lim z,, =y,
J—0o0 J

then |x — y| > €p, so x # y, which proves the result. O
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Chapter 4

Series

Divergent series are the devil, and it is a shame to base on them
any demonstration whatsoever. (Niels Henrik Abel, 1826)

This series is divergent, therefore we may be able to do something
with it. (Oliver Heaviside, quoted by Kline)

In this chapter, we apply our results for sequences to series, or infinite sums.
The convergence and sum of an infinite series is defined in terms of its sequence of
finite partial sums.

4.1. Convergence of series

A finite sum of real numbers is well-defined by the algebraic properties of R, but in
order to make sense of an infinite series, we need to consider its convergence. We
say that a series converges if its sequence of partial sums converges, and in that
case we define the sum of the series to be the limit of its partial sums.

Definition 4.1. Let (a,) be a sequence of real numbers. The series

0o
D an
n=1

converges to a sum S € R if the sequence (S,,) of partial sums

converges to S as n — o0o. Otherwise, the series diverges.

If a series converges to S, we write

(o]
S = E Q.
n=1
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We also say a series diverges to +oo if its sequence of partial sums does. As for
sequences, we may start a series at other values of n than n = 1 without changing
its convergence properties. It is sometimes convenient to omit the limits on a series
when they aren’t important, and write it as > a,,.

Example 4.2. If |a| < 1, then the geometric series with ratio a converges and its

sum is
Za
1—a’

This series is simple enough that we can compute its partial sums explicitly,

1 —gntt
Za 1l-a

As shown in Proposition if |a| < 1, then a™ — 0 as n — oo, so that S, —
1/(1 — a), which proves the result.

The geometric series diverges to oo if @ > 1, and diverges in an oscillatory
fashion if @ < —1. The following examples consider the cases a = +1 in more
detail.

Example 4.3. The series

il:l—&-l—l—l—&-...

n=1
diverges to oo, since its nth partial sum is S, = n.

Example 4.4. The series

oo
D=t =1-1+1-1+...
n=1

diverges, since its partial sums

g _ 1 if nis odd,
" 10 if nis even,

oscillate between 0 and 1.

This series illustrates the dangers of blindly applying algebraic rules for finite
sums to series. For example, one might argue that

S=1-H)+1-H)+1-1)+---=04+04+0+---=0,

or that
S=14(-1+1)+(-141)+---=1404+0+---=1,

or that
1-8S=1-(1-1+1-14...)=1—-141—-1+41—-..=5,

so28=1or S=1/2.

The Italian mathematician and priest Luigi Grandi (1710) suggested that these
results were evidence in favor of the existence of God, since they showed that it
was possible to create something out of nothing.
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Telescoping series of the form

oo
Z (an — @ny1)
n=1

are another class of series whose partial sums
Sn =a1 — an+1

can be computed explicitly and then used to study their convergence. We give one
example.

Example 4.5. The series
)3 P AR SR R S
“mn(m+1) 1-2 2.3 3.4 4.5 7
converges to 1. To show this, we observe that
1 1 1

n(n+1) Tn o+l
s0

> vy =2 (i)

k=1 k=1
1 1 1 11 1+ 1 1
10202 3 n n+l1
B 1
- n+1
and it follows that
bl 1
Zkk ot
o k(1)

A condition for the convergence of series with positive terms follows immedi-
ately from the condition for the convergence of monotone sequences.

Proposition 4.6. A series Y a,, with positive terms a,, > 0 converges if and only

if its partial sums
n
S o< v
k=1
are bounded from above, otherwise it diverges to oc.

Proof. The partial sums S,, = >, _, aj, of such a series form a monotone increasing
sequence, and the result follows immediately from Theorem [3.29 ]

Although we have only defined sums of convergent series, divergent series are
not necessarily meaningless. For example, the Cesaro sum C of a series Y ay, is
defined by

1 n
C:lim—ZS’n7 S, =aj+as—+ -+ an,.
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That is, we average the first n partial sums the series, and let n — oco. One can
prove that if a series converges to S, then its Cesaro sum exists and is equal to .S,
but a series may be Cesaro summable even if it is divergent.

Example 4.7. For the series Y (—1)"*! in Example we find that
12”:5 ~J1/2+1/(2n) if nis odd,
n i~ b 1/2 if n is even,

since the S,,’s alternate between 0 and 1. It follows the Cesaro sum of the series is
C = 1/2. This is, in fact, what Grandi believed to be the “true” sum of the series.

Cesaro summation is important in the theory of Fourier series. There are also
many other ways to sum a divergent series or assign a meaning to it (for example,
as an asymptotic series), but we won’t discuss them further here.

4.2. The Cauchy condition

The following Cauchy condition for the convergence of series is an immediate con-
sequence of the Cauchy condition for the sequence of partial sums.

Theorem 4.8 (Cauchy condition). The series
D an
n=1

converges if and only for every € > 0 there exists N € N such that

n

> w

k=m+1

= |@mi1 + Gmp2 + - Fan| <€ forallm >m > N.

Proof. The series converges if and only if the sequence (S,) of partial sums is
Cauchy, meaning that for every € > 0 there exists N such that
n

> W

k=m+1

|Sn — S| = <e€ foralln >m > N,

which proves the result. O

A special case of this theorem is a necessary condition for the convergence of
a series, namely that its terms approach zero. This condition is the first thing to
check when considering whether or not a given series converges.

Theorem 4.9. If the series
o0
D an
n=1
converges, then
lim a, = 0.
n—oo
Proof. If the series converges, then it is Cauchy. Taking m = n — 1 in the Cauchy
condition in Theorem we find that for every € > 0 there exists N € N such that
lan| < € for all n > N, which proves that a,, — 0 as n — oo. |
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Example 4.10. The geometric series > a™ converges if |a] < 1 and in that case
a™ — 0asn — oo. If |a] > 1, then a™ 4 0 as n — oo, which implies that the series
diverges.

The condition that the terms of a series approach zero is not, however, sufficient
to imply convergence. The following series is a fundamental example.

Example 4.11. The harmonic series

§ﬂ>ﬂ+3+1+1+
nﬂn_ 2 3 4 7

diverges, even though 1/n — 0 as n — oo. To see this, we collect the terms in
successive groups of powers of two,

§f2ﬂ+1+<1+y)+<+1+1+1)+<RF1+ +1)+“.
“n 2 "\3 "4 576 78 9" 10 16
>1+1+<1+1>+<1+1+1+1>+<1+1k~+1)+”.
2" \4"14 8 8 '8'8 16 ' 16 16
S TIL I S S
27222

In general, for every n > 1, we have

gn+1 n 9d+1
1 1 1
— =14+ = Z
D=l ;
k=1 j=1k=27+1
n 9i+1 1
>1 +5+ Z 2]+1
j=1 k=2i+1
1 1
14+ = Z
>1+5+ Z 5
Jj=1
S n n 3
2 2

so the series diverges. We can similarly obtain an upper bound for the partial sums,
2n+1 n 2J+1 3
Z <1+ +Z > —<n+f
J=1 k=27 +1

These inequalities are rather crude, but they show that the series diverges at a
logarithmic rate, since the sum of 2™ terms is of the order n. This rate of divergence
is very slow. It takes 12367 terms for the partial sums of harmonic series to exceed
10, and more than 1.5 x 10*3 terms for the partial sums to exceed 100.

A more refined argument, using integration, shows that

"1

lim l —logn] =

n—00 k
k=1

where v & 0.5772 is the Euler constant. (See Example [12.45])
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4.3. Absolutely convergent series

There is an important distinction between absolutely and conditionally convergent
series.

Definition 4.12. The series -
> an
n=1

converges absolutely if
o0

E |an| converges,
n=1
and converges conditionally if

oo oo
E ay, converges, but g |an| diverges.
n=1 n=1

We will show in Proposition below that every absolutely convergent series
converges. For series with positive terms, there is no difference between convergence
and absolute convergence. Also note from Proposition that > a, converges
absolutely if and only if the partial sums Y.;_, |ax| are bounded from above.

Example 4.13. The geometric series Y a™ is absolutely convergent if |a| < 1.
Example 4.14. The alternating harmonic series,
o= (—1)t! 11 1
— Y =1—c4-—=4...
nz::l n 2 * 3 4 *

is not absolutely convergent since, as shown in Example the harmonic series
diverges. It follows from Theorem below that the alternating harmonic series
converges, so it is a conditionally convergent series. Its convergence is made possible
by the cancelation between terms of opposite signs.

As we show next, the convergence of an absolutely convergent series follows
from the Cauchy condition. Moreover, the series of positive and negative terms
in an absolutely convergent series converge separately. First, we introduce some
convenient notation.

Definition 4.15. The positive and negative parts of a real number a € R are given

by
i a ifa>0, _ 0 ifa>0,
a’t = a” =
0 ifa<0, la| ifa<0.

It follows, in particular, that
0<a,a” <|al, a=a"—a, la| =at +a”.
We may then split a series of real numbers into its positive and negative parts.

Example 4.16. Consider the alternating harmonic series

ia _1_1+1_1+1_1+
—~" 23 45 6 7
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Its positive and negative parts are given by

— 1 1
Za;:1+o+§+o+g+o+...,

n=1

> 1 1 1
E =04+ -404+-40+=>+....
,:f" +5+0+ 1+ +6+

Both of these series diverge to infinity, since the harmonic series diverges and
+ - _ —
DTS TR DE3
n=1 n=1 n=1
Proposition 4.17. An absolutely convergent series converges. Moreover,
o]
D
n=1
converges absolutely if and only if the series
o0 oo
dan D a
n=1 n=1

of positive and negative terms both converge. Furthermore, in that case

o0 o0 o0 o0 o0 o0

_ + - _ + -
doan= i = an, D lal=) al+) ar.
n=1 n=1 n=1 n=1 n=1 n=1

Proof. If 3 a, is absolutely convergent, then > |a,| is convergent, so it satisfies
the Cauchy condition. Since

n

>

k=m+1

n

< Z |ak|a

k=m+1

the series > ay, also satisfies the Cauchy condition, and therefore it converges.

For the second part, note that

0< 3 lal= Y af+ > a,

k=m-+1 k=m-+1 k=m+1

n n
0< > af < > al,

k=m+1 k=m+1

n n
0< > apy< D lal,

k=m-+1 k=m+1

which shows that Y |a,| is Cauchy if and only if both Y a;, > a, are Cauchy.
It follows that > |a,| converges if and only if both Y a}, 3" a, converge. In that
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case, we have
n
E ap, = lim E ak
n—oo
n=1 k=1
n n
= lim E al — E a;
k=1

k=1
n

n
_ . +_ . -
= lim E ay lim ay,
k=1

n—oo n—oo

k=1
o0 [o ]
=2 =)
n=1 n=1
and similarly for >_ |a,|, which proves the proposition. O

It is worth noting that this result depends crucially on the completeness of R.

Example 4.18. Suppose that a;',a,, € Q7 are positive rational numbers such that

ia::\/ﬁa ia;:2*\/§a
n=1 n=1

and let a, = a;f —a,;. Then

iaﬁiaz—ia;:zf—w@,
n=1 n=1 n=1

Z|an|:Za:{+Za;:2eQ.
n=1 n=1 n=1

Thus, the series converges absolutely in QQ, but it doesn’t converge in Q.

4.4. The comparison test

One of the most useful ways of showing that a series is absolutely convergent is to
compare it with a simpler series whose convergence is already known.

Theorem 4.19 (Comparison test). Suppose that b, > 0 and
> bn
n=1

converges. If |a,| < by, then

')
D
n=1

converges absolutely.

Proof. Since Y b, converges it satisfies the Cauchy condition, and since

n

STodarl < D b

k=m+1 k=m+1
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the series Y |a,| also satisfies the Cauchy condition. Therefore Y a, converges
absolutely. 0

Example 4.20. The series

1 1 1
Z—2= +32+ +....

converges by comparison with the telescoping series in Example We have

1 1
=14
2T L Gy
and
1 1
0

< < .
“(n+1)? nn+1)
We also get the explicit upper bound

=1 1
Zﬁ<1+;m:2~

In fact, the sum is

>

Mengoli (1644) posed the problem of finding this sum, which was solved by Euler
(1735). The evaluation of the sum is known as the Basel problem, perhaps after
Euler’s birthplace in Switzerland.

Example 4.21. The series in Example [£.20]is a special case of the following series,
called the p-series,

>

=P
where 0 < p < oo. It follows by comparison with the harmonic series in Exam-
ple that the p-series diverges for p < 1. (If it converged for some p < 1, then

the harmonic series would also converge.) On the other hand, the p-series converges
for every 1 < p < oo. To show this, note that

1+1 2 1+1+1+1 4
2r 3 " 2p’ 4p " 5p - 6P TP 4P

and so on, which implies that

1 1 1 1 1 1 1
Z np <1+ 9p—1 + 4p—1 + ]p—1 +ot 9(N—1)(p—1) < 1 _9l-p"

Thus, the partial sums are bounded from above, so the series converges by Propo-
sition An alternative proof of the convergence of the p-series for p > 1 and
divergence for 0 < p < 1, using the integral test, is given in Example
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4.5. * The Riemann (-function
Example justifies the following definition.

Definition 4.22. The Riemann (-function is defined for 1 < s < oo by

oo

)=

n=1

For instance, as stated in Example we have ((2) = 72/6. In fact, Euler
(1755) discovered a general formula for the value ((2n) of the (-function at even
natural numbers,

- n (27T)2nB2n
¢(2n) = (-1) HW,

where the coefficients Bs,, are the Bernoulli numbers (see Example [10.19). In
particular,

n=1,2.3,...,

7T'4 76 3 10

) =550 19 = G355

On the other hand, the values of the {-function at odd natural numbers are harder
to study. For instance,

(oo}
1
(B)=>_ —5 =1.2020569....
n=1

is called Apéry’s constant. It was proved to be irrational by Apéry (1979) but a
simple explicit expression for ((3) is not known (and likely doesn’t exist).

The Riemann (-function is intimately connected with number theory and the
distribution of primes. Every positive integer n has a unique factorization
n=piips* ...,

where the p; are primes and the exponents «; are positive integers. Using the
binomial expansion in Example [£.2] we have

1\ ! 1 1 1 1
P P

P> p
By expanding the products and rearranging the resulting sums, one can see that
1\ !
o =T(1-5) -
P

where the product is taken over all primes p, since every possible prime factorization
of a positive integer appears exactly once in the sum on the right-hand side. The
infinite product here is defined as a limit of finite products,

—1 —1
1 1
H<1—5> = lim (1—S> .
p N~>oop§N p

p
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Using complex analysis, one can show that the {-function may be extended
in a unique way to an analytic (i.e., differentiable) function of a complex variable
s=oc+itecC

¢:C\ {1} = C,
where ¢ = Rs is the real part of s and ¢t = s is the imaginary part. The (-
function has a singularity at s = 1, called a simple pole, where it goes to infinity like
1/(1—s), and is equal to zero at the negative even integers s = —2,—4,...,—2n,..
These zeros are called the trivial zeros of the {-function. Rlemann (1859) made the
following conjecture.

Hypothesis 4.23 (Riemann hypothesis). Except for the trivial zeros, the only
zeros of the Riemann (-function occur on the line s = 1/2.

If true, the Riemann hypothesis has significant consequences for the distribution
of primes (and many other things); roughly speaking, it implies that the prime
numbers are “randomly distributed” among the natural numbers (with density
1/logn near a large integer n € N). Despite enormous efforts, this conjecture has
neither been proved nor disproved, and it remains one of the most significant open
problems in mathematics (perhaps the most significant open problem).

4.6. The ratio and root tests

In this section, we describe the ratio and root tests, which provide explicit sufficient
conditions for the absolute convergence of a series that can be compared with a
geometric series. These tests are particularly useful in studying power series, but
they aren’t effective in determining the convergence or divergence of series whose
terms do not approach zero at a geometric rate.

Theorem 4.24 (Ratio test). Suppose that (a,,) is a sequence of nonzero real num-

bers such that the limit

an i1
an

r= lim
n—oo

exists or diverges to infinity. Then the series
o]
D
n=1
converges absolutely if 0 < r < 1 and diverges if 1 < r < co.

Proof. If r < 1, choose s such that » < s < 1. Then there exists N € N such that

An+1
an

<s for all n > N.

It follows that
lan| < Ms™ for all n > N

where M is a suitable constant. Therefore Y a,, converges absolutely by comparison
with the convergent geometric series > Ms™.

If r > 1, choose s such that r > s > 1. There exists IV € N such that

An+1
an

> s for all n > N,
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so that |a,| > Ms™ for all n > N and some M > 0. It follows that (a,) does not
approach 0 as n — oo, so the series diverges. ([

Example 4.25. Let a € R, and consider the series

oo
Zna":a+2a2+3a?’+....

n=1
Then )
1)amt 1
lim (n+1)a™" = |a| lim (1 + > = lal.
n—o00 nam™ n—o0 n

By the ratio test, the series converges if |a| < 1 and diverges if |a| > 1; the series
also diverges if |a| = 1. The convergence of the series for |a] < 1 is explained by
the fact that the geometric decay of the factor a™ is more rapid than the algebraic
growth of the coefficient n.

Example 4.26. Let p > 0 and consider the p-series

L
n=1 L
Then
p
lim M — lim v =1,

so the ratio test is inconclusive. In this case, the series diverges if 0 < p < 1 and
converges if p > 1, which shows that either possibility may occur when the limit in
the ratio test is 1.

The root test provides a criterion for convergence of a series that is closely re-
lated to the ratio test, but it doesn’t require that the limit of the ratios of successive
terms exists.

Theorem 4.27 (Root test). Suppose that (a,) is a sequence of real numbers and
let
r = limsup |an |/ .
n—roo

Then the series
o0
D an
n=1
converges absolutely if 0 < r < 1 and diverges if 1 < r < 0.

Proof. First suppose 0 < r < 1. If 0 < r < 1, choose s such that r < s < 1, and
let

T
t=-, r<t<l.
S

If 7 = 0, choose any 0 < ¢t < 1. Since t > limsup |a,|"/™, Theorem implies
that there exists NV € N such that

1/n

lan|"/"™ <t for all n > N.

Therefore |a,| < t™ for all m > N, where ¢ < 1, so it follows that the series converges
by comparison with the convergent geometric series »_ ™.
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Next suppose 1 < r < oo. If 1 < r < 0o, choose s such that 1 < s < r, and let

t=—, 1<t<r.
S

If r = oo, choose any 1 < t < co. Since ¢ < limsup |a,|"/™, Theorem implies
that
|an |/ >t for infinitely many n € N.

Therefore |a,| > t" for infinitely many n € N, where ¢ > 1, so (a,) does not
approach zero as n — oo, and the series diverges. O

The root test may succeed where the ratio test fails.

Example 4.28. Consider the geometric series with ratio 1/2,

> 1 1 1 1 1 1
2an=ptptataitytes =g
Then (of course) both the ratio and root test imply convergence since
1
lim |2l = limsup |a,|'/™ = = < 1.
n—00 n— oo 2

Now consider the series obtained by switching successive odd and even terms

ib*1+1+1+1+1+ , _ J1/2mt ifnis odd,
2z gt 28 s Y " /27t ifnis even

For this series,

bn+1
bn

and the ratio test doesn’t apply, since the required limit does not exist. (The series
still converges at a geometric rate, however, because the the decrease in the terms
by a factor of 1/8 for even n dominates the increase by a factor of 2 for odd n.) On
the other hand

B {2 if n is odd,

1/8 if m is even,

1
lim sup b, |V/™ = =,
n—oo 2

so the ratio test still works. In fact, as we discuss in Section [{.8] since the series is

absolutely convergent, every rearrangement of it converges to the same sum.

4.7. Alternating series

An alternating series is one in which successive terms have opposite signs. If the
terms in an alternating series have decreasing absolute values and converge to zero,
then the series converges however slowly its terms approach zero. This allows us to
prove the convergence of some series which aren’t absolutely convergent.

Example 4.29. The alternating harmonic series from Example is

Y LUSEURS T S S S
~ n o 2 3 4 5 7

The behavior of its partial sums is shown in Figure 1} which illustrates the idea of
the convergence proof for alternating series.
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Figure 1. A plot of the first 40 partial sums S, of the alternating harmonic
series in Example @ The odd partial sums decrease and the even partial
sums increase to the sum of the series log2 ~ 0.6931, which is indicated by
the dashed line.

Theorem 4.30 (Alternating series). Suppose that (a,) is a decreasing sequence
of nonnegative real numbers, meaning that 0 < a,4+1 < an, such that a,, — 0 as
n — oo. Then the alternating series

oo
Z(—l)"+1an =ay—axt+az3—ag+as—...
n=1

converges.

Proof. Let

n

Sp=> (-1} a
k=1
denote the nth partial sum. If n = 2m — 1 is odd, then

Som—-1 = Som—3 — G2m—2 + G2m—1 < Som—3,
since (a,,) is decreasing, and
Som—1 = (a1 —az) + (a3 — as) + - - + (@2m—3 — A2m—2) + a2m—1 > 0.

Thus, the sequence (Sa,—1) of odd partial sums is decreasing and bounded from
below by 0, so Sg,,—1 1 ST as m — oo for some ST > 0.

Similarly, if n = 2m is even, then

Som = Som—2 + Gam—1 — Gom > SZm—27
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and
Som = a1 — (a2 —az) — (a4 — as) — -+ — (A2m—1 — azm) < a1.
Thus, (S2,) is increasing and bounded from above by aj, so S, T 5~ < ap as
m — 00.
Finally, note that

lim (SQm—l - S2m) = lim agmy =0,

so ST = S, which implies that the series converges to their common value. ([l

The proof also shows that the sum S, < S < Ss,,_1 is bounded from below
and above by all even and odd partial sums, respectively, and that the error |S,, — S|
is less than the first term a,y1 in the series that is neglected.

Example 4.31. The alternating p-series

i (_1)n+1
n=1 np

converges for every p > 0. The convergence is absolute for p > 1 and conditional
for0<p<1.

4.8. Rearrangements

A rearrangement of a series is a series that consists of the same terms in a different
order. The convergence of rearranged series may initially appear to be unconnected
with absolute convergence, but absolutely convergent series are exactly those series
whose sums remain the same under every rearrangement of their terms. On the
other hand, a conditionally convergent series can be rearranged to give any sum we
please, or to diverge.

Example 4.32. A rearrangement of the alternating harmonic series in Exam-

ple is
1 1 1 1 1 1 1 1

2 4+3 6 8+5 10 12+'”7
where we put two negative even terms between each of the positive odd terms. The
behavior of its partial sums is shown in Figure [2] As proved in Example
this series converges to one-half of the sum of the alternating harmonic series. The
sum of the alternating harmonic series can change under rearrangement because it
is conditionally convergent.

Note also that both the positive and negative parts of the alternating harmonic
series diverge to infinity, since

TR RPNt
3757 246" 8
>1<1+1+1+1+ )
2 234 ’
1+1+1+1+...:1<1+1+1+1+...)
24768 2 234 ’

and the harmonic series diverges. This is what allows us to change the sum by
rearranging the series.
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Figure 2. A plot of the first 40 partial sums S, of the rearranged alternating
harmonic series in Example [£.32] The series converges to half the sum of the
alternating harmonic series, % log 2 =~ 0.3466. Compare this picture with Fig-

ure [Tl

The formal definition of a rearrangement is as follows.
Definition 4.33. A series
oo
D> bm
m=1

is a rearrangement of a series
o0
>_an
n=1
if there is a one-to-one, onto function f : N — N such that b,, = amn)-

If > b,y is a rearrangement of > a,, with n = f(m), then >_ a,, is a rearrange-
ment of Y by, with m = f~1(n).

Theorem 4.34. If a series is absolutely convergent, then every rearrangement of
the series converges to the same sum.

Proof. First, suppose that

oo
D an
n=1
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is a convergent series with a,, > 0, and let

D by b= apm)
m=1

be a rearrangement.
Given € > 0, choose N € N such that

0o N
OSZak—Zak<e.
k=1 k=1

Since f : N — N is one-to-one and onto, there exists M € N such that
{1,2,...,N} C " ({1,2,...,M}),

meaning that all of the terms aq, as,..., ay are included among the by, bs,..., bas.
For example, we can take M = max{m € N: 1 < f(m) < N}; this maximum is
well-defined since there are finitely many such m (in fact, N of them).

If m > M, then

N m oo
ap < Z b; < Zak
k=1 j=1 k=1

since the b;’s include all the a;’s in the left sum, all the b;’s are included among
the ay’s in the right sum, and ag,b; > 0. It follows that

o0 m
OSZak—ij<e,
k=1 j=1

for all m > M, which proves that

[e e} oo

Z bj = Z Q.
j=1 k=1

If > a, is a general absolutely convergent series, then from Proposition m
the positive and negative parts of the series

o0

oo
+ —_

E a, , E a,,

n=1 n=1

converge. If >~ b, is a rearrangement of > a,,, then >_ b} and > b, are rearrange-
ments of Y a;f and Y a,,, respectively. It follows from what we’ve just proved that
they converge and

oo [eS) [eS) oS

+ + - _ —

Dbm=D an D bn=) an
n=1 m=1 n=1

m=1

Proposition then implies that Y b, is absolutely convergent and
o0 o0 oo o0 o0 oo

b= b= D b= ar =) ay =) an
m=1 m=1 m=1 n=1 n=1 n=1

which proves the result. O
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Figure 3. A plot of the first 40 partial sums S, of the rearranged alternating
harmonic series described in Example which converges to v/2.

Conditionally convergent series behave completely differently from absolutely
convergent series under rearrangement. As Riemann observed, they can be rear-
ranged to give any sum we want, or to diverge. Before giving the proof, we illustrate
the idea with an example.

Example 4.35. Suppose we want to rearrange the alternating harmonic series

1 1+1 1+1 1+
2 3 4 5 6 7

so that its sum is /2 ~ 1.4142. We choose positive terms until we get a partial sum
that is greater than /2, which gives 14 1/3+1/5; followed by negative terms until
we get a sum less than v/2, which gives 1+ 1/3 4+ 1/5 — 1/2; followed by positive
terms until we get a sum greater than /2, which gives

1+1_’_1 1+1+1+1+1.
3 5 2 7 9 11 13’
followed by another negative term —1/4 to get a sum less than v/2; and so on. The

first 40 partial sums of the resulting series are shown in Figure

Theorem 4.36. If a series is conditionally convergent, then it has rearrangements
that converge to an arbitrary real number and rearrangements that diverge to co
or —oo.

Proof. Suppose that ) a, is conditionally convergent. Since the series converges,
a, — 0 as n — oo. If both the positive part Y a, and negative part Y a,, of the
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series converge, then the series converges absolutely; and if only one part diverges,
then the series diverges (to oo if Y a;l diverges, or —oo if 3~ a,; diverges). Therefore
both > a and Y a, diverge. This means that we can make sums of successive
positive or negative terms in the series as large as we wish.

Suppose S € R. Starting from the beginning of the series, we choose successive
positive or zero terms in the series until their partial sum is greater than or equal
to S. Then we choose successive strictly negative terms, starting again from the
beginning of the series, until the partial sum of all the terms is strictly less than
S. After that, we choose successive positive or zero terms until the partial sum is
greater than or equal S, followed by negative terms until the partial sum is strictly
less than S, and so on. The partial sums are greater than S by at most the value
of the last positive term retained, and are less than S by at most the value of the
last negative term retained. Since a,, — 0 as n — oo, it follows that the rearranged
series converges to S.

A similar argument shows that we can rearrange a conditional convergent series
to diverge to oo or —oo, and that we can rearrange the series so that it diverges in
a finite or infinite oscillatory fashion. (]

The previous results indicate that conditionally convergent series behave in
many ways more like divergent series than absolutely convergent series.

4.9. The Cauchy product

In this section, we prove a result about the product of absolutely convergent series
that is useful in multiplying power series. It is convenient to begin numbering the
terms of the series at n = 0.

Definition 4.37. The Cauchy product of the series

oo o0
§ a’ﬂ7 E bn
n=0 n=0

Z < akbn—k> .
n=0 \k=0

The Cauchy product arises formally by term-by-term multiplication and re-
arrangement:

(ap+ay+as+as+...)(bp+by +ba+bs+...)
= agbg + agb1 + agba + agbs + -+ - + a1bg + a1by + a1bs + . ..
+ agbg + asby +-- -+ asby + . ..
= aobo + (apb1 + a1bo) + (aobz + a1by + azbo)
+ (apbs + a1bs + asby + asbg) + ...

is the series

In general, writing m = n — k, we have formally that

k=0 m=0 n=0 k=0
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There are no convergence issues about the individual terms in the Cauchy product,
since Y _q arby,— is a finite sum.

Theorem 4.38 (Cauchy product). If the series
o0 o0
D D b
n=0 n=0

are absolutely convergent, then the Cauchy product is absolutely convergent and

S () (5e) ()

Proof. For every N € N, we have

Zakbnfk

k=0

N

>

n=0

N n
<> < ak||bnk|>
k=0

n=

($00) ($00)
() (50

Thus, the Cauchy product is absolutely convergent, since the partial sums of its
absolute values are bounded from above.

IN

IN

Since the series for the Cauchy product is absolutely convergent, any rearrange-
ment of it converges to the same sum. In particular, the subsequence of partial sums
given by

corresponds to a rearrangement of the Cauchy product, so
e’} n N N e’} o)
> (Cor) = o () (0] = () (1)
n=0 \k=0 n=0 n=0 n=0 n=0

In fact, as we discuss in the next section, since the series of term-by-term
products of absolutely convergent series converges absolutely, every rearrangement
of the product series — not just the one in the Cauchy product — converges to the
product of the sums.

O

4.10. * Double series

A double series is a series of the form

o0
E amn i

m,n=1
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where the terms a,,, are indexed by a pair of natural numbers m,n € R. More
formally, the terms are defined by a function f : N x N — R where a,, = f(m,n).
In this section, we consider sums of double series; this material is not used later on.

There are many different ways to define the sum of a double series since, unlike
the index set N of a series, the index set N x N of a double series does not come
with a natural linear order. Our main interest here is in giving a definition of the
sum of a double series that does not depend on the order of its terms. As for series,
this unordered sum exists if and only if the double series is absolutely convergent.

If FF C N x N is a finite subset of pairs of natural numbers, then we denote by
D@m= D amn
F (m,n)eF

the partial sum of all terms a,,, whose indices (m,n) belong to F.

Definition 4.39. The unordered sum of nonnegative real numbers ., > 0 is

NxN Fer Ur
where the supremum is taken over the collection F of all finite subsets ' C N x N.

The unordered sum converges if this supremum is finite and diverges to oo if this
supremum is oo.

In other words, the unordered sum of a double series of nonnegative terms is
the supremum of the set of all finite partial sums of the series. Note that this
supremum exists if and only if the finite partial sums of the series are bounded
from above.

Example 4.40. The unordered sum

1 1 1 1 1 1
— + + + + +...
(m%mmmw L+1p  (I+2p  @+Dr  (1+3p  (2+2p

converges if p > 2 and diverges if p < 2. To see this, first note that if
T={(mn) e NxN:2<m+n<N}
is a “triangular” set of indices, then

1
i = 2 X Gy

T

I
AR

It follows that
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for every N € N, so the double series diverges if p < 2 since the (p — 1)-series
diverges. Moreover, if p > 2 and F is a finite subset of N x N, then there exists a
triangular set T such that F' C T, so that

oo

1 1 1
2 rap <2y < 2T

F =2

It follows that the unordered sum converges if p > 2, with
S ot
R —.
NxN (m +n)p k=2 kv

Note that this double p-series converges only if its terms approach zero at a faster
rate than the terms in a single p-series (of degree greater than 2 in (m,n) rather
than degree greater than 1 in n).

We define a general unordered sum of real numbers by summing its positive and
negative terms separately. (Recall the notation in Definition for the positive
and negative parts of a real number.)

Definition 4.41. The unordered sum of a double series of real numbers is

D mn = ) G = D G

NxN NxN NxN

where a,, = a},, — a,,, is the decomposition of a,, into its positive and negative
parts. The unordered sum converges if both Y a}  and " a,,, are finite; diverges
to oo if Y atf, = oo and Y a,,, is finite; diverges to —oco if Y a;',,, is finite and
S a,,. = oo; and is undefined if both Y at and > a.. . diverge to oco.

This definition does not require us to order the index set N x N in any way; in
fact, the same definition applies to any series of real numbers

Sa
il
whose terms are indexed by an arbitrary set I. A sum over a set of indices will
always denote an unordered sum.

Definition 4.42. A double series

converges.

The following result is a straightforward consequence of the definitions and the
completeness of R.
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Proposition 4.43. An unordered sum Y a,, of real numbers converges if and
only if it converges absolutely, and in that case

Z |CLmn‘ - Z a;n + Z a;Ln'

NxN NxN NxN

Proof. First, suppose that the unordered sum
D @mn
NxN
converges absolutely. If ' C N x N is any finite subset, then
D G €D lamnl < lamal-
F F NxN

It follows that the finite partial sums of the positive and negative terms of the series
are bounded from above, so the unordered sum converges.

Conversely, suppose that the unordered sum converges. If ¥ C N x N is any
finite subset, then

D lamnl = amn Y ann € 3 @t Y
F F F NxN NxN

It follows that the finite partial sums of the absolute values of the terms in the series
are bounded from above, so the unordered sum converges absolutely. Furthermore,

Z |amn‘ S Z a:frv,n + Z a:nn'

NxN NxN NxN

To prove the inequality in the other direction, let € > 0. There exist finite sets
F,,F_ C N x N such that

€ €
E + § + E — E —
U, > Amn — 57 A, > Amn — 5
Fy NxN F_ NxN

Let F' = F, U F_. Then, since a;t, > 0, we have

m
Z|amn| :Za;n_FZG’V:ITL
F F F
> Za;m +Za;m
Fy F_
> Za;m—i—Za;n—e.

NxN NxN
Since € > 0 is arbitrary, it follows that
D lamnl > 3 s+ an,
NxN NxN NxN

which completes the proof. O

Next, we define rearrangements of a double series into single series and show
that every rearrangement of a convergent unordered sum converges to the same
sum.
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Definition 4.44. A rearrangement of a double series
o0
D amn
m,n=1

is a series of the form

(oo}
Z b, br = ag (1)
k=1

where 0 : N — N x N is a one-to-one, onto map.

Example 4.45. The rearrangement corresponding to the map f : N - N x N
defined in the proof of Proposition is given by

o)
E Amn = Q11 + @21 + @12 + a3y + a2 + a13 + a41 + agz + a3 + a4 + ...
m,n=1

Theorem 4.46. If the unordered sum of a double series of real numbers converges,
then every rearrangement of the double series into a single series converges to the
unordered sum.

Proof. Suppose that the unordered sum Y a,,, converges with

Za;m:S-‘ra Za;m:S_,

NxN NxN

and let
D> b
k=1
be a rearrangement of the double series corresponding to a map ¢ : N — N x N.
For k € N, let
F,={(m,n) e NxN: (m,n) =o(j) for some 1 < j <k},
so that

R _ + -
b; = g Amn = g G — g G-
Fy Fy, Fy,

Given € > 0, choose finite sets

F.,F_CNxN

j=1

such that

S+—E<Za;;n§5+, S,—E<Za;m§57,
Fy F_

and define NV € N by
N=max{jeN:o(j)e FLt UF_}.
If k> N, then F}, D F, UF_ and, since a, >0,

Za’r—;ngza’;ngs‘ﬂ Za;’mgza’;@ngs—
Fy Fy, F_ Fy,
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It follows that
S+_E<ZaanSS+a S—_€<Za;m§‘g—7
Fk Fk

which implies that
k
D b= (Sy—S)| <e
j=1

This inequality proves that the rearrangement Y bj converges to the unordered
sum S, — S_ of the double series. (]

The rearrangement of a double series into a single series is one natural way to
interpret a double series in terms of single series. Another way is to use iterated
sums of single series.

Given a double series Y @y, one can define two iterated sums, obtained by
summing first over one index followed by the other:

00 00 M N
> (S ) =, 3 (o, )

m=1 m=1 n=1
0o [’} N M
S (3w ) = i 32 i 3 o ).
n=1 \m=1 n=1 m=1

As the following example shows, these iterated sums may not equal, even if both
of them converge.

Example 4.47. Define a,,, by

1 ifn=m+1
Umn =< —1 ifm=n-+1

0 otherwise

Then, by writing out the terms a,,, in a table, one can see that

= 1 ifm=1 = -1 ifn=1
E Amn = . 3 § Amn = . 5
— 0 otherwise — 0 otherwise

Z ( amn> =1, Z ( amn> =—1.
m=1 \n=1 n=1 \m=1

Note that for this series
Z ‘amn| = o0,

NxN

so that

S0 it is not absolutely convergent. Furthermore, both of the sums
Yo D
NxN NxN

diverge to oo, so the unordered sum is not well-defined.
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The following basic result, which is a special case of Fubini’s theorem, guaran-
tees that both of the iterated sums of an absolutely convergent double series exist
and are equal to the unordered sum. It also gives a criterion for the absolute con-
vergence of a double series in terms of the convergence of its iterated sums. The
key point of the proof is that a double sum over a “rectangular” set of indices is
equal to an iterated sum. We can then estimate sums over arbitrary finite subsets
of indices in terms of sums over rectangles.

Theorem 4.48 (Fubini for double series). A double series of real numbers > a,y,
converges absolutely if and only if either one of the iterated series

> (Z Iamnl) > (Z |amn|>

m=1 n=1

converges. In that case, both iterated series converge to the unordered sum of the
double series:

P $ (S (5)

NxN m=1 \n=1 n=1 \m=1

Proof. First suppose that one of the iterated sums of the absolute values exists.
Without loss of generality, we suppose that

> (3t <
m=1 \n=1

Let FF C N x N be a finite subset. Choose M, N € N such that m < M and
< N for all (m,n) € F. Then F C R where the rectangle R is given by

{1,2,...,M} x {1,2,..., N}, so that

pOIIE S 5 (zmmno < (zmmno

m=1 \n=1
Thus, the finite partial sums of Y |,y | are bounded from above, so the unordered
sum converges absolutely.

Conversely, suppose that the unordered sum converges absolutely. Then, using
Proposition and the fact that the supremum of partial sums of non-negative
terms over rectangles in N x N is equal to the supremum over all finite subsets, we

get that
5 () =z (B e

MeN

m=1 m=1 n=1
= sup {E § |amn|}
(M,N)eNxN | 52 =

=D [aml-

NxN
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Thus, the iterated sums converge to the unordered sum. Moreover, we have simi-
larly that

(oo} oo oo (oo}
> (S )Tt X (Te)- T
m=1 \n=1 NxN m=1 \n=1 NxN
which implies that

o0 o0 o0 oo oo o0

> (o) = 3 (Son) - 5 (S = o

m=1 \n=1 m=1 \n=1 =1 \n=1 NxN

O

The preceding results show that the sum of an absolutely convergent double
series is unambiguous; unordered sums, sums of rearrangements into single series,
and iterated sums all converge to the same value. On the other hand, the sum
of a conditionally convergent double series depends on how it is defined, e.g., on
how one chooses to rearrange the double series into a single series. We conclude by
describing one other way to define double sums.

Example 4.49. A natural way to generalize the sum of a single series to a double
series, going back to Cauchy (1821) and Pringsheim (1897), is to say that

i A = S

m,n=1

if for every € > 0 there exists M, N € N such that

zm:zn:aij—s <e€

i=1 j=1
for all m > M and n > N. We write this definition briefly as
00 M N
Z Amn = M,llifrgoo [Z Zamn‘| .
m,n=1 m=1n=1
That is, we sum over larger and larger “rectangles” of indices in the N x N-plane.

An absolutely convergent series converges in this sense to the same sum, but
some conditionally convergent series also converge. For example, using this defini-
tion of the sum, we have

N

Sl [ er)
mn M,N — o0 mn

m,n=1 m=1n=1
M N
_ =D™ | (="

o] _1)n 2
=5

= (log2)?,



88 4. Series

but the series is not absolutely convergent, since the sums of both its positive and
negative terms diverge to oo.

This definition of a sum is not, however, as easy to use as the unordered sum of
an absolutely convergent series. For example, it does not satisfy Fubini’s theorem
(although one can show that if the sum of a double series exists in this sense and
the iterated sums also exist, then they are equal [16]).

4.11. * The irrationality of ¢

In this section, we use series to prove that e is an irrational number. In Proposi-
tion [3:32] we defined e ~ 2.71828. .. as the limit

. \"
e=lim (1+—| .
n—o00 n

We first obtain an alternative expression for e as the sum of a series.

Proposition 4.50.
1
e = Z E
n=0

Proof. Using the binomial theorem, as in the proof of Proposition [3.32] we find

that
oY o LY L Yy 2
n - 2! n 3! n n

SACS

Taking the limit of this inequality as n — oo, we get that

oo

1
egza.

n=0

To get the reverse inequality, we observe that for every 2 < k < n,
1+ Ly > 24 ! 1 ! + ! 1 ! 1 2
n - 2! n 3! n n
1 1 2 k—1
4+t = (1-= 1——)...|1- .
k! n n n

Fixing k and taking the limit as n — oo, we get that

Pl
622—
=0

v
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Then, taking the limit as k — oo, we find that
1
= E
n=0
which proves the result. [

This series for e is very rapidly convergent. The next proposition gives an
explicit error estimate.

Proposition 4.51. For every n € N,
1 1

Proof. The lower bound is obvious. For the upper bound, we estimate the tail of
the series by a geometric series:

21 =1
T 2

k=n+1
11 1 1
_n!<n+1+(n+1)(n+2)+-”+(n+1)(n+2)...(n+k)+”')

1 1 1 1
<n!<n+1+(n+1)2+"'+(n+1)k+"'>

1 1
< — -

nl n

O

Theorem 4.52. The number e is irrational.

Proof. Suppose for contradiction that e = p/q for some p,q € N. From Proposi-

tion .51}
[ | 1
0<==) —<—
| .n!
¢ = k' n-n!
for every n € N. Multiplying this inequality by n!, we get

p-n! "l 1

The middle term is an integer if n > ¢, which is impossible since it lies strictly
between 0 and 1/n. O

A real number is said to be algebraic if it is a root of a polynomial with integer
coefficients, otherwise it is transcendental. For example, every rational number
x = p/q, where p,q € Z and q # 0, is algebraic, since it is the solution of gz —p = 0;
and /2 is an irrational algebraic number, since it is a solution of z? —2 = 0. It’s
possible to prove that e is not only irrational but transcendental, but the proof is
harder. Two other explicit examples of transcendental numbers are m and 2v2,
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There is a long history of the study of irrational and transcendental numbers.
Euler (1737) proved the irrationality of e, and Lambert (1761) proved the irrational-
ity of w. The first proof of the existence of a transcendental number was given by
Liouville (1844), who showed that

— 1
Z Tont = 0.11000100000000000000000100. . .

n=1
is transcendental. The transcendence of e was proved by Hermite (1873), the tran-
scendence of 7 by Lindemann (1882), and the transcendence of 2V2 independently
by Gelfond and Schneider (1934).

Cantor (1878) observed that the set of algebraic numbers is countably infinite,
since there are countable many polynomials with integer coefficients, each such
polynomial has finitely many roots, and the countable union of countable sets is
countable. This argument proved the existence of uncountably many transcen-
dental numbers without exhibiting any explicit examples, which was a remarkable
result given the difficulties mathematicians had encountered (and still encounter)
in proving that specific numbers are transcendental.

There remain many unsolved problems in this area. For example, it’s not known

if the Euler constant
. "1
7= 5% (Z ko k’g”)

k=1
from Example is rational or irrational.
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Chapter 5

Topology of the Real
Numbers

In this chapter, we define some topological properties of the real numbers R and
its subsets.

5.1. Open sets

Open sets are among the most important subsets of R. A collection of open sets
is called a topology, and any property (such as convergence, compactness, or con-
tinuity) that can be defined entirely in terms of open sets is called a topological

property.

Definition 5.1. A set G C R is open if for every € G there exists a § > 0 such
that G D (z — d,x + 9).

The entire set of real numbers R is obviously open, and the empty set @ is
open since it satisfies the definition vacuously (there is no z € @).

Example 5.2. The open interval I = (0,1) is open. If z € I, then

ID(x—0,z+0), 6:min<;,1;x>>0.

Similarly, every finite or infinite open interval (a,b), (—00,b), or (a,00) is open.

Example 5.3. The half-open interval J = (0,1] isn’t open, since 1 € J and
(1—-14,1406) isn’t a subset of J for any & > 0, however small.

The next proposition states a characteristic property of open sets.

Proposition 5.4. An arbitrary union of open sets is open, and a finite intersection
of open sets is open.



92 5. Topology of the Real Numbers

Proof. Suppose that {A4; C R : i € I'} is an arbitrary collection of open sets. If
x € U;c; Ai, then x € A; for some i € I. Since A; is open, there is § > 0 such that
A; D (z — b,z + 9), and therefore

U4io(@-6z+0),

il
which proves that  J,.; A; is open.

Suppose that {A; C R : ¢ =1,2,...,n} is a finite collection of open sets. If
T € ﬂ?zl A;, then = € A; for every 1 < i < n. Since A; is open, there is §; > 0
such that A; D (z — §;,x + ;). Let

0= min{él, 52, ey 5n} > 0.
Then we see that

n
[ Ai D (&—d,z+9),
i=1
which proves that (_, A; is open. O
The previous proof fails for an infinite intersection of open sets, since we may

have §; > 0 for every i € N but inf{; : € N} = 0.

Example 5.5. The interval

is open for every n € N, but

is not open.

In fact, every open set in R is a countable union of disjoint open intervals, but
we won'’t prove it here.

5.1.1. Neighborhoods. Next, we introduce the notion of the neighborhood of a
point, which often gives clearer, but equivalent, descriptions of topological concepts
than ones that use open intervals.

Definition 5.6. A set U C R is a neighborhood of a point x € R if
UD(x—d,z+9)
for some 6 > 0. The open interval (x — §,x + ) is called a é-neighborhood of z.
A neighborhood of z needn’t be an open interval about z, it just has to contain

one. Some people require than a neighborhood is also an open set, but we don’t;
we’ll specify that a neighborhood is open if it’s needed.

Example 5.7. If a < x < b, then the closed interval [a,b] is a neighborhood of z,
since it contains the interval (z — §, 2 + ) for sufficiently small § > 0. On the other
hand, [a, b] is not a neighborhood of the endpoints a, b since no open interval about
a or b is contained in [a, b].

We can restate the definition of open sets in terms of neighborhoods as follows.
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Definition 5.8. A set G C R is open if every x € G has a neighborhood U such
that GO U.

In particular, an open set is itself a neighborhood of each of its points.

We can restate Definition for the limit of a sequence in terms of neighbor-
hoods as follows.

Proposition 5.9. A sequence (x,) of real numbers converges to a limit « € R if
and only if for every neighborhood U of x there exists N € N such that z,, € U for
all n > N.

Proof. First suppose the condition in the proposition holds. Given € > 0, let
U = (r — ¢, + €) be an e-neighborhood of x. Then there exists N € N such that
x, € U for all n > N, which means that |z, — z| < e. Thus, z, — x as n — oc.

Conversely, suppose that x,, — = as n — oo, and let U be a neighborhood
of x. Then there exists e > 0 such that U D (z — €,z + €). Choose N € N such
that |2, — 2| < € for all n > N. Then z,, € U for all n > N, which proves the
condition. |

5.1.2. Relatively open sets. We define relatively open sets by restricting open
sets in R to a subset.

Definition 5.10. If A C R then B C A is relatively open in A, or open in A, if
B = AN G where G is open in R.

Example 5.11. Let A = [0,1]. Then the half-open intervals (a, 1] and [0,b) are
open in A for every 0 < a <1 and 0 < b < 1, since

(a,1] =[0,1] N (a, 2), [0,b) =[0,1] N (—1,b)
and (a,2), (—1,b) are open in R. By contrast, neither (a, 1] nor [0,b) is open in R.

The neighborhood definition of open sets generalizes to relatively open sets.
First, we define relative neighborhoods in the obvious way.

Definition 5.12. If A C R then a relative neighborhood in A of a point = € A is
aset V= ANU where U is a neighborhood of z in R.

As we show next, a set is relatively open if and only if it contains a relative
neighborhood of every point.

Proposition 5.13. A set B C A is relatively open in A if and only if every x € B
has a relative neighborhood V in A such that B D V.

Proof. Assume that B is open in A. Then B = AN G where G is open in R. If
x € B, then x € GG, and since G is open, there is a neighborhood U of  in R such
that G D U. Then V.= ANU is a relative neighborhood of z with B D V.

Conversely, assume that every point z € B has a relative neighborhood V,, =
ANU, in A such that V,, C B, where U, is a neighborhood of x in R. Since U, is
a neighborhood of z, it contains an open neighborhood G, C U,. We claim that
that B = AN G where

G=JG.

r€EB
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It then follows that G is open, since it’s a union of open sets, and therefore B = ANG
is relatively open in A.

To prove the claim, we show that B C ANG and B D ANG. First, BC ANG
since z € ANG, C ANG for every x € B. Second, ANG, C ANU, C B for every
x € B. Taking the union over x € B, we get that AN G C B. |

5.2. Closed sets
Sets are not doors. (Attributed to James Munkres.)

Closed sets are defined topologically as complements of open sets.
Definition 5.14. A set F' C R is closed if F* = {x € R:x ¢ F} is open.
Example 5.15. The closed interval I = [0, 1] is closed since

I¢ = (—00,0) U (1,00)

is a union of open intervals, and therefore it’s open. Similarly, every finite or infinite
closed interval [a, b], (—o0,b], or [a, 00) is closed.

The empty set @ and R are both open and closed; they're the only such sets.
Most subsets of R are neither open nor closed (so, unlike doors, “not open” doesn’t
mean “closed” and “not closed” doesn’t mean “open”).

Example 5.16. The half-open interval I = (0,1] isn’t open because it doesn’t
contain any neighborhood of the right endpoint 1 € I. Its complement

I¢ = (00,0] U (1, 00)

isn’t open either, since it doesn’t contain any neighborhood of 0 € €. Thus, I isn’t
closed either.

Example 5.17. The set of rational numbers Q C R is neither open nor closed.
It isn’t open because every neighborhood of a rational number contains irrational
numbers, and its complement isn’t open because every neighborhood of an irrational
number contains rational numbers.

Closed sets can also be characterized in terms of sequences.

Proposition 5.18. A set F' C R is closed if and only if the limit of every convergent
sequence in F' belongs to F'.

Proof. First suppose that F' is closed and (x,,) is a convergent sequence of points
Ty € F such that z,, — . Then every neighborhood of x contains points z,, € F.
It follows that « ¢ F°, since F° is open and every y € F° has a neighborhood
U C F¢ that contains no points in F. Therefore, x € F.

Conversely, suppose that the limit of every convergent sequence of points in F
belongs to F'. Let x € F¢. Then x must have a neighborhood U C F¢; otherwise for
every n € N there exists x,, € F such that x,, € (x — 1/n,z + 1/n), so x = lim x,,
and z is the limit of a sequence in F'. Thus, F° is open and F' is closed. ([
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Example 5.19. To verify that the closed interval [0,1] is closed from Proposi-
tion suppose that (z,) is a convergent sequence in [0,1]. Then 0 < z,, <1 for
all n € N, and since limits preserve (non-strict) inequalities, we have

0< lim =z, <1,
n—oo
meaning that the limit belongs to [0,1]. On the other hand, the half-open interval

I = (0,1] isn’t closed since, for example, (1/n) is a convergent sequence in I whose
limit 0 doesn’t belong to I.

Closed sets have complementary properties to those of open sets stated in
Proposition [5.4]
Proposition 5.20. An arbitrary intersection of closed sets is closed, and a finite
union of closed sets is closed.

Proof. If {F; : i € I} is an arbitrary collection of closed sets, then every Ff is
open. By De Morgan’s laws in Proposition [1.23] we have

il i€l
which is open by Proposition Thus (¢,
of a finite union of closed sets is open, since

n ¢ n
RS
=1 i=1

so a finite union of closed sets is closed. O

F; is closed. Similarly, the complement

The union of infinitely many closed sets needn’t be closed.

Example 5.21. If [, is the closed interval

1 1
In: |:31:|7
n n

then the union of the I,, is an open interval
U . = (0,1).
n=1

If A is a subset of R, it is useful to consider different ways in which a point
x € R can belong to A or be “close” to A.

Definition 5.22. Let A C R be a subset of R. Then z € R is:

(1) an interior point of A if there exists ¢ > 0 such that A D (x — 6,z + J);

(2) an isolated point of A if x € A and there exists 6 > 0 such that x is the only
point in A that belongs to the interval (z — 6,z + §);

(3) a boundary point of A if for every ¢ > 0 the interval (x — 6,2 + ) contains
points in A and points not in A;

(4) an accumulation point of A if for every § > 0 the interval (x—d, z+9) contains
a point in A that is distinct from zx.
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When the set A is understood from the context, we refer, for example, to an
“interior point.”

Interior and isolated points of a set belong to the set, whereas boundary and
accumulation points may or may not belong to the set. In the definition of a
boundary point x, we allow the possibility that x itself is a point in A belonging
to (x — d,z + 0), but in the definition of an accumulation point, we consider only
points in A belonging to (z — d,2 + J) that are distinct from z. Thus an isolated
point is a boundary point, but it isn’t an accumulation point. Accumulation points
are also called cluster points or limit points.

We illustrate these definitions with a number of examples.

Example 5.23. Let I = (a,b) be an open interval and J = [a, b] a closed interval.
Then the set of interior points of I or J is (a,b), and the set of boundary points
consists of the two endpoints {a,b}. The set of accumulation points of I or J is
the closed interval [a, b] and I, J have no isolated points. Thus, I, J have the same
interior, isolated, boundary and accumulation points, but J contains its boundary
points and all of its accumulation points, while I does not.

Example 5.24. Let a < ¢ < b and suppose that
A= (a,c)U(c,b)
is an open interval punctured at c¢. Then the set of interior points is A, the set

of boundary points is {a, b, ¢}, the set of accumulation points is the closed interval
[a,b], and there are no isolated points.

Example 5.25. Let
1
A= { in € N} .
n

Then every point of A is an isolated point, since a sufficiently small interval about
1/n doesn’t contain 1/m for any integer m # n, and A has no interior points. The
set of boundary points of A is AU {0}. The point 0 ¢ A is the only accumulation
point of A, since every open interval about 0 contains 1/n for sufficiently large n.

Example 5.26. The set N of natural numbers has no interior or accumulation
points. Every point of N is both a boundary point and an isolated point.

Example 5.27. The set Q of rational numbers has no interior or isolated points,
and every real number is both a boundary and accumulation point of Q.

Example 5.28. The Cantor set C defined in Section below has no interior
points and no isolated points. The set of accumulation points and the set of bound-
ary points of C' is equal to C.

The following proposition gives a sequential definition of an accumulation point.

Proposition 5.29. A point « € R is an accumulation point of A C R if and only
if there is a sequence (x,) in A with z,, # x for every n € N such that z,, — = as
n — o0.

Proof. Suppose z € R is an accumulation point of A. Definition implies that
for every n € N there exists x,, € A\ {z} such that z, € (z — 1/n,z + 1/n). It
follows that x,, — x as n — .
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Conversely, if z is the limit of a sequence (x,) in A with x,, # x, and U is a
neighborhood of z, then z, € U \ {z} for sufficiently large n € N, which proves
that z is an accumulation point of A. O

A:{lzneN},
n

then 0 is an accumulation point of A, since (1/n) is a sequence in A such that
1/n — 0 as n — oo. On the other hand, 1 is not an accumulation point of A since
the only sequences in A that converges to 1 are the ones whose terms eventually
equal 1, and the terms are required to be distinct from 1.

Example 5.30. If

We can also characterize open and closed sets in terms of their interior and
accumulation points.

Proposition 5.31. A set A C R is:

(1) open if and only if every point of A is an interior point;

(2) closed if and only if every accumulation point belongs to A.

Proof. If A is open, then it is an immediate consequence of the definitions that
every point in A is an interior point. Conversely, if every point = € A is an interior
point, then there is an open neighborhood U, C A of z, so

A= U,

€A
is a union of open sets, and therefore A is open.

If A is closed and z is an accumulation point, then Proposition and Propo-
sition [5.18]imply that x € A. Conversely, if every accumulation point of A belongs

to A, then every x € A° has a neighborhood with no points in A, so A€ is open and
A is closed. O

5.3. Compact sets

The significance of compact sets is not as immediately apparent as the significance
of open sets, but the notion of compactness plays a central role in analysis. One
indication of its importance already appears in the Bolzano-Weierstrass theorem
(Theorem [3.57)).

Compact sets may be characterized in many different ways, and we will give
the two most important definitions. One is based on sequences (every sequence has
a convergent subsequence), and the other is based on open sets (every open cover
has a finite subcover).

We will prove that a subset of R is compact if and only if it is closed and
bounded. For example, every closed, bounded interval [a, b] is compact. There are,
however, many other compact subsets of R. In Section [5.5|we describe a particularly
interesting example called the Cantor set.

We emphasize that although the compact sets in R are exactly the closed and
bounded sets, this isn’t their fundamental definition; rather it’s an explicit descrip-
tion of what compact sets look like in R. In more general spaces than R, closed and
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bounded sets need not be compact, and it’s the properties defining compactness
that are the crucial ones. Chapter [13| has further explanation.

5.3.1. Sequential definition. Intuitively, a compact set confines every sequence
of points in the set so much that the sequence must accumulate at some point of
the set. This implies that a subsequence converges to an accumulation point and
leads to the following definition.

Definition 5.32. A set K C R is sequentially compact if every sequence in K has
a convergent subsequence whose limit belongs to K.

Note that we require that the subsequence converges to a point in K, not to a
point outside K.

We usually abbreviate “sequentially compact” to “compact,” but sometimes
we need to distinguish explicitly between the sequential definition of compactness
given above and the topological definition given in Definition below.

Example 5.33. The open interval I = (0,1) is not compact. The sequence (1/n)
in I converges to 0, so every subsequence also converges to 0 ¢ I. Therefore, (1/n)
has no convergent subsequence whose limit belongs to I.

Example 5.34. The set A = QnN|0, 1] of rational numbers in [0, 1] is not compact.
If (ry,) is a sequence of rational numbers 0 < r,, < 1 that converges to 1/ \/i, then
every subsequence also converges to 1/4/2 ¢ A, so (r,) has no subsequence that
converges to a point in A.

Example 5.35. The set N is closed, but it is not compact. The sequence (n) in N
has no convergent subsequence since every subsequence diverges to infinity.

As these examples illustrate, a compact set must be closed and bounded. Con-
versely, the Bolzano-Weierstrass theorem implies that that every closed, bounded
subset of R is compact. This fact may be taken as an alternative statement of the
theorem.

Theorem 5.36 (Bolzano-Weierstrass). A subset of R is sequentially compact if
and only if it is closed and bounded.

Proof. First, assume that K C R is sequentially compact. Let (z,) be a sequence
in K that converges to x € R. Then every subsequence of K also converges to z,
so the compactness of K implies that x € K. It follows from Proposition that
K is closed. Next, suppose for contradiction that K is unbounded. Then there is
a sequence (x,) in K such that |z,| — oo as n — co. Every subsequence of (z,,)
is also unbounded and therefore diverges, so (x,) has no convergent subsequence.
This contradicts the assumption that K is sequentially compact, so K is bounded.

Conversely, assume that K C R is closed and bounded. Let (z,) be a sequence
in K. Then (z,) is bounded since K is bounded, and Theorem implies that
(x,,) has a convergent subsequence. Since K is closed the limit of this subsequence
belongs to K, so K is sequentially compact. ([

Example 5.37. Every closed, bounded interval [a, b] is compact.
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Example 5.38. Let

A:{lzneN}.
n

Then A is not compact, since it isn’t closed. However, the set K = AU{0} is closed
and bounded, so it is compact.

Example 5.39. The Cantor set defined in Section [5.5]is compact.

For later use, we prove a useful property of compact sets in R which follows
from Theorem .36

Proposition 5.40. If K C R is compact, then K has a maximum and minimum.

Proof. Since K is compact it is bounded and therefore it has a (finite) supremum
M = sup K. From the definition of the supremum, for every n € N there exists
z, € K such that

1
M—-—-<zx, <M.
n

It follows from the ‘squeeze’ theorem that z,, — M as n — oco. Since K is closed,
M € K, which proves that K has a maximum. A similar argument shows that
m = inf K belongs to K, so K has a minimum. O

Example 5.41. The bounded closed interval [0, 1] is compact and its maximum 1
and minimum 0 belong to the set, while the open interval (0, 1) is not compact and
its supremum 1 and infimum 0 do not belong to the set. The unbounded, closed
interval [0, 00) is not compact, and it has no maximum.

Example 5.42. The set A in Example [5.38]is not compact and its infimum 0 does
not belong to the set, but the compact set K has 0 as a minimum value.

Compact sets have the following nonempty intersection property.

Theorem 5.43. Let {K,, : n € N} be a decreasing sequence of nonempty compact
sets of real numbers, meaning that

KiDoDKyD>---DK,DKp4y1D ...,
and K, # &. Then

() Kn # @.
n=1

Moreover, if diam K,, — 0 as n — oo, then the intersection consists of a single
point.

Proof. For each n € N, choose z,, € K,,. Since (z,,) is a sequence in the compact
set Ky, it has a convergent subsequence (z,,) with z,, — z as k — co. Then
Zn, € K, for all k sufficiently large that ny > n. Since a “tail” of the subsequence
belongs to K, and K, is closed, we have z € K, for every n € N. Hence, = € (| K,
and the intersection is nonempty.

If 2,y € (Kn, then 2,y € K, for every n € N, so |z — y| < diam K,,. If
diam K,, — 0 as n — oo, then |z — y| = 0, so x = y and [ K, consists of a single
point. ([
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We refer to a decreasing sequence of sets as a nested sequence. In the case
when each K, = [ay,by] is a compact interval, the preceding result is called the
nested interval theorem.

Example 5.44. The nested compact intervals [0,1 + 1/n] have nonempty inter-
section [0,1]. Here, diam[0,1 4 1/n] — 1 as n — oo, and the intersection consists
of an interval. The nested compact intervals [0,1/n] have nonempty intersection
{0}, which consists of a single point since diam[0,1/n] — 0 as n — oco. On the
other hand, the nested half-open intervals (0,1/n] have empty intersection, as do
the nested unbounded, closed intervals [n, c0). In particular, Theorem doesn’t
hold if we replace “compact” by “closed.”

Example 5.45. Define a nested sequence A; D Ay D ... of non-compact sets by
1
A, = E:k‘:n,n—i—l,n—&—Q,... ,

so A; = A where A is the set considered in Example [5.38] Then

Ao
n=1

If we add 0 to the A, to make them compact and define K, = A,, U {0}, then the
intersection

m K, ={0}
n=1
is nonempty.

5.3.2. Topological definition. To give a topological definition of compactness
in terms of open sets, we introduce the notion of an open cover of a set.

Definition 5.46. Let A C R. A cover of A is a collection of sets {A; CR:i € I}
whose union contains A,

UJ4ioA
icl
An open cover of A is a cover such that A; is open for every i € [.
Example 5.47. Let A; = (1/i,2). Then C = {A; : i € N} is an open cover of

(0, 1], since

oo

LJ(;2>(02)D(Q11

i=1
On the other hand, C is not a cover of [0, 1] since its union does not contain 0. If,
for any 6 > 0, we add the interval B = (—§,6) to C, then

L_Oj (:2)uB=(-62 501

so C' = CU{B} is an open cover of [0, 1].
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Example 5.48. If A; = (i — 1,i + 1), then {A; : ¢ € Z} is an open cover of R.
On the other hand, if B; = (i,i + 1), then {B; : i € Z} is not open cover of R,
since its union doesn’t contain any of the integers. Finally, if C; = [i,7 4+ 1), then
{C; : i € Z} is a cover of R by disjoint, half-open intervals, but it isn’t an open
cover. Thus, to get an open cover, we need the intervals to “overlap”.

Example 5.49. Let {r; : ¢ € N} be an enumeration of the rational numbers
r; € [0,1], and fix € > 0. Define A; = (r; — ¢,r; +¢). Then {A; : i € N} is an
open cover of [0,1] since every irrational number z € [0,1] can be approximated
to within e by some rational number. Similarly, if I = [0,1] \ Q denotes the set of
irrational numbers in [0, 1], then {(z — e,z + €) : € I} is an open cover of [0, 1].
In this case, the cover consists of uncountably many sets.

Next, we define subcovers.

Definition 5.50. Suppose that C = {4; C R: i € I} isacover of A C R. A
subcover S of C is a sub-collection S C C that covers A, meaning that
S={A;, eC:kelJ}, U4, oA
keJ

A finite subcover is a subcover {A;,, A;,,...,A;,} that consists of finitely many
sets.

Example 5.51. Consider the cover C = {4; : ¢ € N} of (0,1] in Example [5.47
where A; = (1/7,2). Then {A,; : j € N} is a subcover. There is, however, no finite
subcover {A;,, As,, ..., A;, } since if N = max{iy,ia,...,4,} then

" 1
U Akl = <N7 2) )
k=1
which does not contain the points « € (0,1) with 0 < 2 < 1/N. On the other hand,

the cover C' = C U {(—0,6)} of [0, 1] does have a finite subcover. For example, if
N € N is such that 1/N < 6, then

(D

is a finite subcover of [0, 1] consisting of two sets (whose union is the same as the
original cover).

Having introduced this terminology, we give a topological definition of compact
sets.

Definition 5.52. A set K C R is compact if every open cover of K has a finite
subcover.

First, we illustrate Definition [5.52] with several examples.
Example 5.53. The collection of open intervals
{A;:ieN}, A;=3G—-1,i+1)

is an open cover of the natural numbers N, since

GAI = (0,00) DO N.
=1
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However, no finite sub-collection
{A4;,,Aiy, ... A}

covers N, since if N = max{iy,a,...,%,}, then
U Aik C (07N+1)
k=1

so its union does not contain sufficiently large integers with n > N + 1. Thus, N is
not compact.

Example 5.54. Consider the open intervals

1111
Ai = <2i2i+1’2i+2i+1>’

which get smaller as they get closer to 0. Then {A;:9=0,1,2,...} is an open
cover of the open interval (0, 1); in fact

> 3
4= (o, 2) > (0,1).
i=0

However, no finite sub-collection

{4;,,Ai,,..., A}

of intervals covers (0,1), since if N = max{iy,i2,...,i,}, then
n
1 1 3
U4 © (QN - 2N+1’2> )
k=1

so it does not contain the points in (0, 1) that are sufficiently close to 0. Thus, (0,1)
is not compact. Example m gives another example of an open cover of (0,1) with
no finite subcover.

Example 5.55. The collection of open intervals {Ag, A1, Aa, ...} in Example m
isn’t an open cover of the closed interval [0, 1] since 0 doesn’t belong to their union.
We can get an open cover {Ag, A1, Ag, ..., B} of [0, 1] by adding to the A; an open
interval B = (—4,0), where 6 > 0 is arbitrarily small. In that case, if we choose

n € N sufficiently large that
1 1

gt <0
then {Ag, A1, Aa, ..., A,, B} is a finite subcover of [0, 1] since

Jaub= (6,2) > [0,1].
=0

Points sufficiently close to 0 belong to B, while points further away belong to A;
for some 0 < i < n. The open cover of [0, 1] in Example is similar.

As the previous example suggests, and as follows from the next theorem, every
open cover of [0, 1] has a finite subcover, and [0, 1] is compact.

Theorem 5.56 (Heine-Borel). A subset of R is compact if and only if it is closed
and bounded.
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Proof. The most important direction of the theorem is that a closed, bounded set
is compact.

First, we prove that a closed, bounded interval K = [a,b] is compact. Suppose
that C = {A; : i € I'} is an open cover of [a, ], and let

B = {z € [a,}] : [a,z] has a finite subcover S C C}.

We claim that sup B = b. The idea of the proof is that any open cover of [a, z]
must cover a larger interval since the open set that contains x extends past x.

Since C covers [a, b], there exists a set A; € C with a € A;, so [a,a] = {a} has a
subcover consisting of a single set, and a € B. Thus, B is non-empty and bounded
from above by b, so ¢ = sup B < b exists. Assume for contradiction that ¢ < b.
Then [a, ¢] has a finite subcover

{4, Aiyy o AsL T,
with ¢ € A;, for some 1 < k < n. Since A;, is open and a < ¢ < b, there exists
0 > 0 such that [¢,c+) C A;, N[a,b]. Then {A;,, Aiy, ..., A, } is a finite subcover
of [a, z] for ¢ < x < ¢+ 4, contradicting the definition of ¢, so sup B = b. Moreover,
the following argument shows that, in fact, b = max B.

Since C covers [a,b], there is an open set A;, € C such that b € A;,. Then
(b—6,b+3d) C A;, for some 6 > 0, and since sup B = b there exists ¢ € B
such that b — 6 < ¢ < b. Let {4;,,...,4;,} be a finite subcover of [a,c]. Then
{4y, 4;,,...,4A;, } is a finite subcover of [a, b], which proves that [a, b] is compact.

Now suppose that K C R is a closed, bounded set, and let C = {A; : i € I}
be an open cover of K. Since K is bounded, K C [a,b] for some closed bounded
interval [a,b], and, since K is closed, ¢’ = C U {K*°} is an open cover of [a,b].
From what we have just proved, [a,b] has a finite subcover that is included in C’.
Omitting K¢ from this subcover, if necessary, we get a finite subcover of K that is
included in the original cover C.

To prove the converse, suppose that K C R is compact. Let 4; = (—i,4). Then

U A, =ROK,
i=1
so {A; : i € N} is an open cover of K, which has a finite subcover {A4;,, A;,, ..., 4;, }.
Let N = max{i1,é2,...,in}. Then
n
K c | 4, = (N, N),
k=1
so K is bounded.
To prove that K is closed, we prove that K¢ is open. Suppose that x € K°.
For i € N, let

Ai=lz—=,2+=-| =|-oc0,z—=|U|[xz+—-,0].
i i i i

Then {A; : i € N} is an open cover of K, since

U A; = (—o00,2) U (x,00) D K.
i=1
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Since K is compact, there is a finite subcover {A4;,,4;,,...,4; }. Let N =
max{éy,42,...,4n}. Then
KCOA- = —oogv—l U x—i—ioo
et e T b N N7 )
which implies that (z — 1/N,xz 4+ 1/N) C K*°. This proves that K¢ is open and K
is closed. O

The following corollary is an immediate consequence of what we have proved.

Corollary 5.57. A subset of R is compact if and only if it is sequentially compact.

Proof. By Theorem [5.36] and Theorem [5.56] a subset of R is compact or sequen-
tially compact if and only if it is closed and bounded. O

Corollary generalizes to an arbitrary metric space, where a set is compact
if and only if it is sequentially compact, although a different proof is required. By
contrast, Theorem and Theorem do not hold in an arbitrary metric space,
where a closed, bounded set need not be compact.

5.4. Connected sets

A connected set is, roughly speaking, a set that cannot be divided into “separated”
parts. The formal definition is as follows.

Definition 5.58. A set of real numbers A C R is disconnected if there are disjoint
open sets U,V C R such that ANU and ANV are nonempty and

A=(ANU)U(ANYV).

A set is connected if it not disconnected.

The condition A = (ANU)U(ANV) is equivalent to U UV D A. If Ais
disconnected as in the definition, then we say that the open sets U, V separate A.

It is easy to give examples of disconnected sets. As the following examples
illustrate, any set of real numbers that is “missing” a point is disconnected.

Example 5.59. The set {0, 1} consisting of two points is disconnected. For exam-
ple,let U = (—1/2,1/2) and V = (1/2,3/2). Then U, V are open and U NV = @.
Furthermore, ANU = {0} and ANV = {1} are nonempty, and A = (ANU)U(ANV).
Similarly, the union of half-open intervals [0,1/2) U (1/2,1] is disconnected.

Example 5.60. The set R\ {0} is disconnected since R\ {0} = (—o0,0) U (0, 00).
Example 5.61. The set Q of rational numbers is disconnected. For example, let
U = (—00,v/2) and V = (v/2,00). Then U, V are disjoint open sets, Q N U and
QN V are nonempty, and U UV =R\ {v/2} D Q.

In general, it is harder to prove that a set is connected than disconnected,
because one has to show that there is no way to separate it by open sets. However,
the ordering properties of R enable us to characterize its connected sets: they are
exactly the intervals.

First, we give a precise definition of an interval.
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Definition 5.62. A set of real numbers I C R is an interval if x,y € [ and z < y
implies that z € I for every = < z < y.

That is, an interval is a set with the property that it contains all the points
between any two points in the set.

We claim that, according to this definition, an interval contains all the points
that lie between its infimum and supremum. The infimum and supremum may be
finite or infinite, and they may or may not belong to the interval. Depending on
which of these these possibilities occur, we see that an interval is any open, closed,
half-open, bounded, or unbounded interval of the form

g, (aa b)7 [aab]v [aab)v (avb}’ (a,oo)7 [aa OO), (_Ooab)’ (—OO,b], Ra

where a,b € R and a < b. If a = b, then [a,a] = {a} is an interval that consists
of a single point, which — like the empty set — satisfies the definition vacuously.
Thus, Definition [5.62] is consistent with the usual definition of an interval.

To prove the previous claim, suppose that I is an interval and let a = inf I,
b =sup I where —oco < a,b < co. If a > b, then I = &, and if a = b, then I consists
of a single point {a}. Otherwise, —0o < a < b < co. In that case, the definition of
the infimum and supremum implies that for every o/, € R with a < o’ <V < b,
there exist x,y € I such that a < x < a’ and ¥ <y < b. Since I is an interval, it
follows that I D [x,y] D [a/, V'], and since a’ > a, b’ < b are arbitrary, it follows that
I D (a,b). Moreover, since a = inf I and b = sup I, the interval I cannot contain
any points € R such that z < a or x > b.

The slightly tricky part of the following theorem is the proof that every interval
is connected.

Theorem 5.63. A set of real numbers is connected if and only if it is an interval.

Proof. First, suppose that A C R is not an interval. Then there are a,b € A and
¢ ¢ Asuch that a < ¢ < b. If U = (—o0,¢) and V = (¢,00), then a € ANV,
be ANV ,and A= (ANU)U(ANV), so A is disconnected. It follows that every
connected set is an interval.

To prove the converse, suppose that I C R is not connected. We will show that
I is not an interval. Let U, V be open sets that separate I. Choose a € INU and
b e INV, where we can assume without loss of generality that a < b. Let

c¢c=sup (U N|a,b)).

We will prove that a < ¢ < b and ¢ ¢ I, meaning that I is not an interval. If
a<z<band xz € U, then U D [z,z + J) for some ¢ > 0, so x # sup (U N [a, b]).
Thus, ¢ # a and if a < ¢ < b, then ¢ ¢ U. If a < y < band y € V, then
V D (y — d,y] for some § > 0, and therefore (y — 4,y] is disjoint from U, which
implies that y # sup (U N [a,b]). It follows that cZband c¢ UNV,s0a <c<b
and ¢ ¢ I, which completes the proof. |
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Figure 1. An illustration of the removal of middle-thirds from an interval in
the construction of the Cantor set. The figure shows the interval [0, 1] and the
first four sets Fi, Fa2, F3, F4, going from top to bottom.

5.5. * The Cantor set

One of the most interesting examples of a compact set is the Cantor set, which is
obtained by “removing middle-thirds” from closed intervals in [0, 1], as illustrated
in Figure [T}

We define a nested sequence (F},) of sets F;, C [0, 1] as follows. First, we remove
the middle-third from [0, 1] to get F1 = [0,1] \ (1/3,2/3), or

1 2
Fi=1,Url Iy = — IL=|=,1|.
1= 1o UL, 0 {073}7 1 {3, ]

Next, we remove middle-thirds from Iy and Iy, which splits Iy \ (1/9,2/9) into
Ipo U Iy and Iy \ (7/9,8/9) into I1o U 111, to get
Fy = Ipo U oy UligU Iy,
1 21 2 7 8
Iopo = |0, = Ipn = | =, = Iio=|=,= 1= 1=,1].
00 |: 79:|7 01 |:973:|7 10 |:379:|7 11 |:9a :l
Then we remove middle-thirds from Iyg, Io1, 119, and I7; to get

F3 = Inoo U Igo1 U Lo10 U Ip11 U 1100 U T101 U I110 U 1111,

1 2 1 2 7 8 1
Tooo = |0, — |, Toio= | —,~ Too= |2, —|, Iopyi=|—, =
000 { ’27] oo [27’ 9} ’ 010 {9’ 27} b [27’ 3} ’

2 19 20 7 8 25 26
Lo = {3»27] , T = [27,9} , I = {9,27} , = [2771} .
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Continuing in this way, we get at the nth stage a set of the form

F,= L,

seX,
where X, = {(s1,82,...,8n) : S = 0,1} is the set of binary n-tuples. Furthermore,
each Is = [as, bs] is a closed interval, and if s = (s1, $2,...,Sp), then
n
28 1
aS:Z3T7 bs:as‘ksin.

k=1
In other words, the left endpoints ag are the points in [0, 1] that have a finite base
three expansion consisting entirely of 0’s and 2’s.

We can verify this formula for the endpoints as, bs of the intervals in Fj, by
induction. It holds when n = 1. Assume that it holds for some n € N. If we
remove the middle-third of length 1/3"*! from the interval [as, bs] of length 1/3"
with s € 3,,, then we get the original left endpoint, which may be written as

n+1 ’
Z Sk
as' = 377
k=1
where s’ = (s},...,5),,1) € ¥pq1is given by s, = s fork=1,...,nand s, ,;, = 0.

We also get a new left endpoint agr = as + 2/3" "1, which may be written as

n+1 23;6
gt = _
s Z 3k’
k=1
where s, = s, for k=1,...,n and s}, |, = 1. Moreover, by = ag + 1/3"*!, which

proves that the formula for the endpoints holds for n + 1.
Definition 5.64. The Cantor set C is the intersection

C= ﬁ an
n=1

of the nested sequence of sets (F;,) defined above.

The compactness of C' follows immediately from its definition.

Theorem 5.65. The Cantor set is compact.

Proof. The Cantor set C is bounded, since it is a subset of [0,1]. All the sets
F,, are closed, because they are a finite union of closed intervals, so, from Proposi-
tion their intersection is closed. It follows that C' is closed and bounded, and
Theorem [5.36] implies that it is compact. O

The Cantor set C' is clearly nonempty since the endpoints as, bs of Is are
contained in F;, for every finite binary sequence s and every n € N. These endpoints
form a countably infinite set. What may be initially surprising is that there are
uncountably many other points in C' that are not endpoints. For example, 1/4
has the infinite base three expansion 1/4 = 0.020202..., so it is not one of the
endpoints, but, as we will show, it belongs to C' because it has a base three expansion
consisting entirely of 0’s and 2’s.
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Let ¥ be the set of binary sequences in Definition [1.29] The idea of the
next theorem is that each binary sequence picks out a unique point of the Can-
tor set by telling us whether to choose the left or the right interval at each stage
of the “middle-thirds” construction. For example, 1/4 corresponds to the sequence
(0,1,0,1,0,1,...), and we get it by alternately choosing left and right intervals.

Theorem 5.66. The Cantor set has the same cardinality as 3.

Proof. We use the same notation as above. Let s = (s1,59,...,5k,...) € ¥, and
define s, = (s1,82,...,8n) € X,. Then (Ig,) is a nested sequence of intervals
such that diam Iy, = 1/3" — 0 as n — oo. Since each I, is a compact interval,
Theorem [5.43] implies that there is a unique point

oo
T € ﬂ I, CcC.
n=1
Thus, s — x defines a function f : ¥ — C. Furthermore, this function is one-to-one:
if two sequences differ in the nth place, say, then the corresponding points in C'
belong to different intervals I5, at the nth stage of the construction, and therefore
the points are different since the intervals are disjoint.

Conversely, if x € C, then x € F,, for every n € N and there is a unique
S, € ¥, such that € I . The intervals (Is,) are nested, so there is a unique
sequence s = ($1,82,...,8k,...) € %, such that s, = (s1,59,...,5,). It follows
that f : > — C is onto, which proves the result. O

The argument also shows that x € C' if and only if it is a limit of left endpoints

as, meaning that
oo

T = Z %7 s, =0,1.
k=1
In other words, x € C if and only if it has a base 3 expansion consisting entirely of
0’s and 2’s. Note that this condition does not exclude 1, which corresponds to the
sequence (1,1,1,1,...) or “always pick the right interval,” and

oo

2
1=0.2222... = g 3
k=1

We may use Theorem together with the Schroder-Bernstein theorem, to
prove that 33, P(N) and R have the same uncountable cardinality of the continuum.
It follows, in particular, that the Cantor set has the same cardinality as R, even
though it appears, at first sight, to be a very sparse subset.

Theorem 5.67. The set R of real numbers has the same cardinality as P(N).

Proof. The inclusion map f : C — R, where f(z) = z, is one-to-one, so C' < R.
From Theorem and Corollary [1.48] we have C' =~ ¥ ~ P(N), so P(N) <R.

Conversely, the map from real numbers to their Dedekind cuts, given by
g:R— P(Q), g:z—{reQ:r<a},

is one-to-one, so R < P(Q). Since Q is countably infinite, P(N) ~ P(Q), so
R < P(N). The conclusion then follows from Theorem O
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Another proof of this theorem, which doesn’t require the Schréder-Bernstein
theorem, can be given by associating binary sequences in ¥ with binary expansions
of real numbers in [0, 1]:

s
k
B (81,82, .y Skye..) E o
k=1
Some real numbers, however, have two distinct binary expansion; e.g.,

% = 0.10000...=0.01111....

There are only countably many such numbers, so they do not affect the cardinality
of [0,1], but they complicate the explicit construction of a one-to-one, onto map
f 3 — R by this approach. An alternative method is to represent real numbers
by continued fractions instead of binary expansions, but we won’t describe these
proofs in more detail here.
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Chapter 6

Limits of Functions

In this chapter, we define limits of functions and describe their properties.

6.1. Limits

We begin with the e-§ definition of the limit of a function.

Definition 6.1. Let f : A — R, where A C R, and suppose that ¢ € R is an
accumulation point of A. Then

lim f(z) =L

r—c

if for every € > 0 there exists a § > 0 such that

0 < |z —¢| <¢éand z € A implies that |f(z) — L| < e.

We also denote limits by the ‘arrow’ notation f(x) — L as x — ¢, and often
leave it to be implicitly understood that x € A is restricted to the domain of f.
Note that it follows directly from the definition that

lim f(z) = L if and only if lim |f(x) — L| =0.
xr—c Tr—c

In defining a limit as © — ¢, we do not consider what happens when z = ¢,
and a function needn’t be defined at ¢ for its limit to exist. This is the case, for
example, when we define the derivative of a function as a limit of its difference
quotients. Moreover, even if a function is defined at ¢ and its limit as x — ¢ exists,
the value of the function need not equal the limit. In fact, the condition that

lim, . f(z) = f(c) defines the continuity of f at ¢. We study continuous functions
in Chapter

Example 6.2. Let A =[0,00) \ {9} and define f: A — R by
z—9

111
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We claim that

lim f(z) = 6.
To prove this, let € > 0 be given. If z € A, then /x — 3 # 0, and dividing this
factor into the numerator we get f(z) = /z + 3. It follows that

@) -0l = Va -3 = | 2% < 5

< Zlz -9
Jirs S3leol

Thus, if 6 = 3¢, then « € A and |z — 9| < § implies that |f(z) — 6] < e.

Like the limits of sequences, limits of functions are unique.

Proposition 6.3. The limit of a function is unique if it exists.

Proof. Suppose that f : A — R and ¢ € R is an accumulation point of A C R.
Assume that

lim f(z) = L1, lim f(z) = Lo

Tr—cC

where Ly, Lo € R. For every € > 0 there exist d1,d2 > 0 such that
0 < |z —c| <1 and x € A implies that |f(z) — L1| < €/2,
0 < |z —¢| < b2 and z € A implies that |f(z) — La| < €/2.

Let § = min(dy,d2) > 0. Then, since ¢ is an accumulation point of A, there exists
x € A such that 0 < |z — ¢| < 4. It follows that

L1 — Lo| < |Ly = f(2)| + [f(2) — L2| <.
Since this holds for arbitrary € > 0, we must have Ly = L. ([l

Note that in this proof we used the requirement in the definition of a limit
that ¢ is an accumulation point of A. The limit definition would be vacuous if it
was applied to a non-accumulation point, and in that case every L € R would be a
limit.

We can rephrase the e-d definition of limits in terms of neighborhoods. Recall
from Definition [5.6] that a set V C R is a neighborhood of ¢ € Rif V O (¢ —4,c+0)
for some 6 > 0, and (¢ — §, ¢+ 0) is called a §-neighborhood of c.

Definition 6.4. A set U C R is a punctured (or deleted) neighborhood of ¢ € R
itU D (c—d,¢)U(c,c+ ) for some d > 0. The set (¢ —d,c) U (c,c+9) is called a
punctured (or deleted) d-neighborhood of c.

That is, a punctured neighborhood of ¢ is a neighborhood of ¢ with the point
c itself removed.

Definition 6.5. Let f : A — R, where A C R, and suppose that ¢ € R is an
accumulation point of A. Then
lim f(z) = L
if and only if for every neighborhood V' of L, there is a punctured neighborhood U
of ¢ such that
x € ANU implies that f(x) € V.
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This is essentially a rewording of the e-§ definition. If Definition holds and
V' is a neighborhood of L, then V contains an e-neighborhood of L, so there is a
punctured d-neighborhood U of ¢ such that f maps U N A into V', which verifies
Definition Conversely, if Deﬁnition holds and € > 0, then V = (L —¢, L+¢)
is a neighborhood of L, so there is a punctured neighborhood U of ¢ such that f
maps UNA into V', and U contains a punctured d-neighborhood of ¢, which verifies
Definition [6.11

The next theorem gives an equivalent sequential characterization of the limit.

Theorem 6.6. Let f : A — R, where A C R, and suppose that ¢ € R is an
accumulation point of A. Then

lim /() = L
if and only if
lim f(z,)=L.
n—oo

for every sequence (z,) in A with x,, # ¢ for all n € N such that

lim z, =c.
n—oo

Proof. First assume that the limit exists and is equal to L. Suppose that (z,,) is
any sequence in A with x,, # c that converges to ¢, and let € > 0 be given. From
Definition [6.1} there exists § > 0 such that |f(z) — L| < € whenever 0 < |z —¢| < 6,
and since x,, — ¢ there exists N € N such that 0 < |z, —¢| < ¢ for all n > N. It
follows that |f(x,) — L| < € whenever n > N, so f(z,) — L as n — oc.

To prove the converse, assume that the limit does not exist or is not equal to
L. Then there is an ¢y > 0 such that for every § > 0 there is a point x € A with
0 < |z —c| <dbut |f(x) — L| > €. Therefore, for every n € N there is an z, € A
such that

1
0<|mn—c\<? |f(zn) — L| > €.

It follows that x,, # ¢ and x,, — ¢, but f(x,) /4 L, so the sequential condition does
not hold. This proves the result. O

A non-existence proof for a limit directly from Definition [6.1]is often awkward.
(One has to show that for every L € R there exists ¢y > 0 such that for every § > 0
there exists © € A with 0 < |z —¢| < ¢ and |f(z) — L| > €.) The previous theorem
gives a convenient way to show that a limit of a function does not exist.

Corollary 6.7. Suppose that f: A — R and ¢ € R is an accumulation point of A.
Then lim,_,. f(x) does not exist if either of the following conditions holds:

(1) There are sequences (z,,), (yn) in A with x,,y, # ¢ such that

lim x, = lim y, =¢, but lim f(x,)# lm f(y,).
n— oo n—oQ n—oo n—oo

(2) There is a sequence (x,,) in A with x,, # ¢ such that lim,,_, . x, = ¢ but the
sequence (f(x,)) diverges.
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15 15

-3 -2 -1 0 1 2 3 -0.1 -0.05 0 0.05 01

Figure 1. A plot of the function y = sin(1/z), with the hyperbola y = 1/x
shown in red, and a detail near the origin.

Example 6.8. Define the sign function sgn : R — R by

1 if x >0,
sgnz =<0 ifx=0,
-1 ifzx <0,

Then the limit

lim sgn x

z—0
doesn’t exist. To prove this, note that (1/n) is a non-zero sequence such that
1/n — 0 and sgn(1/n) — 1 as n — oo, while (—1/n) is a non-zero sequence such

that —1/n — 0 and sgn(—1/n) — —1 as n — oo. Since the sequences of sgn-values
have different limits, Corollary [6.7] implies that the limit does not exist.

Example 6.9. The limit

corresponding to the function f : R\ {0} — R given by f(z) = 1/, doesn’t exist.
For example, if (z,) is the non-zero sequence given by x,, = 1/n, then 1/n — 0 but
the sequence of values (n) diverges to co.

1
lim sin () ,
z—0 xT

corresponding to the function f : R\ {0} — R given by f(z) = sin(1/x), doesn’t
exist. (See Figure ) For example, the non-zero sequences (z,,), (y,) defined by
1 1
Yn = 5 75
2mn + /2

Example 6.10. The limit

Ty = ——
2mn’

both converge to zero as n — oo, but the limits
lim f(ajn) =0, lim f(yn) =1
n—oo n—o0

are different.
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Like sequences, functions must satisfy a boundedness condition if their limit is
to exist. Before stating this condition, we define the supremum and infimum of a
function, which are the supremum or infimum of its range.

Definition 6.11. If f : A — R is a real-valued function, then
sup f =sup{f(z):z € A}, ir)‘ff:inf{f(x):xeA}.
A

A function is bounded if its range is bounded.

Definition 6.12. If f: A — R, then f is bounded from above if sup 4 f is finite,
bounded from below if inf 4 f is finite, and bounded if both are finite. A function
that is not bounded is said to be unbounded.

Example 6.13. If f:[0,2] — R is defined by f(x) = 22, then

sup f =4, inf f =0,
[0,2] [0,2]

so f is bounded.
Example 6.14. If f: (0,1] — R is defined by f(x) = 1/, then

sup f = oo, inf f=1,
(0,1]f (0’1]f

so f is bounded from below, not bounded from above, and unbounded. Note that
if we extend f to a function g : [0, 1] — R by defining, for example,

1/z if0<z<1,
9() = {0 if 2 =0,
then g is still unbounded on [0, 1].
Equivalently, a function f : A — R is bounded if sup, |f| is finite, meaning
that there exists M > 0 such that
|f(z)| < M for every x € A.

If B C A, then we say that f is bounded from above on B if supg f is finite, with
similar terminology for bounded from below on B, and bounded on B.

Example 6.15. The function f : (0,1] — R defined by f(x) = 1/ is unbounded,
but it is bounded on every interval [0, 1] with 0 < § < 1. The function g : R — R
defined by g(z) = 22 is unbounded, but it is bounded on every finite interval [a, b].

We also introduce a notion of being bounded near a point.

Definition 6.16. Suppose that f : A — R and ¢ is an accumulation point of A.
Then f is locally bounded at c¢ if there is a neighborhood U of ¢ such that f is
bounded on ANU.

Example 6.17. The function f : (0,1] — R defined by f(z) = 1/z is locally
bounded at every 0 < ¢ < 1, but it is not locally bounded at 0.

Proposition 6.18. Suppose that f: A — R and ¢ is an accumulation point of A.
If lim, . f(x) exists, then f is locally bounded at c.
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Proof. Let lim,_,. f(z) = L. Taking e = 1 in the definition of the limit, we get
that there exists a § > 0 such that

0<|z—c| <dand x € A implies that |f(z) — L] < 1.
Let U= (c—6,c+9). f z € ANU and z # ¢, then
[f(@)| < |f(z) = LI+ |L| <1+ L],
so f is bounded on ANU. (If ¢ € A, then |f| < max{1+|L|,|f(c)|} on ANTU.) O
As for sequences, boundedness is a necessary but not sufficient condition for

the existence of a limit.

Example 6.19. The limit

considered in Example 6.9 doesn’t exist because the function f : R\ {0} — R given
by f(z) = 1/z is not locally bounded at 0.

Example 6.20. The function f: R\ {0} — R defined by

(@) = sin (i)

is bounded, but lim,_,¢ f(z) doesn’t exist.

6.2. Left, right, and infinite limits

We can define other kinds of limits in an obvious way. We list some of them here
and give examples, whose proofs are left as an exercise. All these definitions can be
combined in various ways and have obvious equivalent sequential characterizations.

Definition 6.21 (Right and left limits). Let f: A — R, where ACR. If ce R is
an accumulation point of {x € A : x > c}, then f has the right limit

lim f(x) =L,
r—ct

if for every € > 0 there exists a § > 0 such that

c<z<c+0and z € Aimplies that |f(x) — L| <e.

If ¢ € R is an accumulation point of {z € A : x < ¢}, then f has the left limit
lim f(z) =L,
r—c—

if for every € > 0 there exists a § > 0 such that

c—0d <z <cand z € Aimplies that |f(x) — L| <.

Equivalently, the right limit of f is the limit of the restriction f|,; of f to the
set At ={xeAd:x>c},

i f(@) = lm £, (2),

and analogously for the left limit.
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Example 6.22. For the sign function in Example we have

lim sgnzx =1, lim sgnx = —1,
z—0t z—0—

although the corresponding limit does not exist.

The existence and equality of the left and right limits implies the existence of
the limit.

Proposition 6.23. Suppose that f : A — R, where A C R, and ¢ € R is an
accumulation point of both {x € A:x > ¢} and {x € A: z < ¢}. Then

lim f(z) =L
xr—c
if and only if
lim f(z)= lim f(x)=L.
r—ct T—c—
Proof. It follows immediately from the definitions that the existence of the limit
implies the existence of the left and right limits with the same value. Conversely,
if both left and right limits exists and are equal to L, then given € > 0, there exist
61 > 0 and 2 > 0 such that

¢c— 0 <z <cand z € A implies that |f(x) — L| <,
¢ <z <c+dp and x € A implies that |f(z) — L| <e.
Choosing 6 = min(dy,d2) > 0, we get that
|z —¢| < 0 and = € A implies that |f(x) — L| <,
which show that the limit exists. g

Next we introduce some convenient definitions for various kinds of limits involv-
ing infinity. We emphasize that co and —oo are not real numbers (what is sin co,
for example?) and all these definition have precise translations into statements that
involve only real numbers.

Definition 6.24 (Limits as z — +00). Let f: A — R, where A C R. If A is not
bounded from above, then
lim f(z)=1L

Tr—00

if for every € > 0 there exists an M € R such that
x> M and = € A implies that |f(x) — L] <e.
If A is not bounded from below, then
lim f(z)=1L

r—r—00
if for every € > 0 there exists an m € R such that

x <m and z € A implies that |f(z) — L| < e.

Sometimes we write 400 instead of co to indicate that it denotes arbitrarily
large, positive values, while —oo denotes arbitrarily large, negative values.
It follows from the definitions that

g =g s (). s = s (5)



118 6. Limits of Functions

and it is often useful to convert one of these limits into the other.

Example 6.25. We have
lim x lim x

7:17 _— =
T—=00 /1 + g2 T—=—00 /1 + g2

Definition 6.26 (Divergence to +c0). Let f: A — R, where A C R, and suppose
that ¢ € R is an accumulation point of A. Then

lim f(z) =

Tr—cC

if for every M € R there exists a § > 0 such that
0 < |z —c| < and z € A implies that f(z) > M,
and
lim f(z) = —oo
if for every m € R there exists a § > 0 such that
0<|z—c|<dand z € Aimplies that f(z) < m.
The notation lim,_,. f(2) = oo is simply shorthand for the property stated

in this definition; it does not mean that the limit exists, and we say that f diverges
to Fo0.

Example 6.27. We have

How would you define these statements precisely? Note that

1
lim — # +o0,
x—0

since 1/x takes arbitrarily large positive (if z > 0) and negative (if z < 0) values
in every two-sided neighborhood of 0.

Example 6.29. None of the limits

.1 /1 1 /1 1 /1
lim —sin| — ], lim —sin| — ), lim —sin | —
z—0t T x z—0~ T T z—0 x T

is 0o or —oo, since (1/x)sin(1/x) oscillates between arbitrarily large positive and
negative values in every one-sided or two-sided neighborhood of 0.

Example 6.30. We have

1 1
lim < — 13> = —00, lim ( — x3> = 00.
r—00 \ T z——00 \ T

How would you define these statements precisely and prove them?
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6.3. Properties of limits

The properties of limits of functions follow from the corresponding properties of
sequences and the sequential characterization of the limit in Theorem We can
also prove them directly from the e-§ definition of the limit.

6.3.1. Order properties. As for limits of sequences, limits of functions preserve
(non-strict) inequalities.

Theorem 6.31. Suppose that f,g: A — R and ¢ is an accumulation point of A.
It

f(z) < g(z) for all x € A,

and lim,_,. f(x), lim,_,. g(z) exist, then
lim f(z) < lim g(z).

Proof. Let
lim f(x) =L, lim g(z) = M.
r—c

r—cC

Suppose for contradiction that L > M, and let
1

From the definition of the limit, there exist d1, 2 > 0 such that

|f(z)—Ll<e ifzxeAand0<|z—c|<d,
lg(z) — M| <€ ifxreAand 0 < |z —c| < da.

Let § = min(dy, d2). Since ¢ is an accumulation point of A, there exists x € A such
that 0 < |z — a| < 4, and it follows that

f(x) —g(@) = [f(x) = L]+ L= M + [M — g(x)]

>L— M —2e¢
>0,
which contradicts the assumption that f(x) < g(z). O

Finally, we state a useful “sandwich” or “squeeze” criterion for the existence of
a limit.
Theorem 6.32. Suppose that f,g,h : A — R and ¢ is an accumulation point of
A If
flz) < g(x) < h(z) forallz e A
and
lim f(z) = lim h(z) = L,

r—c Tr—c

then the limit of g(z) as x — ¢ exists and

lim g(x) = L.

r—c
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We leave the proof as an exercise. We often use this result, without comment,
in the following way: If

0< flz) <g(x) or [f(z)] <g(x)
and g(x) = 0 as ¢ — ¢, then f(z) > 0asz — c.
It is essential for the bounding functions f, h in Theorem [6.32]to have the same
limit.
Example 6.33. We have

—1<sin(1><1 for all x #£ 0
T

and
lim (—1) = —1, lim1=1,

z—0 x—0

but

.. 1 .

lim sin | — does not exist.
T

z—0

6.3.2. Algebraic properties. Limits of functions respect algebraic operations.

Theorem 6.34. Suppose that f,g: A — R, ¢ is an accumulation point of A, and
the limits

lim f(z) =L, lim g(z) = M

r—c T—C

exist. Then

liin kf(z) =kL for every k € R,
lim [£(a) + g(a)] = L+ M.
lim [f(x)g(x)] = LM,
flz) _ L ,
lim gix) i if M #0.

Proof. We prove the results for sums and products from the definition of the limit,
and leave the remaining proofs as an exercise. All of the results also follow from
the corresponding results for sequences.

First, we consider the limit of f 4 g. Given € > 0, choose §1, 2 such that
0 < |z —c| <61 and x € A implies that |f(z) — L| < €/2,
0 < |z —¢| < d2 and z € A implies that |g(z) — M| < €/2,
and let § = min(dy,d2) > 0. Then 0 < |z — ¢| < § implies that
|f(z) +g(z) = (L+ M)| < |f(z) = L| + |g(x) — M| <,

which proves that lim(f + g) = lim f + lim g.

To prove the result for the limit of the product, first note that from the local
boundedness of functions with a limit (Proposition [6.18]) there exists dp > 0 and
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K > 0 such that |g(z)| < K for all z € A with 0 < |z — ¢| < §y. Choose d1,d2 > 0
such that

0<|z—c| <0 and x € A implies that |f(z) — L| < ¢/(2K),
0 < |z —c| <y and x € A implies that |g(z) — M| < €¢/(2|L| + 1).
Let § = min(dg, d1,02) > 0. Then for 0 < |z —¢| < § and = € A,
[f(2)g(x) — LM| = |(f(z) — L) g(x) + L (g(x) — M)
< |[f(x) = LI lg(@)| + | L[ |g(x) — M|
< %-Kjt |L] - W:-l
< €,

which proves that lim(fg) = lim f lim g. O
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Chapter 7

Continuous Functions

In this chapter, we define continuous functions and study their properties.

7.1. Continuity

Continuous functions are functions that take nearby values at nearby points.

Definition 7.1. Let f: A — R, where A C R, and suppose that ¢ € A. Then f is
continuous at c if for every € > 0 there exists a § > 0 such that

|z —¢| < 6 and = € A implies that |f(z) — f(c)| < e

A function f: A — R is continuous if it is continuous at every point of A, and it is
continuous on B C A if it is continuous at every point in B.

The definition of continuity at a point may be stated in terms of neighborhoods
as follows.

Definition 7.2. A function f: A — R, where A C R, is continuous at ¢ € A if for
every neighborhood V' of f(c) there is a neighborhood U of ¢ such that

x € ANU implies that f(x) € V.

The e-0 definition corresponds to the case when V' is an e-neighborhood of f(c)
and U is a é-neighborhood of c.

Note that ¢ must belong to the domain A of f in order to define the continuity
of f at c¢. If ¢ is an isolated point of A, then the continuity condition holds auto-
matically since, for sufficiently small § > 0, the only point z € A with |x —¢| < ¢
is ¢ = ¢, and then 0 = |f(z) — f(c)| < e. Thus, a function is continuous at every
isolated point of its domain, and isolated points are not of much interest.

If ¢ € A is an accumulation point of A, then the continuity of f at ¢ is equivalent
to the condition that

lim f(z) = f(c),
Tr—c
meaning that the limit of f as x — ¢ exists and is equal to the value of f at c.

123
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Example 7.3. If f : (a,b) — R is defined on an open interval, then f is continuous
on (a,b) if and only if

lim f(x) = f(c) for every a < c <b

Tr—cC

since every point of (a,b) is an accumulation point.

Example 7.4. If f : [a,b] — R is defined on a closed, bounded interval, then f is
continuous on [a, b] if and only if

OICLmC fl@) = f(c) for every a < ¢ < b,
D (@)= f), Jm (@) = f(0)

Example 7.5. Suppose that

11 1
A=40,1, =, =,...,—, ...
{7 72’3’ ’n7 }

and f: A — R is defined by
1

f0)=wo, f () = Yn

n

for some values yg,y, € R. Then 1/n is an isolated point of A for every n € N,
so f is continuous at 1/n for every choice of y,. The remaining point 0 € A is an
accumulation point of A, and the condition for f to be continuous at 0 is that

lim Yn = Yo-
n—roo

As for limits, we can give an equivalent sequential definition of continuity, which
follows immediately from Theorem [6.6}

Theorem 7.6. If f: A — R and ¢ € A is an accumulation point of A, then f is
continuous at c¢ if and only if

lim f(x,) = f(c)

n— oo

for every sequence (z,) in A such that z, — ¢ as n — oo.

In particular, f is discontinuous at ¢ € A if there is sequence (z,,) in the domain
A of f such that x,, — ¢ but f(z,) A f(c).

Let’s consider some examples of continuous and discontinuous functions to
illustrate the definition.

Example 7.7. The function f : [0,00) — R defined by f(z) = +/z is continuous
on [0,00). To prove that f is continuous at ¢ > 0, we note that for 0 < x < oo,

f(z) = f(o)] = V& - Ve| =

|‘Tic‘7

T—c | _ 1
Ve S Ve
so given € > 0, we can choose 6 = /ce > 0 in the definition of continuity. To prove
that f is continuous at 0, we note that if 0 < x < § where § = €2 > 0, then

(@) = F(0)] = V& <
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Example 7.8. The function sin : R — R is continuous on R. To prove this, we use
the trigonometric identity for the difference of sines and the inequality | sin x| < |z|:

2 cos Lﬂ sin r—c
2 2
sin
2

<|x -

|sinx — sinc| =

<2

It follows that we can take § = € in the definition of continuity for every ¢ € R.

Example 7.9. The sign function sgn : R — R, defined by

1 if x >0,
sgnx =<0 ifx =0,
-1 ifzx <0,

is not continuous at 0 since lim,_,o sgn z does not exist (see Example[6.8). The left
and right limits of sgn at 0,

lim f(z) = -1, lim f(z) =1,

z—0~ z—0t

do exist, but they are unequal. We say that f has a jump discontinuity at 0.

Example 7.10. The function f : R — R defined by
)1z ifx#0,
f(x){o if x =0,

is not continuous at 0 since lim,_,o f(z) does not exist (see Example[6.9). The left
and right limits of f at 0 do not exist either, and we say that f has an essential
discontinuity at 0.

Example 7.11. The function f : R — R defined by
sin(1/x) if z # 0,

flay = 200/ Fo 7
0 ifx=0

is continuous at ¢ # 0 (see Example below) but discontinuous at 0 because
lim, 0 f(x) does not exist (see Example [6.10)).

Example 7.12. The function f : R — R defined by
xsin(l/z) if z #£0,
flay = {7
0 ifx=0

is continuous at every point of R. (See Figure ) The continuity at ¢ # 0 is proved
in Example below. To prove continuity at 0, note that for x # 0,
|f(z) = f(0)] = |wsin(1/z)| < ||,

so f(z) — f(0) as & — 0. If we had defined f(0) to be any value other than
0, then f would not be continuous at 0. In that case, f would have a removable
discontinuity at 0.
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Figure 1. A plot of the function y = zsin(1/z) and a detail near the origin
with the lines y = £ shown in red.

Example 7.13. The Dirichlet function f : R — R defined by

if
f(m):{é if;:;g’

is discontinuous at every ¢ € R. If ¢ ¢ Q, choose a sequence (z,) of rational
numbers such that x,, — ¢ (possible since Q is dense in R). Then z,, — ¢ and
flxzn) = 1 but f(c) = 0. If ¢ € Q, choose a sequence (z,,) of irrational numbers
such that x,, — ¢; for example if ¢ = p/q, we can take

since x,, € Q would imply that v/2 € Q. Then x,, — ¢ and f(x,) — 0 but f(c) = 1.
Alternatively, by taking a rational sequence (z,) and an irrational sequence ()
that converge to ¢, we can see that lim,_,. f(z) does not exist for any ¢ € R.

Example 7.14. The Thomae function f : R — R is defined by

flz) = 1/q if x =p/q € Q where p and g > 0 are relatively prime,
0 ifz¢gQoraz=0.

Figure [2| shows the graph of f on [0,1]. The Thomae function is continuous at 0
and every irrational number and discontinuous at every nonzero rational number.

To prove this claim, first suppose that x = p/q € Q \ {0} is rational and
nonzero. Then f(z) = 1/¢ > 0, but for every § > 0, the interval (z — 6,z + 9)
contains irrational points y such that f(y) = 0 and |f(z) — f(y)| = 1/¢q. The
definition of continuity therefore fails if 0 < ¢ < 1/¢, and f is discontinuous at x.

Second, suppose that = ¢ Q is irrational. Given e > 0, choose n € N such that
1/n < e. There are finitely many rational numbers » = p/q in the interval (z —
1,2 4 1) with p, g relatively prime and 1 < g < n; we list them as {ry,7a,...,7m}
Choose

0 =min{|z —rg|: k=1,2,...,n}
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Figure 2. A plot of the Thomae function in Example on [0, 1]

to be the distance of z to the closest such rational number. Then & > 0 since
x ¢ Q. Furthermore, if |z — y| < 4, then either y is irrational and f(y) = 0, or
y = p/q in lowest terms with ¢ > n and f(y) = 1/¢ < 1/n < e. In either case,
|f(z) = f(y)] = |f(y)| < €, which proves that f is continuous at z ¢ Q.

The continuity of f at 0 follows immediately from the inequality 0 < f(z) < |z|
for all z € R.

We give a rough classification of discontinuities of a function f: A — R at an
accumulation point ¢ € A as follows.

(1) Removwable discontinuity: lim,_,. f(x) = L exists but L # f(c), in which case
we can make f continuous at ¢ by redefining f(c) = L (see Example[7.12)).

(2) Jump discontinuity: lim,_,. f(z) doesn’t exist, but both the left and right
limits lim,_,.— f(x), lim,_,.+ f(z) exist and are different (see Example [7.9).

(3) Essential discontinuity: lim,_,. f(x) doesn’t exist and at least one of the left
or right limits lim,_, .~ f(x), lim,_,.+ f(z) doesn’t exist (see Examples

T [13)

7.2. Properties of continuous functions

The basic properties of continuous functions follow from those of limits.

Theorem 7.15. If f,g: A — R are continuous at ¢ € A and k € R, then kf, f+g,
and fg are continuous at ¢. Moreover, if g(c) # 0 then f/g is continuous at c.

Proof. This result follows immediately Theorem [6.34 (]

A polynomial function is a function P : R — R of the form

P(z) = ap + a1 + agx® + - - + apa™
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where ag,aq,as,...,a, are real coefficients. A rational function R is a ratio of
polynomials P, @
P(x
R(x) = ( )
Q(z)

The domain of R is the set of points in R such that @ # 0.

Corollary 7.16. Every polynomial function is continuous on R and every rational
function is continuous on its domain.

Proof. The constant function f(z) = 1 and the identity function g(x) = z are
continuous on R. Repeated application of Theorem for scalar multiples, sums,
and products implies that every polynomial is continuous on R. It also follows that
a rational function R = P/Q is continuous at every point where @ # 0. g

Example 7.17. The function f: R — R given by
x + 323 + 52°

f(x) = 1 2 4

+x°+x

is continuous on R since it is a rational function whose denominator never vanishes.

In addition to forming sums, products and quotients, another way to build up
more complicated functions from simpler functions is by composition. We recall
that the composition go f of functions f, g is defined by (go f)(z) = g (f(z)). The
next theorem states that the composition of continuous functions is continuous;
note carefully the points at which we assume f and g are continuous.

Theorem 7.18. Let f : A — Rand g : B — R where f(A4) C B. If f is continuous
at ¢ € A and g is continuous at f(c) € B, then go f: A — R is continuous at c.

Proof. Let € > 0 be given. Since g is continuous at f(c), there exists n > 0 such
that

ly — f(¢)] <n and y € B implies that [g(y) — g (f(c))| <e.
Next, since f is continuous at ¢, there exists § > 0 such that

|z — ¢| < 6 and = € A implies that |f(z) — f(¢)| <n.

Combing these inequalities, we get that

|z —¢| < 0 and x € A implies that |g (f(z)) — g (f(c))| < e,
which proves that g o f is continuous at c. O

Corollary 7.19. Let f : A —> Rand g : B — R where f(A) C B. If f is continuous
on A and g is continuous on f(A), then g o f is continuous on A.

Example 7.20. The function

f(z) = 1/sinx if x # nrw for n € Z,
o ifr=nrforneZ

is continuous on R\ {nx : n € Z}, since it is the composition of & — sin x, which is
continuous on R, and y — 1/y, which is continuous on R\ {0}, and sinz # 0 when
x # nm. It is discontinuous at x = nm because it is not locally bounded at those
points.
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Example 7.21. The function

sin(l/x) if z #0,
fz) = .
0 ifx=0
is continuous on R\ {0}, since it is the composition of # — 1/z, which is continuous
on R\ {0}, and y — siny, which is continuous on R.

Example 7.22. The function
xsin(l/x) if x # 0,
() = 4 et/
0 ifx=0.
is continuous on R \ {0} since it is a product of functions that are continuous on

R\ {0}. As shown in Example f is also continuous at 0, so f is continuous
on R.

7.3. Uniform continuity

Uniform continuity is a subtle but powerful strengthening of continuity.

Definition 7.23. Let f: A — R, where A C R. Then f is uniformly continuous
on A if for every € > 0 there exists a § > 0 such that

|x —y| < 6 and =,y € A implies that |f(x) — f(y)| < e.

The key point of this definition is that ¢ depends only on ¢, not on z, y. A
uniformly continuous function on A is continuous at every point of A, but the
converse is not true.

To explain this point in more detail, note that if a function f is continuous on
A, then given € > 0 and ¢ € A, there exists d(e, ¢) > 0 such that
|z —¢c| < d(e,¢) and x € A implies that |f(z) — f(c)] <e.
If for some ¢y > 0 we have
Ciggé(eo,c) =0

however we choose 0(eg,¢) > 0 in the definition of continuity, then no do(ep) > 0
depending only on €, works simultaneously for every ¢ € A. In that case, the
function is continuous on A but not uniformly continuous.

Before giving some examples, we state a sequential condition for uniform con-
tinuity to fail.

Proposition 7.24. A function f : A — R is not uniformly continuous on A if and
only if there exists eg > 0 and sequences (z,,), (y,) in A such that

lim |z, —yn| =0 and |f(z,) — f(yn)| > €o for all n € N.
n—oo
Proof. If f is not uniformly continuous, then there exists ¢y > 0 such that for every
0 > 0 there are points z,y € A with |z —y| < ¢ and |f(z) — f(y)| > €. Choosing
Zn,Yn € A to be any such points for § = 1/n, we get the required sequences.
Conversely, if the sequential condition holds, then for every § > 0 there exists
n € N such that |z, —y,| < d and | f(z,) — f(yn)| > €. It follows that the uniform
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continuity condition in Definition [7.23] cannot hold for any § > 0 if € = €, so f is
not uniformly continuous. |

Example 7.25. Example shows that the sine function is uniformly continuous
on R, since we can take § = € for every z,y € R.

Example 7.26. Define f : [0,1] — R by f(x) = 22. Then f is uniformly continuous
on [0,1]. To prove this, note that for all z,y € [0, 1] we have

=y =lr+ylle—yl <2z -yl

so we can take § = €/2 in the definition of uniform continuity. Similarly, f(z) = 2>

is uniformly continuous on any bounded set.

Example 7.27. The function f(z) = 2?2 is continuous but not uniformly continuous
on R. We have already proved that f is continuous on R (it’s a polynomial). To
prove that f is not uniformly continuous, let

Ty =N, Yo =N+ —.
n
Then
1
lim |z, —y,| = lim — =0,
n—oo n—,oo M
but

1\? 1
|f($n)—f(yn)|:<n+n> _n2:2+ﬁ22 for every n € N.

It follows from Proposition that f is not uniformly continuous on R. The
problem here is that in order to prove the continuity of f at ¢, given € > 0 we need
to make (e, ¢) smaller as ¢ gets larger, and 0(e,c) — 0 as ¢ — oo.

Example 7.28. The function f : (0,1] — R defined by

is continuous but not uniformly continuous on (0, 1]. It is continuous on (0, 1] since
it’s a rational function whose denominator z is nonzero in (0,1]. To prove that f
is not uniformly continuous, we define x,,,y, € (0,1] for n € N by

Then |z, — y,| = 0 as n — oo, but
lf(zn) — flyn)|=(n+1)—n=1 for every n € N.

It follows from Proposition that f is not uniformly continuous on (0, 1]. The
problem here is that given e > 0, we need to make (e, ¢) smaller as ¢ gets closer to
0, and (e, ¢) — 0 as ¢ — 0F.

The non-uniformly continuous functions in the last two examples were un-
bounded. However, even bounded continuous functions can fail to be uniformly
continuous if they oscillate arbitrarily quickly.
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Example 7.29. Define f : (0,1] — R by

) =sin (1)

Then f is continuous on (0, 1] but it isn’t uniformly continuous on (0, 1]. To prove
this, define x,,y, € (0,1] for n € N by
1 1
Tpn = = n=— 5 _ . _Ja°
2nm Y 2nm + /2

Then |z, — y,| — 0 as n — oo, but

|f(zn) — f(yn)| = sin <2n7r+ g) —sin2nm =1 for all n € N.

It isn’t a coincidence that these examples of non-uniformly continuous functions
have domains that are either unbounded or not closed. We will prove in Section
that a continuous function on a compact set is uniformly continuous.

7.4. Continuous functions and open sets

Let f: A — R be a function. Recall that if B C A, then the image of B under f
is the set

f(B)={y € R:y= f(x) for some z € B},

and if C' C R, then the inverse image, or preimage, of C' under f is the set
fFHC)y={zcA: f(x)eC}.
The next example illustrates how open sets behave under continuous functions.

Example 7.30. Define f : R — R by f(x) = 22, and consider the open interval
I =(1,4). Then both f(I) = (1,16) and f~(I) = (-2, —1)U(1,2) are open. There
are two intervals in the inverse image of I because f is two-to-one on f~(I). On
the other hand, if J = (—1,1), then

f(J) = [071)’ f_l(‘]) = (_171)a

so the inverse image of the open interval J is open, but the image is not.

Thus, a continuous function needn’t map open sets to open sets. As we will
show, however, the inverse image of an open set under a continuous function is
always open. This property is the topological definition of a continuous function;
it is a global definition in the sense that it is equivalent to the continuity of the
function at every point of its domain.

Recall from Section that a subset B of a set A C R is relatively open in
A, or open in A, if B = ANU where U is open in R. Moreover, as stated in
Proposition [5.13] B is relatively open in A if and only if every point € B has a
relative neighborhood C' = ANV such that C C B, where V is a neighborhood of
z in R.

Theorem 7.31. A function f: A — R is continuous on A if and only if f=(V) is
open in A for every set V' that is open in R.
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Proof. First assume that f is continuous on A, and suppose that ¢ € f=(V).
Then f(c) € V and since V is open it contains an e-neighborhood

Ve (£(0) = (f(c) =€ flc) +¢)
of f(c). Since f is continuous at ¢, there is a é-neighborhood
Us(c) = (c—6,c+9)

of ¢ such that
fANUs(c)) C Ve (f(e)).

This statement just says that if | —¢| < § and = € A, then |f(x) — f(¢)] < e It
follows that

ANUs(e) c f7H(V),

meaning that f~1(V) contains a relative neighborhood of ¢. Therefore f=1(V) is
relatively open in A.

Conversely, assume that f~1(V) is open in A for every open V in R, and let
¢ € A. Then the preimage of the e-neighborhood (f(c) —e¢, f(c) +€) is open in A, so
it contains a relative d-neighborhood AN(c—4, c+9). It follows that | f(z)— f(c)| < €
if | — ¢| < 6 and = € A, which means that f is continuous at c. O

As one illustration of how we can use this result, we prove that continuous
functions map intervals to intervals. (See Definition for what we mean by an
interval.) In view of Theorem [5.63] this is a special case of the fact that continuous
functions map connected sets to connected sets (see Theorem .

Theorem 7.32. Suppose that f : I — R is continuous and I C R is an interval.
Then f(I) is an interval.

Proof. Suppose that f(I) is not a interval. Then, by Theorem[5.63] f(I) is discon-
nected, and there exist nonempty, disjoint open sets U, V such that UUV D f(I).
Since f is continuous, f~(U), f~1(V) are open from Theorem [7.31] Furthermore,
f7HU), f~YV) are nonempty and disjoint, and f~H({U)U f~1(V) = I. It follows
that I is disconnected and therefore I is not an interval from Theorem [5.63] This
shows that if I is an interval, then f(I) is also an interval. O

We can also define open functions, or open mappings. Although they form an
important class of functions, they aren’t as fundamental as continuous functions.

Definition 7.33. An open mapping on a set A C R is a function f: A — R such
that f(B) is open in R for every set B C A that is open in A.

A continuous function needn’t be open, but if f : A — R is continuous and
one-to-one, then f~1: f(A) — R is open.

Example 7.34. Example shows that the square function f : R — R defined
by f(z) = #? is not an open mapping on R. On the other hand f : [0,00) — R is
open because it is one-to-one with a continuous inverse f~1 : [0,00) — R given by

7 (@) = V.
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7.5. Continuous functions on compact sets

Continuous functions on compact sets have especially nice properties. For example,
they are bounded and attain their maximum and minimum values, and they are
uniformly continuous. Since a closed, bounded interval is compact, these results
apply, in particular, to continuous functions f : [a, b] — R.

First, we prove that the continuous image of a compact set in R is compact.
This is a special case of the fact that continuous functions map compact sets to

compact sets (see Theorem [13.82)).

Theorem 7.35. If K C R is compact and f : K — R is continuous, then f(K) is
compact.

Proof. We will give two proofs, one using sequences and the other using open
covers.

We show that f(K) is sequentially compact. Let (y,) be a sequence in f(K).
Then y, = f(z,) for some z,, € K. Since K is compact, the sequence (x,) has a
convergent subsequence (x,,) such that

lim z,,, =z
. K3
1— 00

where x € K. Since f is continuous on K,
lim f (zn,) = f().
71— 00
Writing y = f(x), we have y € f(K) and
lim y,, = v.
1— 00
Therefore every sequence (y,,) in f(K) has a convergent subsequence whose limit

belongs to f(K), so f(K) is compact.

As an alternative proof, we show that f(K') has the Heine-Borel property. Sup-
pose that {V; : i € I'} is an open cover of f(K). Since f is continuous, Theorem
implies that f=1(V;) is open in K, so {f~(V;) : i € I} is an open cover of K. Since
K is compact, there is a finite subcover

{7 Vi) 7 (Vi) 7N (Vi) )
of K, and it follows that
{Viys Vig, -+, Vi }

is a finite subcover of the original open cover of f(K). This proves that f(K) is
compact. 0

Note that compactness is essential here; it is not true, in general, that a con-
tinuous function maps closed sets to closed sets.

Example 7.36. Define f : R — R by
1
o) =1
Then [0, 00) is closed but f ([0, 00)) = (0, 1] is not.
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Figure 3. A plot of the function y = z + zsin(1/x) on [0,2/7] and a detail
near the origin.

The following result is one of the most important property of continuous func-
tions on compact sets.

Theorem 7.37 (Weierstrass extreme value). If f : K — R is continuous and
K C R is compact, then f is bounded on K and f attains its maximum and
minimum values on K.

Proof. The image f(K) is compact from Theorem Proposition implies
that f(K) is bounded and the maximum M and minimum m belong to f(K).
Therefore there are points z,y € K such that f(z) = M, f(y) = m, and f attains
its maximum and minimum on K. (]

Example 7.38. Define f : [0,1] — R by

1/z if0<z<1,
f(m)_{o if 2 = 0.

Then f is unbounded on [0, 1] and has no maximum value (f does, however, have
a minimum value of 0 attained at = 0). In this example, [0, 1] is compact but f
is discontinuous at 0, which shows that a discontinuous function on a compact set
needn’t be bounded.

Example 7.39. Define f : (0,1] — R by f(x) = 1/x. Then f is unbounded on
(0, 1] with no maximum value (f does, however, have a minimum value of 1 attained
at = 1). In this example, f is continuous but the half-open interval (0,1] isn’t

compact, which shows that a continuous function on a non-compact set needn’t be
bounded.

Example 7.40. Define f: (0,1) = R by f(z) = z. Then

inf x) =0, su x)=1
xe(o,l)f( ) IE(OI?l)f( )

but f(x) #0, f(z) # 1 for any 0 < & < 1. Thus, even if a continuous function on
a non-compact set is bounded, it needn’t attain its supremum or infimum.
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Example 7.41. Define f : [0,2/7] — R by

flz) = x+xsin(l/z) if0<x <2/,
o if 2 = 0.

(See Figure ) Then f is continuous on the compact interval [0,2/7], so by The-

orem it attains its maximum and minimum. For 0 < z < 2/m, we have

0 < f(z) < 1/7 since |sin1/z| < 1. Thus, the minimum value of f is 0, attained

at x = 0. It is also attained at infinitely many other interior points in the interval,
1

" 2nw +3n/2’

where sin(1/z,) = —1. The maximum value of f is 1/7, attained at = = 2/.

n=0,1,2.3,...,

Finally, we prove that continuous functions on compact sets are uniformly
continuous

Theorem 7.42. If f : K — R is continuous and K C R is compact, then f is
uniformly continuous on K.

Proof. Suppose for contradiction that f is not uniformly continuous on K. Then
from Proposition there exists €y > 0 and sequences (), (y,) in K such that

lim |z, —yn| =0 and |f(z,) — f(yn)| > €o for every n € N.
n— oo
Since K is compact, there is a convergent subsequence (z,,) of (z,) such that
lim z,, =z € K.
1—> 00
Moreover, since (z, — yn) — 0 as n — oo, it follows that
hm Yn; = hm [xm - (xnz - ym)] = hm Tn; — hm (mTh - ym) =,
1— 00 71— 00 71— 00 71— 00
s0 (yn,) also converges to . Then, since f is continuous on K,
T | f(zn,) = f(yn)| = | im f(zn,) = Tm f(ya,)| = [f(2) = f(z)] =0,
11— 00 71— 00 71— 00
but this contradicts the non-uniform continuity condition

Therefore f is uniformly continuous. ]

Z €.

Example 7.43. The function f : [0,2/7] — R defined in Example is uniformly
continuous on [0,2/7] since it is is continuous and [0,2/7] is compact.

7.6. The intermediate value theorem

The intermediate value theorem states that a continuous function on an interval
takes on all values between any two of its values. We first prove a special case.

Theorem 7.44 (Intermediate value). Suppose that f : [a,b] — R is a continuous
function on a closed, bounded interval. If f(a) < 0 and f(b) > 0, or f(a) > 0 and
f(b) < 0, then there is a point a < ¢ < b such that f(c) =0.
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Proof. Assume for definiteness that f(a) < 0 and f(b) > 0. (If f(a) > 0 and
f(b) <0, consider — f instead of f.) The set

E={z€[a,b]: f(x) <0}
is nonempty, since a € F, and F is bounded from above by b. Let
c=supFE € [a,b],
which exists by the completeness of R. We claim that f(c¢) = 0.

Suppose for contradiction that f(c) # 0. Since f is continuous at ¢, there exists
6 > 0 such that

|z —c| < & and z € [a,b] implies that |f(x) — f(c)| < %|f(c)|
If f(c) <0, then ¢ # b and

1
fl@) = f(e) + flx) = fle) < fle) = 5f(e)
for all « € [a, b] such that |z —c| < 4, so f(z) < 3 f(c) < 0. It follows that there are
points x € E with > ¢, which contradicts the fact that ¢ is an upper bound of E.
If f(¢) > 0, then ¢ # a and

7(2) = F0) + £(&) — F() > F(e) — 3 (0

for all z € [a,b] such that [z — ¢[ < &, so f(z) > 3 f(c) > 0. It follows that there
exists 7 > 0 such that ¢ —n > a and

fl)y>0forc—np<z<ec

In that case, ¢ — n < ¢ is an upper bound for F, since c¢ is an upper bound and
f(@) > 0 for ¢ —n < x < ¢, which contradicts the fact that ¢ is the least upper
bound. This proves that f(c) = 0. Finally, ¢ # a,b since f is nonzero at the
endpoints, so a < ¢ < b. (]

We give some examples to show that all of the hypotheses in this theorem are
necessary.
Example 7.45. Let K = [-2,—1] U1, 2] and define f : K — R by
-1 if-2<zx<-1
f(w)_{1 if1<z<2

Then f(—2) < 0 and f(2) > 0, but f doesn’t vanish at any point in its domain.
Thus, in general, Theorem [7.44] fails if the domain of f is not a connected interval
[a, b].

Example 7.46. Define f: [-1,1] — R by
-1 if-1<z<0
f(x)_{1 ifo<z<1

Then f(—1) < 0 and f(1) > 0, but f doesn’t vanish at any point in its domain.
Here, f is defined on an interval but it is discontinuous at 0. Thus, in general,
Theorem [7.44] fails for discontinuous functions.
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As one immediate consequence of the intermediate value theorem, we show that
the real numbers contain the square root of 2.

Example 7.47. Define the continuous function f : [1,2] — R by

flz) =2 - 2.
Then f(1) < 0 and f(2) > 0, so Theorem implies that there exists 1 < ¢ < 2
such that ¢? = 2. Moreover, since 22 — 2 is strictly increasing on [0, 00), there is a
unique such positive number, and we have proved the existence of /2.

We can get more accurate approximations to v/2 by repeatedly bisecting the
interval [1,2]. For example f(3/2) = 1/4 > 0so 1 < /2 < 3/2, and f(5/4) < 0
so 5/4 < v/2 < 3/2, and so on. This bisection method is a simple, but useful,
algorithm for computing numerical approximations of solutions of f(x) = 0 where
f is a continuous function.

Note that we used the existence of a supremum in the proof of Theorem If
we restrict f(z) = 2 — 2 to rational numbers, f : A — Q where A = [1,2]NQ, then
f is continuous on A, f(1) < 0 and f(2) > 0, but f(c) # 0 for any ¢ € A since v/2
is irrational. This shows that the completeness of R is essential for Theorem [7.44]

to hold. (Thus, in a sense, the theorem actually describes the completeness of the
continuum R rather than the continuity of f!)

The general statement of the Intermediate Value Theorem follows immediately
from this special case.

Theorem 7.48 (Intermediate value theorem). Suppose that f : [a,b] — R is
a continuous function on a closed, bounded interval. Then for every d strictly
between f(a) and f(b) there is a point a < ¢ < b such that f(c) =d.

Proof. Suppose, for definiteness, that f(a) < f(b) and f(a) < d < f(b). (If
fla) > f(b) and f(b) < d < f(a), apply the same proof to —f, and if f(a) = f(b)
there is nothing to prove.) Let g(x) = f(x) — d. Then g(a) < 0 and g(b) > 0, so
Theorem [7.44] implies that g(c) = 0 for some a < ¢ < b, meaning that f(c) =d. O

As one consequence of our previous results, we prove that a continuous function
maps compact intervals to compact intervals.

Theorem 7.49. Suppose that f : [a,b] — R is a continuous function on a closed,
bounded interval. Then f([a,b]) = [m, M] is a closed, bounded interval.

Proof. Theorem implies that m < f(z) < M for all z € [a,b], where m and
M are the maximum and minimum values of f on [a,b], so f([a,b]) C [m,M].
Moreover, there are points ¢, d € [a, b] such that f(c) =m, f(d) = M.

Let J =[c,d] if c<dor J=][d,c]ifd<c Then J C [a,b], and Theorem
implies that f takes on all values in [m, M| on J. It follows that f([a,b]) D [m, M],
so f([a,b]) = [m, M]. -

First we give an example to illustrate the theorem.

Example 7.50. Define f:[-1,1] = R by

f(z) =z — 2>
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Then, using calculus to compute the maximum and minimum of f, we find that
2

Veh

This example illustrates that f ([a,b]) # [f(a), f(b)] unless f is increasing.

F(=L1) = [-M,M], M=

Next we give some examples to show that the continuity of f and the con-
nectedness and compactness of the interval [a,b] are essential for Theorem to
hold.

Example 7.51. Let sgn : [-1,1] — R be the sign function defined in Example
Then f is a discontinuous function on a compact interval [—1,1], but the range
f([-1,1]) = {-1,0, 1} consists of three isolated points and is not an interval.

Example 7.52. In Example the function f : K — R is continuous on a
compact set K but f(K) = {—1,1} consists of two isolated points and is not an
interval.

Example 7.53. The continuous function f : R — R in Example [7.36] maps the
unbounded, closed interval [0, c0) to the half-open interval (0, 1].

The last example shows that a continuous function may map a closed but
unbounded interval to an interval which isn’t closed (or open). Nevertheless, as
shown in Theorem [7.32] a continuous function always maps intervals to intervals,
although the intervals may be open, closed, half-open, bounded, or unbounded.

7.7. Monotonic functions

Monotonic functions have continuity properties that are not shared by general func-
tions.

Definition 7.54. Let I C R be an interval. A function f : I — R is increasing if
f(z1) < f(z2) if x1,79 € I and 1 < 9,
strictly increasing if
f(z1) < f(z2) if x1,22 € I and z1 < 2,
decreasing if
f(z1) = f(z2) if x1,29 € I and 21 < 23,
and strictly decreasing if
f(x1) > f(x2) if 1,29 € I and 21 < @».
An increasing or decreasing function is called a monotonic function, and a strictly

increasing or strictly decreasing function is called a strictly monotonic function.

A commonly used alternative (and, unfortunately, incompatible) terminology
is “nondecreasing” for “increasing,” “increasing” for “strictly increasing,” “nonin-
creasing” for “decreasing,” and “decreasing” for “strictly decreasing.” According to
our terminology, a constant function is both increasing and decreasing. Monotonic
functions are also referred to as monotone functions.



7.7. Monotonic functions 139

Theorem 7.55. If f : I — R is monotonic on an interval I, then the left and right
limits of f,

lim f(x), lim f(x),

T—c— r—ct

exist at every interior point ¢ of I.

Proof. Assume for definiteness that f is increasing. (If f is decreasing, we can
apply the same argument to —f which is increasing). We will prove that

lim f(x) =supkFE, E={f(z)eR:zelandz<c}.
r—Cc—

The set F is nonempty since ¢ in an interior point of I, so there exists x € I
with < ¢, and E bounded from above by f(c¢) since f is increasing. It follows
that L = sup F € R exists. (Note that L may be strictly less than f(c)!)

Suppose that € > 0 is given. Since L is a least upper bound of E, there exists
Yo € E such that L — e < yo < L, and therefore xy € I with zy < ¢ such that
flxo) =yo. Let 6 =c—a9 >0. If c— 6 <z < ¢, then zyp < z < ¢ and therefore
f(zo) < f(z) < L since f is increasing and L is an upper bound of E. It follows
that

L—-—e< f(x)<L ife-d<z<e,
which proves that lim,_,.- f(z) = L.

A similar argument, or the same argument applied to g(z) = —f(—x), shows

that
lim+f(x) =inf{f(z)eR:z el and z >c}.
xr—cC

We leave the details as an exercise. O

Similarly, if I = (a,b] has right-endpoint b € I and f is monotonic on I, then
the left limit lim,_,;,— f(x) exists, although it may not equal f(b), and if a € I is a
left-endpoint, then the right limit lim,_,,+ f(z) exists, although it may not equal

f(a).

Corollary 7.56. Every discontinuity of a monotonic function f : I — R at an
interior point of the interval I is a jump discontinuity.

Proof. If ¢ is an interior point of I, then the left and right limits of f at c exist by
the previous theorem. Moreover, assuming for definiteness that f is increasing, we
have

flz) < fle) < f(y) for all z,y € I with z < ¢ <y,

and since limits preserve inequalities
lim f(2) < f(c) < lim_f(a).
T—c— r—ct

If the left and right limits are equal, then the limit exists and is equal to the left
and right limits, so

lim f(z) = f(c),
r—c
meaning that f is continuous at c. In particular, a monotonic function cannot have

a removable discontinuity at an interior point of its domain (although it can have
one at an endpoint of a closed interval). If the left and right limits are not equal,
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then f has a jump discontinuity at ¢, so f cannot have an essential discontinuity
either. 0

One can show that a monotonic function has, at most, a countable number
of discontinuities, and it may have a countably infinite number, but we omit the
proof. By contrast, the non-monotonic Dirichlet function has uncountably many
discontinuities at every point of R.



—
Chapter 8

Differentiable Functions

A differentiable function is a function that can be approximated locally by a linear
function.

8.1. The derivative

Definition 8.1. Suppose that f : (a,b) = Rand a < ¢ < b. Then f is differentiable
at ¢ with derivative f’(c) if

[ fle+h)— [f(o) /

1 —_— = .

hlir%) |: h f (C)
The domain of f’ is the set of points ¢ € (a,b) for which this limit exists. If the
limit exists for every ¢ € (a,b) then we say that f is differentiable on (a, b).

Graphically, this definition says that the derivative of f at ¢ is the slope of the
tangent line to y = f(x) at ¢, which is the limit as h — 0 of the slopes of the lines
through (¢, f(¢)) and (¢ + h, f(c+ h)).

We can also write

f'(c) = lim

r—c

f(x) = ()
T —c ’
since if x = ¢+ h, the conditions 0 < |z — ¢| < § and 0 < |h| < ¢ in the definitions
of the limits are equivalent. The ratio

f(z) = f(c)

x—c

is undefined (0/0) at « = ¢, but it doesn’t have to be defined in order for the limit
as £ — c to exist.

Like continuity, differentiability is a local property. That is, the differentiability
of a function f at ¢ and the value of the derivative, if it exists, depend only the
values of f in a arbitrarily small neighborhood of ¢. In particular if f : A — R

141
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where A C R, then we can define the differentiability of f at any interior point
¢ € A since there is an open interval (a,b) C A with ¢ € (a,b).

8.1.1. Examples of derivatives. Let us give a number of examples that illus-
trate differentiable and non-differentiable functions.

Example 8.2. The function f : R — R defined by f(x) = 22 is differentiable on
R with derivative f'(x) = 2x since

2 _ 2
[(c—l—h) c } ~ lim h(2¢c+ h)
h h—0

lim

= lim (2¢+ h) = 2c.
h—0 h—0

Note that in computing the derivative, we first cancel by h, which is valid since
h # 0 in the definition of the limit, and then set h = 0 to evaluate the limit. This
procedure would be inconsistent if we didn’t use limits.

Example 8.3. The function f : R — R defined by

22 ifx >0,
0 ifz<O.

2¢ ifx >0
7 _ )
f(x)_{o if 2 < 0.

For x > 0, the derivative is f/(z) = 2z as above, and for x < 0, we have f'(z) = 0.
For 0, we consider the limit

lim =
h—0

h—0 h

[0SO _ 100

The right limit is

lim M: lim h =0,
h—0+ h—0
and the left limit is
lim Lh) =0.
h—0— h

Since the left and right limits exist and are equal, the limit also exists, and f is
differentiable at 0 with f/(0) = 0.

Next, we consider some examples of non-differentiability at discontinuities, cor-
ners, and cusps.

Example 8.4. The function f: R — R defined by

LNt
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is differentiable at x # 0 with derivative f’(z) = —1/2? since
lim {f(c—i— h) — f(c)} ~ lim [1/(0—1— h) — 1/0}
h—0 h h—0 h
. [e—=(c+nh)
= i [ he(e 1 h) }

B0 c(c+h)

1

2’
However, f is not differentiable at 0 since the limit

lim {f(h)hf(o)} [1/hho} 1

h—0 h—0 h2

= lim
h—0

does not exist.

Example 8.5. The sign function f(z) = sgnz, defined in Example is differ-
entiable at x # 0 with f/(z) = 0, since in that case f(z + h) — f(z) = 0 for all
sufficiently small h. The sign function is not differentiable at 0 since

[sgnh - sgn()}

= lim sgnh
- =

i
o h—0 h

h—0

and

sgnh  J1/h  ifh>0
h | -1/h ifh<0

is unbounded in every neighborhood of 0, so its limit does not exist.

Example 8.6. The absolute value function f(z) = |z| is differentiable at x # 0
with derivative f'(x) = sgnx. It is not differentiable at 0, however, since
f(h) = f(0) ||

li = lim — = li h
hlg% h hlg%) hli% Sen

does not exist. (The right limit is 1 and the left limit is —1.)

Example 8.7. The function f : R — R defined by f(z) = |z|'/? is differentiable
at © # 0 with

sgn

f/(ill) = 2|$|1/2 .

If ¢ > 0, then using the difference of two square to rationalize the numerator, we
get

_ 1/2 _ .1/2
lim [f(chh) f(c)} _ (c+h) c
h—0 h

(c+h)—c

im
h—0 h [(c+ h)/2 + 01/2]
=i (c+ h)L/2 4 c1/2?
- 1
- 2¢1/2°
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If ¢ < 0, we get the analogous result with a negative sign. However, f is not
differentiable at 0, since

. f(h)=f(O) . 1
hli>r1([)1+ h o hlif]([)lJr hl/2

does not exist.
Example 8.8. The function f : R — R defined by f(z) = 2!/3 is differentiable at
x # 0 with

, 1
f(x):m.

To prove this result, we use the identity for the difference of cubes,
a® —b® = (a —b)(a* + ab + b?),
and get for ¢ # 0 that

_ 1/3 _ .1/3
TG R 10 B (R D
h—0 h h—0 h
(c+h)—c
= 11m
h=0 h [(c+ h)2/3 + (c+ h)1/3c1/3 + ¢2/3]
. 1
= lim
h30 (e + 1) 1 (e + h)1BA/3 4 273
1
T 3¢2/3°

However, f is not differentiable at 0, since

lim 7‘/:(}1) - f0) = lim 1

h—0 h h—0 h2/3
does not exist.

Finally, we consider some examples of highly oscillatory functions.

Example 8.9. Define f: R — R by

_ Jwsin(l/z) ifx#0,
f(x)_{o if 2 = 0.

It follows from the product and chain rules proved below that f is differentiable at

x # 0 with derivative

1 1 1
f'(x) =sin = — = cos —.
x x x
However, f is not differentiable at 0, since

lim M = lim sin —,
h—0 h h—0 h

which does not exist.

Example 8.10. Define f : R — R by

_Ja?sin(l/z) ifx #0,
f(x){o if 2 = 0.
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-1 -0.5 0 05 1 -0.1 -0.05 0 0.05 0.1

Figure 1. A plot of the function y = x2sin(1/x) and a detail near the origin
with the parabolas y = 2 shown in red.

Then f is differentiable on R. (See Figure ) It follows from the product and chain
rules proved below that f is differentiable at x # 0 with derivative

1 1
f/(z) = 2zsin — — cos —.
T T

Moreover, f is differentiable at 0 with f/(0) = 0, since

— 1

lim M = lim hsin — = 0.
h—0 h h—0 h

In this example, lim,_,o f'(z) does not exist, so although f is differentiable on R,

its derivative f’ is not continuous at 0.

8.1.2. Derivatives as linear approximations. Another way to view Defini-
tion Bl is to write
Fle+h) = £(e) + F(e)h + ()
as the sum of a linear (or, strictly speaking, affine) approximation f(c) + f’(c)h of

f(e+ h) and a remainder r(h). In general, the remainder also depends on ¢, but
we don’t show this explicitly since we're regarding c as fixed.

As we prove in the following proposition, the differentiability of f at ¢ is equiv-

alent to the condition
r(h)

Jiny, =~ =0

That is, the remainder r(h) approaches 0 faster than h, so the linear terms in h
provide a leading order approximation to f(c+ h) when h is small. We also write
this condition on the remainder as

r(h) = o(h) as h — 0,

pronounced “r is little-oh of h as h — 0.”

Graphically, this condition means that the graph of f near c is close the line
through the point (¢, f(c¢)) with slope f’(c¢). Analytically, it means that the function

h— f(c+h)— f(e)
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is approximated near ¢ by the linear function
h~ f'(c)h.

Thus, f'(c) may be interpreted as a scaling factor by which a differentiable function
f shrinks or stretches lengths near c.

If |f'(c)] < 1, then f shrinks the length of a small interval about ¢ by (ap-
proximately) this factor; if |f/(c)| > 1, then f stretches the length of an interval
by (approximately) this factor; if f’(¢) > 0, then f preserves the orientation of
the interval, meaning that it maps the left endpoint to the left endpoint of the
image and the right endpoint to the right endpoints; if f'(c) < 0, then f reverses
the orientation of the interval, meaning that it maps the left endpoint to the right
endpoint of the image and visa-versa.

We can use this description as a definition of the derivative.

Proposition 8.11. Suppose that f : (a,b) — R. Then f is differentiable at ¢ €
(a,b) if and only if there exists a constant A € R and a function r : (a—¢,b—c) —» R
such that

r(h)

fle+h) = f(c) + Ah +r(h), 2%720.

In that case, A = f'(c).

Proof. First suppose that f is differentiable at ¢ according to Definition and
define

r(h) = flc+h) = f(c) = f'(c)h.
Then
r(h)

lim —= = lim
h—0 h h—0

REESZE (R Y

so the condition in the proposition holds with A = f/(¢).
Conversely, suppose that f(c+ h) = f(c) + Ah + r(h) where r(h)/h — 0 as

h — 0. Then
lim [f(chh)f(C)] — lim |:A+T(h):| = A,
h—0 h h—0 h
so f is differentiable at ¢ with f/(c) = A. O

Example 8.12. For Examplewith f(x) = 22, we get
(c+ h)* = c* + 2ch + h?,
and r(h) = h?, which goes to zero at a quadratic rate as h — 0.

Example 8.13. For Example [8.4 with f(z) = 1/z, we get

1 1 1
=—-—=h h
c+h ¢ 2 +r(h),
for ¢ # 0, where the quadratically small remainder is
h2
r(h) =

A(c+h)
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8.1.3. Left and right derivatives. For the most part, we will use derivatives
that are defined only at the interior points of the domain of a function. Sometimes,
however, it is convenient to use one-sided left or right derivatives that are defined
at the endpoint of an interval.

Definition 8.14. Suppose that f : [a,b] — R. Then f is right-differentiable at
a < ¢ < b with right derivative f/(c*) if

g [HEER IO _ gy

exists, and f is left-differentiable at a < ¢ < b with left derivative f'(¢™) if

[0y [0,

A function is differentiable at a < ¢ < b if and only if the left and right
derivatives at ¢ both exist and are equal.

Example 8.15. If f:[0,1] — R is defined by f(x) = 22, then
flor)y=0,  f@a)=2

These left and right derivatives remain the same if f is extended to a function
defined on a larger domain, say

22 ifo<z<l,
fly=41 ifz>1,
1/xz ifz <0.

For this extended function we have f'(17) = 0, which is not equal to f'(17), and
f/(07) does not exist, so the extended function is not differentiable at either 0 or
1.

Example 8.16. The absolute value function f(z) = |z| in Example [8.6]is left and
right differentiable at 0 with left and right derivatives

o) =1 f07)=-1.

These are not equal, and f is not differentiable at 0.

8.2. Properties of the derivative
In this section, we prove some basic properties of differentiable functions.

8.2.1. Differentiability and continuity. First we discuss the relation between
differentiability and continuity.

Theorem 8.17. If f : (a,b) — R is differentiable at at ¢ € (a,b), then f is
continuous at c.
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Proof. If f is differentiable at ¢, then

}lbi_>mof(c+h) — f(e) = lim

h—0 h
= lim [f(c+h>_f( )] lim h
h—0 h h—0
= f'(c)-0
0,
which implies that f is continuous at c. (]

For example, the sign function in Example has a jump discontinuity at 0
so it cannot be differentiable at 0. The converse does not hold, and a continuous
function needn’t be differentiable. The functions in Examples are
continuous but not differentiable at 0. Example describes a function that is
continuous on R but not differentiable anywhere.

In Example the function is differentiable on R, but the derivative f’ is not
continuous at 0. Thus, while a function f has to be continuous to be differentiable,
if f is differentiable its derivative f’ need not be continuous. This leads to the
following definition.

Definition 8.18. A function f : (a,b) — R is continuously differentiable on (a, b),
written f € C1(a,b), if it is differentiable on (a,b) and f’ : (a,b) — R is continuous.

For example, the function f(z) = x? with derivative f'(z) = 2x is continu-
ously differentiable on R, whereas the function in Example is not continuously
differentiable at 0. As this example illustrates, functions that are differentiable
but not continuously differentiable may behave in rather pathological ways. On
the other hand, the behavior of continuously differentiable functions, whose graphs
have continuously varying tangent lines, is more-or-less consistent with what one
expects.

8.2.2. Algebraic properties of the derivative. A fundamental property of the
derivative is that it is a linear operation. In addition, we have the following product
and quotient rules.

Theorem 8.19. If f,g: (a,b) — R are differentiable at ¢ € (a,b) and k € R, then
kf, f+ g, and fg are differentiable at ¢ with

(kf)(e) =kf'(c), (f+9)(c)=Ff(c)+d(c), (fg)(c)=f'(c)gle)+ fc)g'(c).
Furthermore, if g(c) # 0, then f/g is differentiable at ¢ with

(f)' (© f(e)gle) = fle)g'(c)
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Proof. The first two properties follow immediately from the linearity of limits
stated in Theorem For the product rule, we write

waﬁy%_ﬂC+MM02Mf®M@q
— i [ = Kt ) J ot 1) —0(0)
h—0 | h
= f'(c)g(e) + f(c)g' (o),

where we have used the properties of limits in Theorem [6.34] and Theorem
which implies that g is continuous at c¢. The quotient rule follows by a similar
argument, or by combining the product rule with the chain rule, which implies that
(1/9)" = —g¢'/g?. (See Example below.) O

Example 8.20. We have 1’ = 0 and 2’ = 1. Repeated application of the product
rule implies that =" is differentiable on R for every n € N with

(") = na"" .
Alternatively, we can prove this result by induction: The formula holds for n = 1.
Assuming that it holds for some n € N, we get from the product rule that

("t =(z-2") =1-2"+z -na"" ' = (n+1)z",

and the result follows. It also follows by linearity that every polynomial function
is differentiable on R, and from the quotient rule that every rational function is
differentiable at every point where its denominator is nonzero. The derivatives are
given by their usual formulae.

8.3. The chain rule

The chain rule states that the composition of differentiable functions is differen-
tiable. The result is quite natural if one thinks in terms of derivatives as linear
maps. If f is differentiable at ¢, it scales lengths by a factor f’(c), and if ¢ is
differentiable at f(c), it scales lengths by a factor g’ (f(c)). Thus, the composition
g o f scales lengths at ¢ by a factor ¢’ (f(c)) - f'(¢). Equivalently, the derivative of
a composition is the composition of the derivatives (regarded as linear maps).

We will prove the chain rule by showing that the composition of remainder
terms in the linear approximations of f and g leads to a similar remainder term in
the linear approximation of go f. The argument is complicated by the fact that we
have to evaluate the remainder of g at a point that depends on the remainder of f,
but this complication should not obscure the simplicity of the final result.

Theorem 8.21 (Chain rule). Let f : A - R and g : B — R where A C R and
f (A) C B, and suppose that ¢ is an interior point of A and f(c) is an interior point
of B. If f is differentiable at ¢ and g is differentiable at f(c), then go f: A — R is
differentiable at ¢ and

(go f)(c) =g (f(e) '(c).
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Proof. Since f is differentiable at ¢, there is a function r(h) such that

fletm)= 7o)+ f@n+ ey, Jim g,

and since g is differentiable at f(c), there is a function s(k) such that

g(f(e)+k)=g(f(c) +g (f(c)k+s(k), lim =~ =0.
It follows that

(go f)lc+h)=g(f(c)+ f(c)h+r(h)
=g(f "(f(e) - (f'(e)h+r(h) + s (f(c)h+r(R))
=g(f(c)) ) f'(c) - h+t(h)
where
t(h) =g (f(c)) r(h) +s(¢(h),  &(h)=f'(c)h+r(h).

Since r(h)/h — 0 as h — 0, we have

) s(6(h)
Jimy == = Jim ===

We claim that this limit exists and is zero, and then it follows from Proposition|8.11
that g o f is differentiable at ¢ with

(go f)(c) =g (f(c) f'(c).
To prove the claim, we use the facts that

@%f’(c) as h — 0, %%0 as k — 0.

Roughly speaking, we have ¢(h) ~ f’(c)h when h is small and therefore
h "(c)h
s(@(h))  s(f'(9h)

0 3 as h — 0.
In detail, let € > 0 be given. We want to show that there exists § > 0 such that
h
S(q;())‘ <e if0<|h<é.
First, choose d; > 0 such that
r(h)

" <|f'(e))+1 if0<|h| <dr.

If 0 < |h| < d1, then
(W) < ()] 7]+ [r(h)]
< @Al + (I ()] + D)lR]
< @I )+ 1) Al
Next, choose 7 > 0 so that
s(k)’ €

if .
A <2|f'(c)\+1 if 0 <[kl <n
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(We include a “1” in the denominator on the right-hand side to avoid a division by
zero if f'(¢) =0.) Finally, define d > 0 by

Gp= — 1
2[f/(e)l+1

and let 6 = min(dy,d2) > 0.
If 0 < |h| < § and ¢(h) # 0, then 0 < |p(h)| < n, so
elo(h)|
N < ——r—
(60| < 5
If (h) = 0, then s(¢(h)) = 0, so the inequality holds in that case also. This proves

that
0
h—0 h

< €|hl.

=0.
O
Example 8.22. Suppose that f is differentiable at c and f(c¢) # 0. Then g(y) = 1/y

is differentiable at f(c), with ¢’(y) = —1/y* (see Example . It follows that the
reciprocal function 1/f = g o f is differentiable at ¢ with

N oy~ )
(5) ©=duEr@--£5.

The chain rule gives an expression for the derivative of an inverse function. In
terms of linear approximations, it states that if f scales lengths at ¢ by a nonzero
factor f'(c), then f~1 scales lengths at f(c) by the factor 1/f/(c).

Proposition 8.23. Suppose that f : A — R is a one-to-one function on A C R
with inverse f~!: B — R where B = f (A). Assume that f is differentiable at an
interior point ¢ € A and f~! is differentiable at f(c), where f(c) is an interior point
of B. Then f'(c) # 0 and

1
FY (fle) = :
(7 (@) =
Proof. The definition of the inverse implies that

@) ==
Since f is differentiable at ¢ and f~* is differentiable at f(c), the chain rule implies
that
_ /
(f7) (f() f'(0) =1.
Dividing this equation by f’(¢) # 0, we get the result. Moreover, it follows that
J~! cannot be differentiable at f(c) if f’(c) = 0. O

Alternatively, setting d = f(c), we can write the result as

1
(f'd) = -
fr(f=1(d))
Proposition [8.23] is not entirely satisfactory because it assumes the existence
and differentiability of an inverse function. We will return to this question in
Section [B.7] below, but we end this section with some examples that illustrate the
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necessity of the condition f’(¢) # 0 for the existence and differentiability of the
inverse.

Example 8.24. Define f : R — R by f(x) = 2. Then f/(0) = 0 and f is not
invertible on any neighborhood of the origin, since it is non-monotone and not one-
to-one. On the other hand, if f : (0,00) — (0,00) is defined by f(z) = 22, then
f'(z) = 22 # 0 and the inverse function f=!: (0,00) — (0,00) is given by

) = vy

The formula for the inverse of the derivative gives

or, writing z = f~1(y),

—_

2,/y’
in agreement with Example
Example 8.25. Define f : R — R by f(z) = 3. Then f is strictly increasing,
one-to-one, and onto. The inverse function f~! : R — R is given by

F7 ) =y
Then f/(0) = 0 and f~! is not differentiable at f(0)= 0. On the other hand, f~!
is differentiable at non-zero points of R, with

or, writing z = y*/3,

in agreement with Example [8.§

8.4. Extreme values

One of the most useful applications of the derivative is in locating the maxima and
minima of functions.

Definition 8.26. Suppose that f : A — R. Then f has a global (or absolute)
maximum at ¢ € A if
f(z) < f(e) for all x € A,
and f has a local (or relative) maximum at ¢ € A if there is a neighborhood U of
¢ such that
f(z) < f(e) forallz € ANU.

Similarly, f has a global (or absolute) minimum at ¢ € A if
flx) > f(e) for all x € A,

and f has a local (or relative) minimum at ¢ € A if there is a neighborhood U of ¢
such that

fl@) > f(e) foralz e ANU.
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If f has a (local or global) maximum or minimum at ¢ € A, then f is said to have
a (local or global) extreme value at c.

Theorem [7.37] states that a continuous function on a compact set has a global
maximum and minimum but does not say how to find them. The following funda-
mental result goes back to Fermat.

Theorem 8.27. If f: A C R — R has a local extreme value at an interior point
c € A and f is differentiable at ¢, then f’(c) = 0.

Proof. If f has alocal maximum at ¢, then f(z) < f(c) for all z in a é-neighborhood
(c—0d,c+9) of ¢, so

flet+h) = f(c)

N <0 for all 0 < h < 4,

which implies that

o= i, [LE0=50]

h—0t

Moreover,

MZO for all —§ < h <0,

h
which implies that
. +h)— f(c)
/ =1 f(c— > (.
i) = i [HER=1]
It follows that f'(c) = 0. If f has a local minimum at ¢, then the signs in these
inequalities are reversed, and we also conclude that f’(c¢) = 0. (]

For this result to hold, it is crucial that ¢ is an interior point, since we look at
the sign of the difference quotient of f on both sides of ¢. At an endpoint, we get
the following inequality condition on the derivative. (Draw a graph!)

Proposition 8.28. Let f : [a,b] — R. If the right derivative of f exists at a, then:
f/(a™) <0if f has a local maximum at a; and f’(a™) > 0 if f has a local minimum
at a. Similarly, if the left derivative of f exists at b, then: f'(b~) > 0 if f has a
local maximum at b; and f/(b7) < 0 if f has a local minimum at b.

Proof. If the right derivative of f exists at a, and f has a local maximum at a,
then there exists § > 0 such that f(x) < f(a) for a <ax < a+4, so
v [Ha D) = F@]
Fiat) = g |1 <
Similarly, if the left derivative of f exists at b, and f has a local maximum at b,
then f(z) < f(b) for b— 6 < x < b, so f/(b7) > 0. The signs are reversed for local
minima at the endpoints. [

In searching for extreme values of a function, it is convenient to introduce the
following classification of points in the domain of the function.
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Definition 8.29. Suppose that f: A C R — R. An interior point ¢ € A such that
f is not differentiable at ¢ or f’(c) = 0 is called a critical point of f. An interior
point where f’(¢) = 0 is called a stationary point of f.

Theorem limits the search for maxima or minima of a function f on A to
the following points.

(1) Boundary points of A.

(2) Critical points of f:
(a) interior points where f is not differentiable;
(b) stationary points where f’(c) = 0.

Additional tests are required to determine which of these points gives local or global
extreme values of f. In particular, a function need not attain an extreme value at
a critical point.

Example 8.30. If f:[—1,1] — R is the function

r if—-1<z<0,
ﬂx){m ifo<z<l,

then z = 0 is a critical point since f is not differentiable at 0, but f does not attain
a local extreme value at 0. The global maximum and minimum of f are attained
at the endpoints x = 1 and x = —1, respectively, and f has no other local extreme
values.

Example 8.31. If f : [-1,1] — R is the function f(x) = 23, then x = 0 is a critical
point since f'(0) = 0, but f does not attain a local extreme value at 0. The global
maximum and minimum of f are attained at the endpoints x = 1 and z = —1,
respectively, and f has no other local extreme values.

8.5. The mean value theorem

The mean value theorem is a key result that connects the global behavior of a
function f : [a,b] — R, described by the difference f(b) — f(a), to its local behavior,
described by the derivative f’: (a,b) — R. We begin by proving a special case.

Theorem 8.32 (Rolle). Suppose that f : [a,b] — R is continuous on the closed,
bounded interval [a,b], differentiable on the open interval (a,b), and f(a) = f(b).
Then there exists a < ¢ < b such that f’(¢) = 0.

Proof. By the Weierstrass extreme value theorem, Theorem f attains its
global maximum and minimum values on [a,b]. If these are both attained at the
endpoints, then f is constant, and f’(¢) = 0 for every a < ¢ < b. Otherwise, f
attains at least one of its global maximum or minimum values at an interior point
a < ¢ < b. Theorem implies that f'(c) = 0. O

Note that we require continuity on the closed interval [a, b] but differentiability
only on the open interval (a,b). This proof is deceptively simple, but the result
is not trivial. It relies on the extreme value theorem, which in turn relies on the
completeness of R. The theorem would not be true if we restricted attention to
functions defined on the rationals Q.
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The mean value theorem is an immediate consequence of Rolle’s theorem: for
a general function f with f(a) # f(b), we subtract off a linear function to make
the values of the resulting function equal at the endpoints.

Theorem 8.33 (Mean value). Suppose that f : [a,b] — R is continuous on the
closed, bounded interval [a,b] and differentiable on the open interval (a,b). Then
there exists a < ¢ < b such that

—a
Proof. The function g : [a,b] — R defined by

o) = 1) - @) - [ 1] (o - )

is continuous on [a, b] and differentiable on (a, b) with

g() = 1) - TU =T

Moreover, g(a) = g(b) = 0. Rolle’s Theorem implies that there exists a < ¢ < b
such that ¢’(¢) = 0, which proves the result. a

Graphically, this result says that there is point a < ¢ < b at which the slope of
the tangent line to the graph y = f(x) is equal to the slope of the chord between
the endpoints (a, f(a)) and (b, f(b)).

As a first application, we prove a converse to the obvious fact that the derivative
of a constant functions is zero.

Theorem 8.34. If f: (a,b) — R is differentiable on (a,b) and f'(z) = 0 for every
a <z <b, then f is constant on (a,b).

Proof. Fix zg € (a,b). The mean value theorem implies that for all x € (a,b) with

T # xg
PCEYIED
r — X
for some ¢ between zo and z. Since f'(c) = 0, it follows that f(z) = f(x) for all
x € (a,b), meaning that f is constant on (a,b). O

Corollary 8.35. If f,g : (a,b) — R are differentiable on (a,b) and f'(x) = ¢'(x)
for every a < x < b, then f(x) = g(x) + C for some constant C.

Proof. This follows from the previous theorem since (f — g)’ = 0. O

We can also use the mean value theorem to relate the monotonicity of a dif-
ferentiable function with the sign of its derivative. (See Definition for our
terminology for increasing and decreasing functions.)

Theorem 8.36. Suppose that f : (a,b) — R is differentiable on (a,b). Then f is
increasing if and only if f/(z) > 0 for every a < & < b, and decreasing if and only
if f'(xz) <0 for every a < x < b. Furthermore, if f'(z) > 0 for every a < x < b
then f is strictly increasing, and if f'(x) < 0 for every a < x < b then f is strictly
decreasing.
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Proof. If f is increasing and a < z < b, then
fleth) — i@
3 2
for all sufficiently small h (positive or negative), so

oy oy [f@th) = f(z)
f'(z) = lim e

h—0

> 0.

Conversely if f/ > 0 and a < < y < b, then by the mean value theorem there
exists * < ¢ < y such that

fly) = f(=)
T
which implies that f(z) < f(y), so f is increasing. Moreover, if f'(¢) > 0, we get
f(z) < f(y), so f is strictly increasing.

= f'(c) 2 0,

The results for a decreasing function f follow in a similar way, or we can apply
of the previous results to the increasing function — f. O

Note that although f’ > 0 implies that f is strictly increasing, f is strictly
increasing does not imply that f’ > 0.

Example 8.37. The function f : R — R defined by f(z) = 2 is strictly increasing
on R, but f/(0) = 0.

If f is continuously differentiable and f’(c¢) > 0, then f'(x) > 0 for all z in a
neighborhood of ¢ and Theorem [8.36] implies that f is strictly increasing near c.
This conclusion may fail if f is not continuously differentiable at c.

Example 8.38. Define f : R — R by

/24 2?sin(1/z) ifx #0,
f(x)_{o if 2 = 0.

Then f is differentiable on R with

1y )1/2 =cos(1/x) + 2xsin(1/x) if 2 #0,
f(x)_{l/Q if 2 = 0.

Every neighborhood of 0 includes intervals where f/ < 0 or f/ > 0, in which f is
strictly decreasing or strictly increasing, respectively. Thus, despite the fact that
f(0) > 0, the function f is not strictly increasing in any neighborhood of 0. As a
result, no local inverse of the function f exists on any neighborhood of 0.

8.6. Taylor’s theorem

If f:(a,b) = R is differentiable on (a,b) and f’ : (a,b) — R is differentiable, then
we define the second derivative f” : (a,b) — R of f as the derivative of f'. We
define higher-order derivatives similarly. If f has derivatives f( : (a,b) — R of all
orders n € N, then we say that f is infinitely differentiable on (a, b).

Taylor’s theorem gives an approximation for an (n + 1)-times differentiable
function in terms of its Taylor polynomial of degree n.
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Definition 8.39. Let f : (a,b) — R and suppose that f has n derivatives
Fof o ™ (a,b) > R

on (a,b). The Taylor polynomial of degree n of f at a < ¢ < b is
1 1 ..
Po(@) = f(€) + [ = o) + [ (e)(x = ¢ + -+ + — [T () (= )"

Equivalently,

Pn(x)zzak(w—c)k7 ak:%f(k)(c).
k=0 :

We call ay the kth Taylor coefficient of f at ¢. The computation of the Taylor
polynomials in the following examples are left as an exercise.
Example 8.40. If P(z) is a polynomial of degree n, then P, (x) = P(z).

Example 8.41. The Taylor polynomial of degree n of e® at x =0 is

1 1,
Example 8.42. The Taylor polynomial of degree 2n of cosx at x =0 is
1 1 1
PQn('T) =1- *1’2 + —x4 — (_1)n7x2n

ST (2n)!

We also have Py, 11 = Ps, since the Tayor coefficients of odd order are zero.

Example 8.43. The Taylor polynomial of degree 2n + 1 of sinx at =0 is
Pypy1(z) =2z — lx‘n’ + l'x5 — 4 (—1)”mw2”+1.
We also have Pap 19 = Popyi1.
Example 8.44. The Taylor polynomial of degree n of 1/z at x =1 is
Puz)=1—(z—1)+(z—1)*— -+ (=1)"(z - 1)™
Example 8.45. The Taylor polynomial of degree n of logx at x =1 is
1 1

Pa(e) = (2 =1) = 5z =12 + 50— 1)° o (-1 @ = 1",

We write
f(@) = Py(z) + Ry(x).

where R, is the error, or remainder, between f and its Taylor polynomial P,,. The
next theorem is one version of Taylor’s theorem, which gives an expression for the
remainder due to Lagrange. It can be regarded as a generalization of the mean
value theorem, which corresponds to the case n = 1. The idea of the proof is to
subtract a suitable polynomial from the function and apply Rolle’s theorem, just
as we proved the mean value theorem by subtracting a suitable linear function.
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Theorem 8.46 (Taylor with Lagrange Remainder). Suppose that f : (a,b) = R
has n + 1 derivatives on (a,b) and let a < ¢ < b. For every a < x < b, there exists
¢ between ¢ and x such that

J@) = JO) + [ =) + (@) = 4+ [P ) = O + Rula)

where

) = 1 (n+1) T — )" 1
Ru(w) = gy O = o
Proof. Fix z,c € (a,b). For t € (a,b), let
o(0) = (@) = 1) = PO 1) = 3 f @) =0 =[O — 0"

Then g(x) =0 and

§() =~ FOD ()~ )"
Define -
=gt~ (2=4) a0

Then h(c) = h(z) = 0, so by Rolle’s theorem, there exists a point £ between ¢ and
x such that h'(£) = 0, which implies that

g+ (n+ 1)(;9”__03119(0) =0.

It follows from the expression for ¢’ that

1 (z —¢)"
= f(n+1) _am = TS
O 0" = kD s rale)
and using the expression for g in this equation, we get the result. [

Note that the remainder term

R, (z) = L

S AR SICIT

has the same form as the (n 4 1)th-term in the Taylor polynomial of f, except that
the derivative is evaluated at a (typically unknown) intermediate point & between
c and z, instead of at c.

Example 8.47. Let us prove that
) < 1 —cos x) 1
lim (| ——— | = =.
x—0 x2 2

1 1
cosx =1-— 5:102 + I(cosf)m4

for some & between 0 and z. It follows that for z # 0,
l—cosz 1

By Taylor’s theorem,

- 5= —E(cosf):cQ.
Since |cosé| < 1, we get
l1—cosz 1 < 1,
22 2| at
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which implies that

Note that as well as proving the limit, Taylor’s theorem gives an explicit upper
bound for the difference between (1 — cosx)/z? and its limit 1/2. For example,

1—cos(0.1) 1 1
(0.1)2 2| = 2400°
Numerically, we have
1 1—cos(0.1) 1
- — ————~ ~0.00041 —— ~ (0.00041667.
3 0.1)2 0.00041653, 9200 0.00041667

In Section [12.7], we derive an alternative expression for the remainder R,, as an
integral.

8.7. * The inverse function theorem

The inverse function theorem gives a sufficient condition for a differentiable function
f to be locally invertible at a point ¢ with differentiable inverse: namely, that f is
continuously differentiable at ¢ and f’(¢) # 0. Example shows that one cannot
expect the inverse of a differentiable function f to exist locally at ¢ if f'(¢) = 0,
while Example shows that the condition f’(c¢) # 0 is not, on its own, sufficient
to imply the existence of a local inverse.

Before stating the theorem, we give a precise definition of local invertibility.
Definition 8.48. A function f : A — R is locally invertible at an interior point

¢ € Aif there exist open neighborhoods U of ¢ and V of f(c) such that f|, : U =V
is one-to-one and onto, in which case f has a local inverse (f|;)™*:V = U.

The following examples illustrate the definition.

Example 8.49. If f : R — R is the square function f(z) = 22, then a local inverse
at ¢ =2 with U = (1,3) and V = (1,9) is defined by

(flo) ™ W) = vy
Similarly, a local inverse at ¢ = —2 with U = (=3, —1) and V = (1,9) is defined by

(fl0)" () = =V

In defining a local inverse at ¢, we require that it maps an open neighborhood V' of
f(c) onto an open neighborhood U of ¢; that is, we want (f|;;)"!(y) to be “close”
to ¢ when y is “close” to f(c), not some more distant point that f also maps “close”
to f(c). Thus, the one-to-one, onto function g defined by

| o v ifl<y<4
g:(1,9) = (=2,-1)U[2,3), 9(9)—{\@ if4<y<9

is not a local inverse of f at ¢ = 2 in the sense of Definition [8.48] even though
g(f(2)) = 2 and both compositions

f °0g: (139) - (179)a go f : (727 *1) U [273) - (727 71) U [273)
are identity maps, since U = (-2, —1) U [2, 3) is not a neighborhood of 2.
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Example 8.50. The function f: R — R defined by
cos(l/z) ifx#£0
flay = R
0 ifx=0
is locally invertible at every ¢ € R with ¢ # 0 or ¢ # 1/(nw) for some n € Z.

Theorem 8.51 (Inverse function). Suppose that f: ACR — R and ¢ € A is an
interior point of A. If f is differentiable in a neighborhood of ¢, f'(c) # 0, and f’ is
continuous at ¢, then there are open neighborhoods U of ¢ and V of f(c) such that
[ has a local inverse ( f|;)™' : V — U. Furthermore, the local inverse function is
differentiable at f(c) with derivative

[(F1) ™ (f(e) =

f'e)

Proof. Suppose, for definiteness, that f/'(c) > 0 (otherwise, consider — f). By the
continuity of f/, there exists an open interval U = (a,b) containing ¢ on which
f' > 0. It follows from Theorem that f is strictly increasing on U. Writing

V= f(U) = (f(a), f(b)),
we see that f|, : U — V is one-to-one and onto, so f has a local inverse on V,
which proves the first part of the theorem.

It remains to prove that the local inverse ( f|;;) ™!, which we denote by f~* for
short, is differentiable. First, since f is differentiable at ¢, we have

fle+h) = fle) + f'(e)h+r(h)

where the remainder r satisfies

_r(h)
fim = =0

Since f’(c) > 0, there exists ¢ > 0 such that
Pl < S f @] for |A <6
It follows from the differentiability of f that, if |h| < 4,
f©@hl = f(e+h) = f(c) —r(h)]
< |[fle+h) = fl)l+ Ir(h)]
< [f(e+h) — F(@] + 3 F (A

Absorbing the term proportional to || on the right hand side of this inequality into
the left hand side and writing

f(c+h) :f(c)+k7
we find that )
SF @B <K for bl <5

Choosing ¢ > 0 small enough that (¢ — d,c+ §) C U, we can express h in terms of
k as

h=f"2f(e)+ k) — fH(f ().
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Using this expression in the expansion of f evaluated at ¢ + h,
fle+h) = f(e)+ f(e)h +r(h),
we get that
Fle)+k=fle)+ £ () [f71(f(e) + k) = FTH(f(e))] +r(h).

Simplifying and rearranging this equation, we obtain the corresponding expansion
for f=1 evaluated at f(c) + k,

£ +8) = 17 (76 + g+ s(h)
where the remainder s is given by
S(k) = — o () = e (f M)+ ) — £N(F().

f(c) Fle)
Since f'(c)|h|/2 < |k|, it follows that
sl 2 ()]

[kl = f'(c)* |h]
Therefore, by the “sandwich” theorem and the fact that h — 0 as k& — 0,
tim S8,
k=0 |k

This result proves that f~! is differentiable at f(c) with

The expression for the derivative of the inverse also follows from Proposition
but only once we know that f~! is dfferentiable at f(c). O

One can show that Theorem [8.51]remains true under the weaker hypothesis that
the derivative exists and is nonzero in an open neighborhood of ¢, but in practise,
we almost always apply the theorem to continuously differentiable functions.

The inverse function theorem generalizes to functions of several variables, f :
A C R™ — R", with a suitable generalization of the derivative of f at c as the linear
map f'(c¢) : R™ — R™ that approximates f near c. A different proof of the exis-
tence of a local inverse is required in that case, since one cannot use monotonicity
arguments.

As an example of the application of the inverse function theorem, we consider
a simple problem from bifurcation theory.

Example 8.52. Consider the transcendental equation
y=z—k(e®—1)

where k € R is a constant parameter. Suppose that we want to solve for x € R
given y € R. If y = 0, then an obvious solution is £ = 0. The inverse function
theorem applied to the continuously differentiable function f(x;k) =z — k(e — 1)
implies that there are neighborhoods U, V of 0 (depending on k) such that the
equation has a unique solution x € U for every y € V provided that the derivative
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0.5

Figure 2. Graph of y = f(x;k) for the function in Example (a) k=10.5
(green); (b) & = 1 (blue); (¢) k = 1.5 (red). When y is sufficiently close to
zero, there is a unique solution for x in some neighborhood of zero unless k = 1.

of f with respect to x at 0, given by f.(0;k) = 1 — k is non-zero i.e., provided that
k # 1 (see Figure |2).
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Figure 3. Plot of the solutions for z of the nonlinear equation z = k(e®* — 1
as a function of the parameter k (see Example[8.52)). The point (z, k) = (0,1
where the two solution branches cross is called a bifurcation point.

)
)

Alternatively, we can fix a value of y, say y = 0, and ask how the solutions of
the corresponding equation for x,

x—k(®—1)=0,
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depend on the parameter k. Figure 2] plots the solutions for z as a function of k for
0.2 < k < 2. The equation has two different solutions for x unless £ = 1. The branch
of nonzero solutions crosses the branch of zero solution at the point (x, k) = (0,1),
called a bifurcation point. The implicit function theorem, which is a generalization
of the inverse function theorem, implies that a necessary condition for a solution
(20, ko) of the equation f(z;k) = 0 to be a bifurcation point, meaning that the
equation fails to have a unique solution branch = = g(k) in some neighborhood of
(330, k‘o), is that fx(ai‘o; ko) =0.

8.8. * L’Hépital’s rule

In this section, we prove a rule (much beloved by calculus students) for the evalu-
ation of inderminate limits of the form 0/0 or co/co. Our proof uses the following
generalization of the mean value theorem.

Theorem 8.53 (Cauchy mean value). Suppose that f, g : [a,b] — R are continuous
on the closed, bounded interval [a,b] and differentiable on the open interval (a,b).
Then there exists a < ¢ < b such that

F1(e)[9(b) = g(@)] = [f(b) = f(a)] ¢'(c).
Proof. The function A : [a,b] — R defined by
hz) = [f(z) = f(a)] [9(b) — g(a)] = [f(b) = f(a)] [9(x) — g(a)]
is continuous on [a,b] and differentiable on (a,b) with
W(z) = f'(z)[9(b) — g(a)] = [£(b) = f(a)] ¢ (2).

Moreover, h(a) = h(b) = 0. Rolle’s Theorem implies that there exists a < ¢ < b
such that h'(c¢) = 0, which proves the result. O

If g(x) = =, then this theorem reduces to the usual mean value theorem (The-
orem [8.33]). Next, we state one form of 'Hopital’s rule.

Theorem 8.54 ('Hopital’s rule: 0/0). Suppose that f, g : (a,b) — R are differen-
tiable functions on a bounded open interval (a,b) such that ¢'(z) # 0 for x € (a, b)
and

lim f(z) =0, lim g(z)=0.
z—a™t r—at
Then )
lim (@) = L implies that lim @ =1L
z—a™t g/(il?) z—a™t g(l‘)

Proof. We may extend f, g : [a,b) — R to continuous functions on [a, b) by defining
fla) = gla) = 0. If @ < = < b, then by the mean value theorem, there exists
a < ¢ < z such that

9(z) = g(z) — g(a) = g'(c)(z — a) #0,
so g # 0 on (a,b). Moreover, by the Cauchy mean value theorem (Theorem [8.53)),
there exists a < ¢ < x such that

fl@) _ flx) = fla) _ f(c)

g(x)  glx)—gla) g'(c)
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Since ¢ — a* as & — a7, the result follows. (In fact, since a < ¢ < , the § that
“works” for f'/g" also “works” for f/g.) O

Example 8.55. Using 'Hopital’s rule twice (verify that all of the hypotheses are
satisfied!), we find that
1—cosx . sin x . COS T 1

lim —— — = lim = lim = —.
z—0+ T z—0t 2T z—0t 2 2

Analogous results and proofs apply to left limits (z — a~), two-sided limits
(x — a), and infinite limits (z — oo or # — —o0). Alternatively, one can reduce
these limits to the left limit considered in Theorem

For example, suppose that f,g : (a,00) — R are differentiable, ¢’ # 0, and
f(z) =0, g(x) = 0 as * — co. Assuming that a > 0 without loss of generality, we
define F,G : (0,1/a) — R by

Flt) = f (1) e = (1) .

The chain rule implies that

1 1 1 1
F{t)=—=f (= Gt)=—=g ().
0=-zr (7). =z (7)
Replacing limits as £ — oo by equivalent limits as ¢ — 0% and applying Theo-
rem to F, G, all of whose hypothesis are satisfied if the limit of f'(z)/¢’'(z) as
T — 00 exists, we get
fl) . F@O) . F@) L ()

rmoo g(z) | to0r G(t)  toor GI(E) | amoo ¢/(2)

A less straightforward generalization is to the case when g and possibly f have
infinite limits as * — a*. In that case, we cannot simply extend f and ¢ by
continuity to the point a. Instead, we introduce two points a < x < y < b and
consider the limits x — a™ followed by y — a™.

Theorem 8.56 ('Hopital’s rule: co/c0). Suppose that f,g : (a,b) — R are dif-
ferentiable functions on a bounded open interval (a,b) such that ¢'(z) # 0 for
x € (a,b) and

lim |g(x)| = co.

r—at
Then

f(=)

!/
lim 1'(z) = L implies that lim —= =1L

z—a™t g/ (l’)

Proof. Since |g(z)] = 0o as x — a™, we have g # 0 near a, and we may assume
without loss of generality that g # 0 on (a,b). If a < < y < b, then the mean
value theorem implies that g(z) — g(y) # 0, since ¢’ # 0, and the Cauchy mean
value theorem implies that there exists x < ¢ < y such that

fl@) = fly) _ f'(o)
g(x) —gly)  g'(c)
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We may therefore write

It follows that

Given € > 0, choose § > 0 such that
f'(e)
g'(c)
Then, since a < ¢ < y, we have for all a < x < y < a + ¢ that

(z) ‘ ‘g(y) ‘ ’f ()
< —Ll<e+(|L|+¢) ||+ |—7=
o) I+ 95| * gta
Fixing y, taking the lim sup of this inequality as  — a™, and using the assumption
that |g(x)] — oo, we find that

L‘<e fora<ec<a+d.

limsup | —= — L| <e.
z—at g((E)

Since € > 0 is arbitrary, we have

limsup |—= — L| =0,
r—at g(l‘)

which proves the result.

Alternatively, instead of using the lim sup, we can verify the limit explicitly by
an “e/3”-argument. Given e > 0, choose 1 > 0 such that

!/
fyﬁ_4
g'(c)

choose a <y < a+mn, and let §; =y —a > 0. Next, choose 5 > 0 such that

€
<§ fora<c<a+n,

3 €
9@ > > (IL1+£) o) fora<z<a+d,
and choose d3 > 0 such that
3
\9(93)|>g|f(y)| for a < x < a+ 3.

Let § = min(dy, d2,03) > 0. Then for a < x < a + J, we have

@ P@ 1] W)
o(2) 4§gﬂ@ L‘ 7 Lm>

which proves the result. O

cELE €
3 3 3

+| i
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We often use this result when both f(z) and g(x) diverge to infinity as x — a™,
but no assumption on the behavior of f(x) is required.

As for the previous theorem, analogous results and proofs apply to other limits
(x = a ",z = a, or ¥ = £00). There are also versions of 'Hopital’s rule that
imply the divergence of f(z)/g(x) to +00, but we consider here only the case of a
finite limit L.

Example 8.57. Since ¥ — oo as © — 00, we get by ’'Hopital’s rule that
lim — = lim — =0.
r—o00 et rx—o0 el

Similarly, since x — oo as as * — 0o, we get by ’'Hopital’s rule that

1/x

lim = lim — =0.
T—00 I z—o00 1

log

That is, e* grows faster than = and logx grows slower than x as * — oco. We
also write these limits using “little oh” notation as = o(e®) and logz = o(x) as
T — 00.

Finally, we note that one cannot use I’Hopital’s rule “in reverse” to deduce that
f'/g’ has a limit if f/g has a limit.

Example 8.58. Let f(r) = z + sinz and g(x) = x. Then f(x),g(x) — oo as

z — 0o and )
fim L) i <1+ Sl“) —1,

z—o0 g(x) T—00 T

but the limit

Jm = Il;rgo (14 cosz)

does not exist.
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Chapter 9

Sequences and Series of
Functions

In this chapter, we define and study the convergence of sequences and series of
functions. There are many different ways to define the convergence of a sequence
of functions, and different definitions lead to inequivalent types of convergence. We
consider here two basic types: pointwise and uniform convergence.

9.1. Pointwise convergence

Pointwise convergence defines the convergence of functions in terms of the conver-
gence of their values at each point of their domain.

Definition 9.1. Suppose that (f,) is a sequence of functions f, : A — R and
f+A— R. Then f,, — f pointwise on A if f,(z) — f(z) as n — oo for every
x € A

We say that the sequence (f,,) converges pointwise if it converges pointwise to
some function f, in which case

f(z) = lim f,(2).

n—oo

Pointwise convergence is, perhaps, the most obvious way to define the convergence
of functions, and it is one of the most important. Nevertheless, as the following
examples illustrate, it is not as well-behaved as one might initially expect.

Example 9.2. Suppose that f, : (0,1) — R is defined by

n
fnl) = nr+1
Then, since x # 0,
. . 1 1
A o) = Hm o= =

169
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so f, — f pointwise where f : (0,1) — R is given by

We have |f,(z)] < n for all x € (0,1), so each f, is bounded on (0,1), but the
pointwise limit f is not. Thus, pointwise convergence does not, in general, preserve
boundedness.

Example 9.3. Suppose that f,, : [0,1] — R is defined by f,(z) = 2. If0 <2z < 1,
then ™ — 0 as n — oo, while if x = 1, then 2" — 1 asn — oo. So f, — f

pointwise where
0 ifo<z<l,
fl) = {1 itr=1.

Although each f,, is continuous on [0, 1], the pointwise limit f is not (it is discontin-
uous at 1). Thus, pointwise convergence does not, in general, preserve continuity.

Example 9.4. Define f, : [0,1] — R by

2n2x if0<x<1/(2n)
fo(x) =< 2n%(1/n—z) if1/(2n) <z < 1/n,
0 1/n<z<1.

If 0 <z <1, then f,(z) =0 for all n > 1/, so fu(x) — 0 as n — oo; and if
x =0, then f,(z) =0 for all n, so f,(z) — 0 also. It follows that f,, — 0 pointwise
on [0,1]. This is the case even though max f, = n — oo as n — oco. Thus, a
pointwise convergent sequence (f,) of functions need not be uniformly bounded
(that is, bounded independently of n), even if it converges to zero.

Example 9.5. Define f, : R — R by

sinnx

fulz) = .

n

Then f,, — 0 pointwise on R. The sequence (f,) of derivatives f, (x) = cosnx does
not converge pointwise on R; for example,

fu(m) = (=1)"

does not converge as n — oo. Thus, in general, one cannot differentiate a pointwise
convergent sequence. This behavior isn’t limited to pointwise convergent sequences,
and happens because the derivative of a small, rapidly oscillating function can be
large.

Example 9.6. Define f, : R — R by

If x # 0, then
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while f,,(0) =0 for all n € N, so f,, = || pointwise on R. Moreover,

3 422/ 1 ifz >0
, o x/n e
fn(:n)—7(362_~_1/n)3/2 —<0 %fa:—()

-1 ifx<0

The pointwise limit |z| isn’t differentiable at 0 even though all of the f,, are differ-
entiable on R and the derivatives f] converge pointwise on R. (The f,’s “round
off” the corner in the absolute value function.)

Example 9.7. Define f, : R — R by
x n
fal@) = (1+2)

Then, by the limit formula for the exponential, f,, — e” pointwise on R.

9.2. Uniform convergence

In this section, we introduce a stronger notion of convergence of functions than
pointwise convergence, called uniform convergence. The difference between point-
wise convergence and uniform convergence is analogous to the difference between
continuity and uniform continuity.

Definition 9.8. Suppose that (f,) is a sequence of functions f, : A — R and
f:A—= R. Then f, — f uniformly on A if, for every ¢ > 0, there exists N € N
such that

n > N implies that |f,(x) — f(z)| < € for all z € A.

When the domain A of the functions is understood, we will often say f,, — f
uniformly instead of uniformly on A.

The crucial point in this definition is that N depends only on e and not on
x € A, whereas for a pointwise convergent sequence N may depend on both € and
2. A uniformly convergent sequence is always pointwise convergent (to the same
limit), but the converse is not true. If a sequence converges pointwise, it may
happen that for some € > 0 one needs to choose arbitrarily large N’s for different
points z € A, meaning that the sequences of values converge arbitrarily slowly
on A. In that case a pointwise convergent sequence of functions is not uniformly
convergent.

Example 9.9. The sequence f,(xz) = z™ in Example converges pointwise on
[0, 1] but not uniformly on [0, 1]. For 0 < z < 1, we have

|fulz) = f(2)] = 2™

If 0 < e < 1, we cannot make x™ < € for all 0 < x < 1 however large we choose
n. The problem is that z™ converges to 0 at an arbitrarily slow rate for x suf-
ficiently close to 1. There is no difficulty in the rate of convergence at 1 itself,
since f,(1) =1 for every n € N. As we will show, the uniform limit of continuous
functions is continuous, so since the pointwise limit of the continuous functions f,
is discontinuous, the sequence cannot converge uniformly on [0,1]. The sequence
does, however, converge uniformly to 0 on [0,b] for every 0 < b < 1; given € > 0,
we take N large enough that bV < e.
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Example 9.10. The pointwise convergent sequence in Example does not con-
verge uniformly. If it did, it would have to converge to the pointwise limit 0, but

(a)

so for no € > 0 does there exist an N € N such that |f,(z) — 0] < e for all z € A
and n > N, since this inequality fails for n > e if = 1/(2n).

:n7

Example 9.11. The functions in Example [0.5] converge uniformly to 0 on R, since
[sinnx| 1
[fu(2)] = —— < —,

n n
50 |fn(x) — 0| <eforall z e Rif n > 1/e.

9.3. Cauchy condition for uniform convergence

The Cauchy condition in Definition provides a necessary and sufficient con-
dition for a sequence of real numbers to converge. There is an analogous uniform
Cauchy condition that provides a necessary and sufficient condition for a sequence
of functions to converge uniformly.

Definition 9.12. A sequence (f,) of functions f, : A — R is uniformly Cauchy
on A if for every € > 0 there exists N € N such that

m,n > N implies that |f,,(x) — fn(x)] < € for all x € A.

The key part of the following proof is the argument to show that a pointwise
convergent, uniformly Cauchy sequence converges uniformly.

Theorem 9.13. A sequence (f,) of functions f, : A — R converges uniformly on
A if and only if it is uniformly Cauchy on A.

Proof. Suppose that (f,) converges uniformly to f on A. Then, given € > 0, there
exists IV € N such that

[fu(z) — £(2)] <§ forall z € Aif n > N.

It follows that if m,n > N then

[fm(z) = fo(@)] < |fil2) = @)+ [f(2) = fu(z)| <€  forallze A,
which shows that (f,,) is uniformly Cauchy.

Conversely, suppose that (f,) is uniformly Cauchy. Then for each z € A, the
real sequence (f,(x)) is Cauchy, so it converges by the completeness of R. We
define f: A — R by

f(z) = lim f,(z),

n—oo

and then f, — f pointwise.

To prove that f,, — f uniformly, let € > 0. Since (f,,) is uniformly Cauchy, we
can choose N € N (depending only on €) such that

|fm(a:)—fn(a;)|<§ for all x € A if myn > N.
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Let n > N and x € A. Then for every m > N we have
[Fa(@) = F@] < (@) = fun(@)| + (@) = S@)] < 5 + (@) = F(@)].

Since fp,(z) — f(x) as m — oo, we can choose m > N (depending on z, but it
doesn’t matter since m doesn’t appear in the final result) such that

€

fnla) = f(a)] < 5.
It follows that if n > N, then
[fn(x) — f(z)| <€ for all z € A,

which proves that f, — f uniformly.

Alternatively, we can take the limit as m — oo in the uniform Cauchy condition
to get for all z € A and n > N that

[f(2) = fu(@)] = lim_|fin(2) = fu(2)] < g <e

9.4. Properties of uniform convergence

In this section we prove that, unlike pointwise convergence, uniform convergence
preserves boundedness and continuity. Uniform convergence does not preserve dif-
ferentiability any better than pointwise convergence. Nevertheless, we give a result
that allows us to differentiate a convergent sequence; the key assumption is that
the derivatives converge uniformly.

9.4.1. Boundedness. First, we consider the uniform convergence of bounded
functions.

Theorem 9.14. Suppose that f, : A — R is bounded on A for every n € N and
fn — f uniformly on A. Then f: A — R is bounded on A.
Proof. Taking ¢ = 1 in the definition of the uniform convergence, we find that
there exists N € N such that

[fulz) = f(z)] <1 forallz € Aifn > N.

Choose some n > N. Then, since f, is bounded, there is a constant M > 0 such
that

[fr(x)] < M for all z € A.
It follows that

(@) < [f(@) = fal@)| + [falz)| <1+ M forallz € A,
meaning that f is bounded on A. O

In particular, it follows that if a sequence of bounded functions converges point-
wise to an unbounded function, then the convergence is not uniform.
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Example 9.15. The sequence of functions f, : (0,1) — R in Example defined
by

n
x)=——,
Jn(@) nx + 1
cannot converge uniformly on (0, 1), since each f, is bounded on (0, 1), but the
pointwise limit f(z) = 1/x is not. The sequence (f,) does, however, converge

uniformly to f on every interval [a,1) with 0 < a < 1. To prove this, we estimate
for a < x < 1 that

ful) — F(2)] = ! Lo

= —F < .
z(nx +1)  nz? ~ na?

n 1
nr+1 =x

Thus, given € > 0 choose N = 1/(a%¢), and then
[fn(z) — f(z)] <€ for all x € [a,1) if n > N,
which proves that f,, — f uniformly on [a,1). Note that

1
\f(x)|§; for all z € [a, 1)
so the uniform limit f is bounded on [a, 1), as Theorem requires.

9.4.2. Continuity. One of the most important properties of uniform conver-
gence is that it preserves continuity. We use an “e/3” argument to get the continuity
of the uniform limit f from the continuity of the f,.

Theorem 9.16. If a sequence (f,) of continuous functions f, : A — R converges

uniformly on A C R to f: A — R, then f is continuous on A.

Proof. Suppose that ¢ € A and let € > 0. Then, for every n € N,
[f(@) = f() < |f(@) = fu(@)] + [fn(2) = frl)] + | fule) = £

By the uniform convergence of (f,), we can choose n € N such that
|fn(z) — f(z)] < g for all x € A,

and for such an n it follows that
7(2) = £ < 1fale) = ()] + 3

(Here, we use the fact that f,, is close to f at both = and ¢, where x is an an arbitrary
point in a neighborhood of ¢; this is where we use the uniform convergence in a
crucial way.)

Since f,, is continuous on A, there exists 6 > 0 such that

fu(z) = fulc)] <§ if [z —c|<dandw€ A,

which implies that
|[f(z)— flo)] <€ if |z —¢| <0 and z € A.

This proves that f is continuous. (|
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This result can be interpreted as justifying an “exchange in the order of limits”

lim lim f,(z) = lim lim f,(x).

n—,oo r—c r—Cc Nn—o0
Such exchanges of limits always require some sort of condition for their validity — in
this case, the uniform convergence of f, to f is sufficient, but pointwise convergence
is not.

It follows from Theorem that if a sequence of continuous functions con-
verges pointwise to a discontinuous function, as in Example [0.3] then the conver-
gence is not uniform. The converse is not true, however, and the pointwise limit
of a sequence of continuous functions may be continuous even if the convergence is
not uniform, as in Example

9.4.3. Differentiability. The uniform convergence of differentiable functions
does not, in general, imply anything about the convergence of their derivatives or
the differentiability of their limit. As noted above, this is because the values of
two functions may be close together while the values of their derivatives are far
apart (if, for example, one function varies slowly while the other oscillates rapidly,
as in Example . Thus, we have to impose strong conditions on a sequence of
functions and their derivatives if we hope to prove that f, — f implies f/, — f'.

The following example shows that the limit of the derivatives need not equal
the derivative of the limit even if a sequence of differentiable functions converges
uniformly and their derivatives converge pointwise.

Example 9.17. Consider the sequence (f,) of functions f,, : R — R defined by
x
) = T
Then f,, — 0 uniformly on R. To see this, we write
1 Vn|z| 1 t
@l == (2555) = o= (1
v \1+nz Vv \1+t

where t = y/n|z|. We have

t 1
<,
14+¢2 — 2

since (1 —t)2 > 0, which implies that 2¢ < 1 + 2. Using this inequality, we get

for all t € R,

1
|fn(2)] < ﬁ for all z € R.

Hence, given € > 0, choose N = 1/(4¢?). Then
|fr(x)] <€ forallz e Rifn > N,
which proves that (f,,) converges uniformly to 0 on R. (Alternatively, we could get

the same result by using calculus to compute the maximum value of |f,| on R.)

Each f, is differentiable with

, 1 —na?

folz) = m



176 9. Sequences and Series of Functions

It follows that f/, — g pointwise as n — oo where

() 0 ifx#0,

xTr) =

g 1 ifxz=0.

The convergence is not uniform since g is discontinuous at 0. Thus, f, — 0 uni-
formly, but f;,(0) — 1, so the limit of the derivatives is not the derivative of the

limit.

However, we do get a useful result if we strengthen the assumptions and require
that the derivatives converge uniformly, not just pointwise. The proof involves a
slightly tricky application of the mean value theorem.

Theorem 9.18. Suppose that (f,,) is a sequence of differentiable functions f,, :
(a,b) — R such that f, — f pointwise and f;, — ¢ uniformly for some f,g :
(a,b) — R. Then f is differentiable on (a,b) and f' = g.

Proof. Let ¢ € (a,b), and let € > 0 be given. To prove that f'(c) = g(c), we
estimate the difference quotient of f in terms of the difference quotients of the f,:

)10 g ¢ [H0 =10 _ o) ot
[0 )] 4 7700) - gt

where z € (a,b) and x # ¢. We want to make each of the terms on the right-hand
side of the inequality less than ¢/3. This is straightforward for the second term
(since f, is differentiable) and the third term (since f] — g). To estimate the first
term, we approximate f by f,,, use the mean value theorem, and let m — co.

Since f,, — fr is differentiable, the mean value theorem implies that there exists
& between ¢ and x such that

fm(®) = fm(c) . fu(®) = fulc) _ (fm = fo)(@) = (fn = fu)(c)
T —c x—c x—c
= fm(&) = fn (&)
Since (f)) converges uniformly, it is uniformly Cauchy by Theorem Therefore
there exists N1 € N such that

n(© = Fr(© <5 forall € € (a,b) if m.n > Ny,

which implies that
fm(z) = fm(c) _ fn(x) = fale)

xr —cC Tr —cC

< £
3

Taking the limit of this equation as m — oo, and using the pointwise convergence
of (fim) to f, we get that

f@) = fle)  fulx) = fulc)

Tr —cC xr —cC

g% for n > Nj.

Next, since (f}) converges to g, there exists No € N such that
i@ —glel < g foralln> N,
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Choose some n > max(Ny, Na). Then the differentiability of f,, implies that there
exists d > 0 such that

Jn(x) — fnlc)

—f,g(c)'<E if 0 <|z—c| <é.

T —c 3
Putting these inequalities together, we get that
M—g(c)<e if0<|x—cl <4,
T—c
which proves that f is differentiable at ¢ with f'(c) = g(c). O

Like Theorem Theorem [9.18] can be interpreted as giving sufficient condi-
tions for an exchange in the order of limits:

= lim lim
Tr—C N—00

lim lim
n—o00 r—c xr—cC xr—c

[fle) 1),

It is worth noting that in Theorem the derivatives f/ are not assumed to
be continuous. If they are continuous, then one can use Riemann integration and
the fundamental theorem of calculus to give a simpler proof (see Theorem [12.21]).

9.5. Series

The convergence of a series is defined in terms of the convergence of its sequence of
partial sums, and any result about sequences is easily translated into a correspond-
ing result about series.

Definition 9.19. Suppose that (f,) is a sequence of functions f,, : A — R. Let
(S,) be the sequence of partial sums S, : A — R, defined by

Sp(x) = ka(x)
k=1

Then the series
n=1

converges pointwise to S : A — R on A if S;,, — S as n — oo pointwise on A, and
uniformly to S on A if S,, — S uniformly on A.

We illustrate the definition with a series whose partial sums we can compute
explicitly.

Example 9.20. The geometric series

o0
Zx” =l+a+a2+2°+...
n=0
has partial sums
1— gntl

Zoxk 1-z
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Thus, S,(z) = 1/(1 —z) as n — oo if |z| < 1 and diverges if || > 1, meaning that
oo 1
Y et = intwi ~1,1).
n:Ox T pointwise on (—1,1)

Since 1/(1—x) is unbounded on (—1,1), Theorem implies that the convergence
cannot be uniform.

The series does, however, converge uniformly on [—p, p] for every 0 < p < 1.
To prove this, we estimate for |z| < p that

1
1—=z

|$|n+1 pn-‘,-l

Sn(x)

l—2z ~1—p
Since p"*1/(1 — p) — 0 as n — oo, given any € > 0 there exists N € N, depending
only on € and p, such that

pn+1

0< <€ for all n > N.

I1—-p
It follows that

- 1
k
kzzox 12

which proves that the series converges uniformly on [—p, p].

<e for all x € [—p, p] and all n > N,

The Cauchy condition for the uniform convergence of sequences immediately
gives a corresponding Cauchy condition for the uniform convergence of series.

Theorem 9.21. Let (f,,) be a sequence of functions f, : A — R. The series
> Jn
n=1

converges uniformly on A if and only if for every ¢ > 0 there exists N € N such

that
> fe(@)

k=m+1

<€ forallz € Aand alln > m > N.

Proof. Let
Su(@) =Y fr(z) = fi(2) + fo(z) + -+ + ful2).
k=1

From Theorem the sequence (S,), and therefore the series »_ f,, converges
uniformly if and only if for every € > 0 there exists N such that

[Sn(z) — Sm(z)| < € for all z € A and all n,m > N.
Assuming n > m without loss of generality, we have

() = S (@) = frnr1 (@) + frnva(@) + -+ falx) = Y fulw),

k=m-+1

so the result follows. O
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The following simple criterion for the uniform convergence of a series is very
useful. The name comes from the letter traditionally used to denote the constants,
or “majorants,” that bound the functions in the series.

Theorem 9.22 (Weierstrass M-test). Let (f,,) be a sequence of functions f,, : A —
R, and suppose that for every n € N there exists a constant M,, > 0 such that

|fn(z)| < M, forallze A, ZM” < 0.
n=1

Then
(oo}
> ().
n=1
converges uniformly on A.

Proof. The result follows immediately from the observation that 3 f, is uniformly
Cauchy if >~ M, is Cauchy.

In detail, let € > 0 be given. The Cauchy condition for the convergence of a
real series implies that there exists N € N such that

Z M, < e forallm >m > N.
k=m-+1

Then for all x € A and all n > m > N, we have

> filx)

n

< 0 (@)l

k=m+1 k=m+1
n
< Z M;,
k=m+1
<€
Thus, Y f,, satisfies the uniform Cauchy condition in Theorem so it converges
uniformly. O

Example 9.23. Returning to Example we consider the geometric series
(o]
>
n=0
If |2| < p where 0 < p < 1, then
oo
" <p" D pt <L
n=0
The M-test, with M,, = p™, implies that the series converges uniformly on [—p, p].

Example 9.24. The series

fa@) =3 2% cos (3"2)

n=1
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Figure 1. Graph of the Weierstrass continuous, nowhere differentiable func-
tion y = >->° ;27" cos(3™x) on one period [0, 27].

converges uniformly on R by the M-test since

1 1
< — — =1
- on’ nz::l 2n

It then follows from Theorem that f is continuous on R. (See Figure [1})

Taking the formal term-by-term derivative of the series for f, we get a series
whose coeflicients grow with n,

_g (2>nsin (3"2),

so we might expect that there are difficulties in differentiating f. As Figure
illustrates, the function doesn’t look smooth at any length-scale. Weierstrass (1872)
proved that f is not differentiable at any point of R. Bolzano (1830) had also
constructed a continuous, nowhere differentiable function, but his results weren’t
published until 1922. Subsequently, Tagaki (1903) constructed a similar function
to the Weierstrass function whose nowhere-differentiability is easier to prove. Such
functions were considered to be highly counter-intuitive and pathological at the time
Weierstrass discovered them, and they weren’t well-received by many prominent
mathematicians.

1
‘Qn cos (3"x)
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> -0.24F

-0.26 -

-0.28

4,002 4.004 4.006 4.008 4.01
X

Figure 2. Details of the Weierstrass function for 4 < z < 4.1 (left) and
4 < z < 4.01 (right) showing its self-similar, fractal behavior under rescalings.

If the Weierstrass M-test applies to a series of functions to prove uniform
convergence, then it also implies that the series converges absolutely, meaning that
o0
Z | fn(z)] < 00 for every z € A.
n=1
Thus, the M-test is not applicable to series that converge uniformly but not abso-
lutely.

Absolute convergence of a series is completely different from uniform conver-
gence, and the two concepts shouldn’t be confused. Absolute convergence on A is a
pointwise condition for each x € A, while uniform convergence is a global condition
that involves all points z € A simultaneously. We illustrate the difference with a
rather trivial example.

Example 9.25. Let f,, : R — R be the constant function

_1\n+1
fn($) = &

n
Then Y f,, converges on R to the constant function f(x) = ¢, where

oo _1n+1
c:zl< )

is the sum of the alternating harmonic series (¢ = log 2). The convergence of > f,, is
uniform on R since the terms in the series do not depend on x, but the convergence
isn’t absolute at any € R since the harmonic series

L

n=1 n

diverges to infinity.
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Chapter 10

Power Series

In discussing power series it is good to recall a nursery rhyme:
“There was a little girl
Who had a little curl
Right in the middle of her forehead
When she was good
She was very, very good
But when she was bad
She was horrid.”
(Robert Strichartz [14])

Power series are one of the most useful type of series in analysis. For example,
we can use them to define transcendental functions such as the exponential and
trigonometric functions (as well as many other less familiar functions).

10.1. Introduction

A power series (centered at 0) is a series of the form

o0
g ant™ =ag+ a1z 4+ az® + -+ anz” + .. ..

n=0

where the constants a,, are some coefficients. If all but finitely many of the a,, are
zero, then the power series is a polynomial function, but if infinitely many of the
an are nonzero, then we need to consider the convergence of the power series.

The basic facts are these: Every power series has a radius of convergence 0 <
R < 00, which depends on the coefficients a,,. The power series converges absolutely
in |z| < R and diverges in |z| > R. Moreover, the convergence is uniform on every
interval |z| < p where 0 < p < R. If R > 0, then the sum of the power series is
infinitely differentiable in || < R, and its derivatives are given by differentiating
the original power series term-by-term.

183
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Power series work just as well for complex numbers as real numbers, and are
in fact best viewed from that perspective. We will consider here only real-valued
power series, although many of the results extend immediately to complex-valued
power series.

Definition 10.1. Let (a,)%2, be a sequence of real numbers and ¢ € R. The power
series centered at ¢ with coefficients a,, is the series

Z an(z —c)™.
n=0

Example 10.2. The following are power series centered at 0:

o]
Zm”:1+x+x2+x3+x4+...,

n=0
o~ 1 n o_ Lo 13 1 4
;::Omx —1+x+§x —1—6:3 +ﬂm + .,

Z(n!)m":1+x+2x2+6x3+24m4+...,

n=0

Z(—l)"a:yl =r—a? ot —aS 4.
n=0

An example of a power series centered at 1 is

X 1\yn+1 .
Z%(xfl)”:(a?f1)*%(3771)2+é(5€*1)3*i(x*1)4+-“'

The power series in Definition [10.1]is a formal, algebraic expression, since we
haven’t said anything yet about its convergence. By changing variables (x —c¢) +— z,
we can assume without loss of generality that a power series is centered at 0, and
we will do so whenever it’s convenient.

10.2. Radius of convergence

First, we prove that every power series has a radius of convergence.

Theorem 10.3. Let
Z an(z — )"
n=0

be a power series. There is a non-negative, extended real number 0 < R < oo
such that the series converges absolutely for 0 < |z — ¢| < R and diverges for
|z — ¢| > R. Furthermore, if 0 < p < R, then the power series converges uniformly
on the interval |z — ¢| < p, and the sum of the series is continuous in |z — ¢| < R.

Proof. We assume without loss of generality that ¢ = 0. Suppose the power series

oo
E an Ty
n=0
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converges for some zg € R with zg # 0. Then its terms converge to zero, so they
are bounded and there exists M > 0 such that

lanzg| < M forn=0,1,2,....

If |z| < |zol, then

<1

Lo

n
lanz™| = |anzy] ;—O < Mr™, r =

Comparing the power series with the convergent geometric series Y Mr™, we see
that > a,x™ is absolutely convergent. Thus, if the power series converges for some
xo € R, then it converges absolutely for every x € R with |z| < |zg].

Let
R =sup {|:c\ >0: Zanz" converges} .

If R = 0, then the series converges only for x = 0. If R > 0, then the series
converges absolutely for every x € R with |z| < R, since it converges for some
xo € R with |z| < |xg| < R. Moreover, the definition of R implies that the series
diverges for every z € R with |z| > R. If R = oo, then the series converges for all
rz e R

Finally, let 0 < p < R and suppose |z| < p. Choose o > 0 such that p < o < R.
Then Y’ |ano™| converges, so |a,o™| < M, and therefore
p" n
- S M’I" )
o

"

lanz™| = |ano™| E‘n <lano
n - n o — n

where r = p/o < 1. Since > Mr™ < oo, the M-test (Theorem implies that
the series converges uniformly on |z| < p, and then it follows from Theorem m
that the sum is continuous on |z| < p. Since this holds for every 0 < p < R, the
sum is continuous in |z| < R. O

The following definition therefore makes sense for every power series.

Definition 10.4. If the power series

Z an(x —c)"
n=0

converges for |z — ¢| < R and diverges for |z — ¢| > R, then 0 < R < oo is called
the radius of convergence of the power series.

Theorem does not say what happens at the endpoints x = ¢ £ R, and in
general the power series may converge or diverge there. We refer to the set of all
points where the power series converges as its interval of convergence, which is one
of

(¢c—R,c+R), (¢c—R,c+R], [c—R,c+R), [c—R,c+R]
We won’t discuss here any general theorems about the convergence of power series
at the endpoints (e.g., the Abel theorem). Also note that a power series need not
converge uniformly on |z — ¢| < R.

Theorem does not give an explicit expression for the radius of convergence
of a power series in terms of its coefficients. The ratio test gives a simple, but useful,
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way to compute the radius of convergence, although it doesn’t apply to every power
series.

Theorem 10.5. Suppose that a,, # 0 for all sufficiently large n and the limit

R = lim an

n—oo

An+1

exists or diverges to infinity. Then the power series

Z an(x —c)"
n=0

has radius of convergence R.

Proof. Let
ant1(T — C)nJrl

an(x —c)?

an+1
Qn

r = lim

= |z —¢| lim
n—oo

n—0o0

By the ratio test, the power series converges if 0 < r < 1, or |z — ¢|] < R, and
diverges if 1 < r < o0, or |z — ¢| > R, which proves the result. O

The root test gives an expression for the radius of convergence of a general
power series.

Theorem 10.6 (Hadamard). The radius of convergence R of the power series

Z an(x — )"
n=0

is given by
1

lim sup,,_, o, |an|

R =

1/n

where R = 0 if the limsup diverges to oo, and R = oo if the limsup is 0.

Proof. Let

r = limsup |a, (x — c)"|1/n

= |z — ¢|limsup |a, |"/" .

By the root test, the series converges if 0 < r < 1, or | — ¢| < R, and diverges if
1 <r <oo,or |z —c|l> R, which proves the result. O

This theorem provides an alternate proof of Theorem from the root test;
in fact, our proof of Theorem [10.3]is more-or-less a proof of the root test.

10.3. Examples of power series

We consider a number of examples of power series and their radii of convergence.

Example 10.7. The geometric series

o0
Zx":1+m+as2+...
n=0
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has radius of convergence
1
R=lim - =1

n—oo 1
It converges to

1 oo
= Zm" for |z| < 1,

-z
n=0
and diverges for |z| > 1. At z = 1, the series becomes
1+1+1+1+...

and at x = —1 it becomes
1-14+1—-141—...,

so the series diverges at both endpoints x = £1. Thus, the interval of convergence
of the power series is (—1,1). The series converges uniformly on [—p, p] for every
0 < p < 1 but does not converge uniformly on (—1,1) (see Example . Note
that although the function 1/(1 — ) is well-defined for all z # 1, the power series
only converges when |z| < 1.

Example 10.8. The series

oo
1 1 1 1
Zﬁx":x+§x2+§x3+1x4+...

n=1

has radius of convergence

1/n 1
= lim ——— = 1i 1+—-) =1
Rt gty = (1)

At x = 1, the series becomes the harmonic series

i RS L S
—n o2 3 4 777
which diverges, and at x = —1 it is minus the alternating harmonic series
i ()™ - 11 N 1
no 2 3 4 7

n=1
which converges, but not absolutely. Thus the interval of convergence of the power
series is [—1,1). The series converges uniformly on [—p, p] for every 0 < p < 1 but
does not converge uniformly on (—1,1).

Example 10.9. The power series

oo

1 ., 1 1 4
Z—'x =l4+oz+ 4+ 2+ ...
= n! 2! 3!
has radius of convergence
. 1/n! . (n+ 1) :
Sy T

so it converges for all z € R. The sum is the exponential function

oo

T ln
(& :me

n=0
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In fact, this power series may be used to define the exponential function. (See
Section M)

Example 10.10. The power series

oo
(_1)77. 2n 1 2 1 4
Z(Qn)!m —l—am —|—aa: +...

n=0

has radius of convergence R = oo, and it converges for all x € R. Its sum coszx
provides an analytic definition of the cosine function.

Example 10.11. The power series

(_1)n 2n+1 1 3 1 5
nZ%(%ﬁ&ﬂx TR

has radius of convergence R = oo, and it converges for all z € R. Its sum sinz
provides an analytic definition of the sine function.

Example 10.12. The power series

i(n')x" =1+ax+ 20z + (32 + (42t + ...

n=0
has radius of convergence

1
R= lim —— = lim —— =
b (n+ 1)1 miseon 4 1

)

so it converges only for z = 0. If x # 0, its terms grow larger once n > 1/|z| and
|(n)z™| — 0o as n — oo.

Example 10.13. The series
e (_1)n+1

D

n=1

(.%'—1)":(:E—1)—7($—1)2+%($L’—1)3—...

has radius of convergence

. (=1)"*t1/n , n _ 1
R=1 = lim —— =1 -1
nooo | (1) 2/ (n+1)|  nocontl noeeltl/m

so it converges if |z — 1| < 1 and diverges if |z — 1| > 1. At the endpoint & = 2, the
power series becomes the alternating harmonic series

1 1+1 1+
2 3 4 7

which converges. At the endpoint & = 0, the power series becomes the harmonic
series

R
23 4

which diverges. Thus, the interval of convergence is (0, 2].
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0.6

0.2 1

0.1p 1

Figure 1. Graph of the lacunary power series y = zzozo(—l)":cyl on [0,1).
It appears relatively well-behaved; however, the small oscillations visible near
z = 1 are not a numerical artifact.

Example 10.14. The power series

o0
Z(—l)”xQn —r—a?+at—a® 10— 34 .
n=0
with
(—1)F if n = 2%,
0 if n # 2F,
has radius of convergence R = 1. To prove this, note that the series converges for
|z] < 1 by comparison with the convergent geometric series Y |z|™, since

[

|z|™ if n =2k

anz"| = < |z|™.

lana™1 =10 ifnyézk*' |

If |x] > 1, then the terms do not approach 0 as n — oo, so the series diverges.
Alternatively, we have

i _ 1 ifn=2"
0 if n#2F,

lan

SO

lim sup |a,|"/" = 1
n— oo

and the Hadamard formula (Theorem [10.6) gives R = 1. The series does not
converge at either endpoint = +1, so its interval of convergence is (—1,1).

In this series, there are successively longer gaps (or “lacuna”) between the
powers with non-zero coefficients. Such series are called lacunary power series, and
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0.508 -

0.506 -

0.504 -

0.502

0.498

0.496 -

0.494

0.492 -

0.46 ; ; ; ; 0.49 - - - -
09 0.92 094 0.96 098 1 0.99 0992 0.994 0.996 0.998 1

X X

Figure 2. Details of the lacunary power series z:f,lo:o(fl)”avy1

showing its oscillatory behavior and the nonexistence of a limit as x — 1.

near r = 1,

they have many interesting properties. For example, although the series does not
converge at x = 1, one can ask if

o0
. n, 2"
Jim. [Z< 0"z ]
exists. In a plot of this sum on [0,1), shown in Figure |1} the function appears
relatively well-behaved near © = 1. However, Hardy (1907) proved that the function
has infinitely many, very small oscillations as x — 17, as illustrated in Figure
and the limit does not exist. Subsequent results by Hardy and Littlewood (1926)
showed, under suitable assumptions on the growth of the “gaps” between non-zero
coefficients, that if the limit of a lacunary power series as x — 1~ exists, then the
series must converge at x = 1. Since the lacunary power series considered here
does not converge at 1, its limit as £ — 1~ cannot exist. For further discussion of
lacunary power series, see [4].

10.4. Algebraic operations on power series

We can add, multiply, and divide power series in a standard way. For simplicity,
we consider power series centered at 0.

Proposition 10.15. If R, S > 0 and the functions
flx)= Zanx" in |z| < R, g(x) = Z bpz™ in x| < S
n=0 n=0

are sums of convergent power series, then

o0

(f—i—g)(m):Z(an—l—bn)x" in [z <T,

n=0

(fg)(@) = cna” in |z < T,
n=0
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where T' = min(R, S) and

n
Cp = E an_kbk.
k=0

Proof. The power series expansion of f + g follows immediately from the linear-
ity of limits. The power series expansion of fg follows from the Cauchy product
(Theorem7 since power series converge absolutely inside their intervals of con-
vergence, and

(5 ) () -5 (S s ) - S

n=0 n=0 n=0 \k=0 n=0
O

It may happen that the radius of convergence of the power series for f+g or fg
is larger than the radius of convergence of the power series for f, g. For example,
if g = —f, then the radius of convergence of the power series for f + g = 0 is c©
whatever the radius of convergence of the power series for f.

The reciprocal of a convergent power series that is nonzero at its center also
has a power series expansion.

Proposition 10.16. If R > 0 and
flz) = Z anz" in |z| < R,
n=0

is the sum of a power series with ag # 0, then there exists S > 0 such that

1 o0
— = bpx™ in |z] < S.
)~ 2 g

The coefficients b,, are determined recursively by

n—1

1 1
bo=—, b'rL:_*ZCLn_kbk, forn > 1.
o a0 15

Proof. First, we look for a formal power series expansion (i.e., without regard to
its convergence)

g(z) = Z bnx"
n=0

such that the formal Cauchy product fg is equal to 1. This condition is satisfied if

<i anm”> <i bnx"> = i < " an_kbk> " =1.
n=0 n=0 n=0 \k=0

Matching the coefficients of ™, we find that
n—1
apbg = 1, agb,, + Z Ap—rbr, =0 forn > 1,
k=0
which gives the stated recursion relation.
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To complete the proof, we need to show that the formal power series for g has
a nonzero radius of convergence. In that case, Proposition shows that fg =1
inside the common interval of convergence of f and g, so 1/f = g has a power series
expansion. We assume without loss of generality that ay = 1; otherwise replace f

by f/ao.

The power series for f converges absolutely and uniformly on compact sets
inside its interval of convergence, so the function

o0
> lan] 2l
n=1
is continuous in |z| < R and vanishes at x = 0. It follows that there exists § > 0

such that -
> lanllz” <1 for |z| <4,

Then f(z) # 0 for |z| < d, since
@)= 1= Janl|2|" >0,
n=1

so 1/f(x) is well defined.
We claim that 1
|bn] < — forn=0,1,2,....
5n

The proof is by induction. Since by = 1, this inequality is true for n =0. If n > 1
and the inequality holds for by with 0 < k < n — 1, then by taking the absolute
value of the recursion relation for bn, we get

ak
b \<Z|ak||bn €53 ol _5n2\a <

so the inequality holds for b, with 0 S k: < n, and the claim follows.
We then get that

limsup|bn|1/” < -,

n—oo 6
so the Hadamard formula in Theorem implies that the radius of convergence
of > b,a™ is greater than or equal to 6 > 0, which completes the proof. d

An immediate consequence of these results for products and reciprocals of power
series is that quotients of convergent power series are given by convergent power
series, provided that the denominator is nonzero.

Proposition 10.17. If R, S > 0 and

oo o0
x) = Zanm" in |z| < R, g(x) = Z by in |x| < S
n=0 n=0

are the sums of power series with by # 0, then there exists 7' > 0 and coefficients
¢, such that

kh
&

Z ez in |z| <T.

A
H
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The previous results do not give an explicit expression for the coefficients in
the power series expansion of f/g or a sharp estimate for its radius of convergence.
Using complex analysis, one can show that radius of convergence of the power
series for f/g centered at 0 is equal to the distance from the origin of the nearest
singularity of f/g in the complex plane. We will not discuss complex analysis here,
but we consider two examples.

Example 10.18. Replacing by —22 in the geometric power series from Exam-
ple we get the following power series centered at 0

1 00
m =1 — 2 +$4 — 0 4= Z(—1)7l+1$2n,
n=0

which has radius of convergence R = 1. From the point of view of real functions, it
may appear strange that the radius of convergence is 1, since the function 1/(1+22)
is well-defined on R, has continuous derivatives of all orders, and has power series
expansions with nonzero radius of convergence centered at every ¢ € R. However,
when 1/(1 + 22) is regarded as a function of a complex variable z € C, one sees
that it has singularities at z = +4, where the denominator vanishes, and | +i| = 1,
which explains why R = 1.

Example 10.19. The function f: R — R defined by f(0) =1 and

v
f(z) = ¢ ) for z #0
x
has the power series expansion
fla) =30
B =+

with infinite radius of convergence. The reciprocal function g : R — R of f is given
by g(0) =1 and

x
g(x)—ew_l, for z # 0.
Proposition implies that
(o]
g(z) = Z bpx™

n=0

has a convergent power series expansion at 0, with by = 1 and

3
|
-

bi
bh=-5S —*  forp>L
-kt 0T

=
Il

The numbers B,, = n!b, are called Bernoulli numbers. They may be defined
as the coefficients in the power series expansion

T > B,
exflzzﬁxn'

n=0

The function z/(e” — 1) is called the generating function of the Bernoulli numbers,
where we adopt the convention that z/(e* —1) =1 at x = 0.
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A number of properties of the Bernoulli numbers follow from their generating
function. First, we observe that

x 1 1 (ez/z—l—e_mm)

v 1 2" T\ @ e

is an even function of z. It follows that
By =1, B, =——

and B,, = 0 for all odd n > 3. Thus, the power series expansion of x/(e* — 1) has
the form
> B2n

(2n)!
n=1
The recursion formula for b,, can be written in terms of B,, as
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k=0
which implies that the Bernoulli numbers are rational. For example, one finds that
1 1 1 1 5 691
2 6’ 4 307 6 427 8 307 10 66’ 12 2730

As the sudden appearance of the large irregular prime number 691 in the numer-
ator of Biy suggests, there is no simple pattern for the values of Bs,, although
they continue to alternate in Signﬂ The Bernoulli numbers have many surprising
connections with number theory and other areas of mathematics; for example, as
noted in Section [L.5] they give the values of the Riemann zeta function at even
natural numbers.

Using complex analysis, one can show that the radius of convergence of the
power series for z/(e* — 1) at z = 0 is equal to 2, since the closest zeros of the
denominator e* — 1 to the origin in the complex plane occur at z = +27i, where
|z| = 27. Given this fact, the Hadamard formula (Theorem implies that

B,|"" 1
o’

n!
which shows that at least some of the Bernoulli numbers B,, grow very rapidly
(factorially) as n — oo.

lim sup
n—oo

Finally, we remark that we have proved that algebraic operations on convergent
power series lead to convergent power series. If one is interested only in the formal
algebraic properties of power series, and not their convergence, one can introduce
a purely algebraic structure called the ring of formal power series (over the field R)

in a variable x,
R[[z]] = {Zanx" Cay € R} ,
n=0

I prime number p is said to be irregular if it divides the numerator of B, , expressed in lowest
terms, for some 2 < 2n < p — 3; otherwise it is regular. The smallest irregular prime number is 37,
which divides the numerator of B3y = —7709321041217/5100, since 7709321041217 = 37-683-305065927.
There are infinitely many irregular primes, and it is conjectured that there are infinitely many regular
primes. A proof of this conjecture is, however, an open problem.



10.5. Differentiation of power series 195

with sums and products on R[[z]] defined in the obvious way:

i anx’ + i bz = i (an + bp) 2™,

n:(())o n=0 . n=0 . .

(Z anJ:") (Z b,ﬁ&") = Z (Z an_kbk> z".
n=0 n=0 n=0 \k=0

10.5. Differentiation of power series

We saw in Section that, in general, one cannot differentiate a uniformly con-
vergent sequence or series. We can, however, differentiate power series, and they
behaves as nicely as one can imagine in this respect. The sum of a power series

f(z) = ag + a1z + azx® + azz® + aszt + ...
is infinitely differentiable inside its interval of convergence, and its derivative
f'(x) = a1 + 2asx + 3azz? + dasa® + ...

is given by term-by-term differentiation. To prove this result, we first show that
the term-by-term derivative of a power series has the same radius of convergence
as the original power series. The idea is that the geometrical decay of the terms of
the power series inside its radius of convergence dominates the algebraic growth of
the factor n that comes from taking the derivative.

Theorem 10.20. Suppose that the power series

Z an(x —c)"
n=0

has radius of convergence R. Then the power series

oo
Z nap(x —c)" !
n=1

also has radius of convergence R.

Proof. Assume without loss of generality that ¢ = 0, and suppose || < R. Choose
p such that |z| < p < R, and let

_ lel
p

To estimate the terms in the differentiated power series by the terms in the original
series, we rewrite their absolute values as follows:

1 n ( |z n=l nrnl
[nane™ ! = = () lanp"| = |anp"|.
p\p p

The ratio test shows that the series >_ nr"~! converges, since

1)r™ 1
lim {W} = lim {(1—1—) r} =r<l,
n—o0 nrn— n—oo n

, 0<r<l.
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so the sequence (nr"~1) is bounded, by M say. It follows that
M
|nan1’”*1{ < —lanp”| for all n € N.
p

The series > |a,p™| converges, since p < R, so the comparison test implies that
S na,z™ ! converges absolutely.

Conversely, suppose |z| > R. Then >_ |a,z™| diverges (since Y a,x™ diverges)
and

1
|nanx”71’ > m |anz™|

for n > 1, so the comparison test implies that > na,z" ! diverges. Thus the series
have the same radius of convergence. [

Theorem 10.21. Suppose that the power series
o0
f(x):Zan(x—c)” for |t —c| <R
n=0

has radius of convergence R > 0 and sum f. Then f is differentiable in |z —¢| < R
and

f(z)= Z nay,(r —c)" ! for |z — | < R.
n=1

Proof. The term-by-term differentiated power series converges in |z — ¢| < R by
Theorem [10.20] We denote its sum by

g(z) = Z nan(z — )" L.

Let 0 < p < R. Then, by Theorem [10.3] the power series for f and g both converge
uniformly in |z —¢| < p. Applying Theoremto their partial sums, we conclude
that f is differentiable in |z — ¢| < p and f' = g. Since this holds for every
0 < p < R, it follows that f is differentiable in |z —¢| < R and f’ = g, which proves
the result. |

Repeated application of Theorem implies that the sum of a power series
is infinitely differentiable inside its interval of convergence and its derivatives are
given by term-by-term differentiation of the power series. Furthermore, we can get
an expression for the coefficients a,, in terms of the function f; they are simply the
Taylor coefficients of f at c.

Theorem 10.22. If the power series

fla) = an(z—c¢)"

n=0

has radius of convergence R > 0, then f is infinitely differentiable in |z —¢| < R

and
()

n!

Qn
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Proof. We assume ¢ = 0 without loss of generality. Applying Theorem [10.22] to
the power series

f(x) = ap + a1x + axx® + azax® + - + apa™ + ...
k times, we find that f has derivatives of every order in |x| < R, and
f'(x) = a1 + 2a02 + 3azz? + - + naz" 4.,
f(x) = 2a9 + (3-2)azz + -+ +n(n — Dapa™ 2 +...,
f(x)=3-2-Daz+ - +nn—1)(n—2az" > +...,

n!
(n—k)!
where all of these power series have radius of convergence R. Setting x = 0 in these
series, we get

f(k)(x):(k!)akJr"‘JF x"’k+...,

(k)
ao = f(0), a1 =/f'0), ... ax= d k!(O),

which proves the result (after replacing 0 by ¢). O

One consequence of this result is that power series with different coefficients
cannot converge to the same sum.

Corollary 10.23. If two power series

Zan(x—c)”, an(:ﬂ—c)”
n=0

n=0
have nonzero-radius of convergence and are equal in some neighborhood of 0, then
an = by for every n =0,1,2,....

Proof. If the common sum in |z — ¢| < § is f(z), we have

9, e

an | I n — | ’
n! n!
since the derivatives of f at ¢ are determined by the values of f in an arbitrarily
small open interval about ¢, so the coefficients are equal. ([l

10.6. The exponential function
We showed in Example that the power series
_ 1 2 1 3 1 n
E(x)f1+x+5x +ax +~--+Ex +....

has radius of convergence co. It therefore defines an infinitely differentiable function
E:R—R.

Term-by-term differentiation of the power series, which is justified by Theo-

rem [10.21} implies that

1 1
E@=1+z+ 2+ + ——a V4

2! (n—1)!
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so B/ = E. Moreover E(0) = 1. As we show below, there is a unique function
with these properties, which are shared by the exponential function e”. Thus,
this power series provides an analytical definition of e* = F(z). All of the other
familiar properties of the exponential follow from its power-series definition, and
we will prove a few of them here

First, we show that e¥e¥ = e*T¥. For the moment, we continue to write the
function e* as E(x) to emphasise that we use nothing beyond its power series
definition.

Proposition 10.24. For every =,y € R,
E(z)E(y) = E(x +y).

Proof. We have

[es] i 00 yk
B@)=Y %,  By)=Y %
j=0 J: k=0

Multiplying these series term-by-term and rearranging the sum as a Cauchy prod-
uct, which is justified by Theorem we get

7=0 k= 0
T k k
-y Z o=
n=0 k=0
From the binomial theorem,

n pn—k k 1 n kR 1 "
Z(n_ Il TTZ (n—k 'k' yr= ety
k=0 k=0

Hence,
@y
n=0
which proves the result. ([

In particular, since E(0) = 1, it follows that

We have E(z) > 0 for all z > 0, since all of the terms in its power series are positive,
so E(x) > 0 for all z € R.

Next, we prove that the exponential is characterized by the properties B/ = E
and F(0) = 1. This is a simple uniqueness result for an initial value problem for a
linear ordinary differential equation.

Proposition 10.25. Suppose that f : R — R is a differentiable function such that
f'=f  fO)=1
Then f = F.
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Proof. Suppose that f/ = f. Using the equation E' = E, the fact that F is
nonzero on R, and the quotient rule, we get

I\ _fE-Bf _fE-Ef

E)  E2 E2 7
It follows from Theorem that f/E is constant on R. Since f(0) = E(0) =1,
we have f/FE = 1, which implies that f = E. O

In view of this result, we now write E(z) = e*. The following proposition,
which we use below in Section [10.7.2] shows that e* grows faster than any power
of x as * — 0.

Proposition 10.26. Suppose that n is a non-negative integer. Then

:Cn

lim — =0.
rz—o00 et

Proof. The terms in the power series of e” are positive for x > 0, so for every
keN

- i B
e:Zﬁ>ﬂ for all z > 0.
=0

Taking k = n + 1, we get for > 0 that

0 < z" < " _ (n41)!
er " xt)/(n+ 1) oz
Since 1/x — 0 as x — 00, the result follows. O

The logarithm log : (0,00) — R can be defined as the inverse of the exponential
function exp : R — (0, 00), which is strictly increasing on R since its derivative is
strictly positive. Having the logarithm and the exponential, we can define the power
function for all exponents p € R by

xP = ePlos e, x> 0.

Other transcendental functions, such as the trigonometric functions, can be defined
in terms of their power series, and these can be used to prove their usual properties.
We will not carry all this out in detail; we just want to emphasize that, once we
have developed the theory of power series, we can define all of the functions arising
in elementary calculus from the first principles of analysis.

10.7. * Smooth versus analytic functions

The power series theorem, Theorem looks similar to Taylor’s theorem, The-
orem but there is a fundamental difference. Taylor’s theorem gives an ex-
pression for the error between a function and its Taylor polynomials. No question
of convergence is involved. On the other hand, Theorem [10.22] asserts the conver-
gence of an infinite power series to a function f. The coefficients of the Taylor
polynomials and the power series are the same in both cases, but Taylor’s theorem
approximates f by its Taylor polynomials P, (z) of degree n at ¢ in the limit  — ¢
with n fixed, while the power series theorem approximates f by P,(z) in the limit
n — oo with z fixed.
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10.7.1. Taylor’'s theorem and power series. To explain the difference between
Taylor’s theorem and power series in more detail, we introduce an important dis-
tinction between smooth and analytic functions: smooth functions have continuous
derivatives of all orders, while analytic functions are sums of power series.

Definition 10.27. Let k € N. A function f : (a,b) — R is C* on (a,b), written
f € C*(a,b), if it has continuous derivatives f\) : (a,b) — R of orders 1 < j < k.
A function f is smooth (or C'*°, or infinitely differentiable) on (a,b), written f €
C*>(a,b), if it has continuous derivatives of all orders on (a, b).

In fact, if f has derivatives of all orders, then they are automatically continuous,
since the differentiability of f(*) implies its continuity; on the other hand, the
existence of k derivatives of f does not imply the continuity of f*). The statement
“f is smooth” is sometimes used rather loosely to mean “f has as many continuous
derivatives as we want,” but we will use it to mean that f is C'>°.

Definition 10.28. A function f : (a,b) — R is analytic on (a,b) if for every
¢ € (a,b) the function f is the sum in a neighborhood of ¢ of a power series
centered at ¢ with nonzero radius of convergence.

Strictly speaking, this is the definition of a real analytic function, and analytic
functions are complex functions that are sums of power series. Since we consider
only real functions here, we abbreviate “real analytic” to “analytic.”

Theorem [10.22) implies that an analytic function is smooth: If f is analytic on
(a,b) and ¢ € (a,b), then there is an R > 0 and coefficients (ay,) such that

flx)= ian(x—c)" for |z — ¢| < R.
n=0

Then Theorem implies that f has derivatives of all orders in |z —¢| < R, and
since ¢ € (a,b) is arbitrary, f has derivatives of all orders in (a,b). Moreover, it
follows that the coefficients a,, in the power series expansion of f at ¢ are given by
Taylor’s formula.

What is less obvious is that a smooth function need not be analytic. If f is
smooth, then we can define its Taylor coefficients a,, = f(™(c)/n! at ¢ for every
n > 0, and write down the corresponding Taylor series > a,,(z — ¢)™. The problem
is that the Taylor series may have zero radius of convergence if the derivatives of f
grow too rapidly as n — oo, in which case it diverges for every = # ¢, or the Taylor
series may converge, but not to f.

10.7.2. A smooth, non-analytic function. In this section, we give an example
of a smooth function that is not the sum of its Taylor series.

It follows from Proposition [10.26| that if
p(x) = Z apx®
k=0

is any polynomial function, then

lim P(7) = Zak lim r_ 0.

r—oo et
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Figure 3. Left: Plot y = ¢(x) of the smooth, non-analytic function defined
in Proposition [I0.29] Right: A detail of the function near z = 0. The dotted
line is the power-function y = x6/50. The graph of ¢ near 0 is “flatter’ than
the graph of the power-function, illustrating that ¢(z) goes to zero faster than
any power of x as z — 0.

We will use this limit to exhibit a non-zero function that approaches zero faster
than every power of x as © — 0. As a result, all of its derivatives at 0 vanish, even
though the function itself does not vanish in any neighborhood of 0. (See Figure )

Proposition 10.29. Define ¢ : R — R by

~ Jexp(=1/x) ifx >0,
) = {o if 2 < 0.

Then ¢ has derivatives of all orders on R and
¢™©0)=0  foralln>0.

Proof. The infinite differentiability of ¢(x) at  # 0 follows from the chain rule.
Moreover, its nth derivative has the form

() () — pn(l/z)exp(—=1/z) if x>0,
o) = {0 if z <0,

where p,,(1/x) is a polynomial of degree 2n in 1/x. This follows, for example, by
induction, since differentiation of ¢(™ shows that p,, satisfies the recursion relation

Pnt1(z) = 2 [pn(2) — Pl (2)], po(z) = 1.

Thus, we just have to show that ¢ has derivatives of all orders at 0, and that these
derivatives are equal to zero.

First, consider ¢/(0). The left derivative ¢'(07) of ¢ at 0 is 0 since ¢(0) = 0
and ¢(h) = 0 for all h < 0. To find the right derivative, we write 1/h = x and use
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Proposition which gives
o107) = sy [0

h—0t h
_ o SR/
h—0+ h
= lim —
r—o0 €T

Since both the left and right derivatives equal zero, we have ¢’(0) = 0.

To show that all the derivatives of ¢ at 0 exist and are zero, we use a proof
by induction. Suppose that ¢(™(0) = 0, which we have verified for n = 1. The
left derivative ¢("*1(07) is clearly zero, so we just need to prove that the right
derivative is zero. Using the form of ¢(™ (h) for h > 0 and Proposition [10.26] we
get that

D (0F) = lim ¢ (h) — ¢ (0)

h—0t h
— lim Pn(1/h) exp(—1/h)
h—0t h
— lim ZPr (z)
T—00 e’
which proves the result. ([

Corollary 10.30. The function ¢ : R — R defined by

_ Jexp(=1/x) ifz>0,
gzs(x)_{o if 2 <0,

is smooth but not analytic on R.

Proof. From Proposition the function ¢ is smooth, and the nth Taylor
coefficient of ¢ at 0 is a,, = 0. The Taylor series of ¢ at 0 therefore converges to
0, so its sum is not equal to ¢ in any neighborhood of 0, meaning that ¢ is not
analytic at 0. O

The fact that the Taylor polynomial of ¢ at 0 is zero for every degree n € N
does not contradict Taylor’s theorem, which says that for for every n € Nand x > 0
there exists 0 < £ < x such that

o),

z".
n!

¢(x)

Since the derivatives of ¢ are bounded, it follows that there is a constant C,,
depending on n, such that

|p(x)| < Cpa™ for all 0 < z < oo.
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Thus, ¢(x) — 0 as x — 0 faster than any power of x. But this inequality does not
imply that ¢(z) = 0 for = > 0 since C,, grows rapidly as n increases, and C,xz™ 4 0
as n — oo for any x > 0, however small.

We can construct other smooth, non-analytic functions from ¢.

Example 10.31. The function

xp(— 2y i
e o

is infinitely differentiable on R, since ¥(z) = ¢(z?) is a composition of smooth
functions.

The function in the next example is useful in many parts of analysis. Before
giving the example, we introduce some terminology.

Definition 10.32. A function f : R — R has compact support if there exists R > 0
such that f(x) =0 for all x € R with |z| > R.

It isn’t hard to construct continuous functions with compact support; one ex-
ample that vanishes for |z| > 1 is the piecewise-linear, triangular (or ‘tent’) function

1] iffz <1,
f(x)_{o if |2] > 1.

By matching left and right derivatives of piecewise-polynomial functions, we can
similarly construct C' or C* functions with compact support. Using ¢, however,
we can construct a smooth (C°°) function with compact support, which might seem
unexpected at first sight.

Example 10.33. The function

~Jexp[-1/(1—2?)] if |z <1,
nlw) = {o if 2| > 1,

is infinitely differentiable on R, since n(z) = ¢(1 — 2?) is a composition of smooth
functions. Moreover, it vanishes for |z| > 1, so it is a smooth function with compact
support. Figure [4 shows its graph. This function is sometimes called a ‘bump’
function.

The function ¢ defined in Proposition illustrates that knowing the values
of a smooth function and all of its derivatives at one point does not tell us anything
about the values of the function at nearby points. This behavior contrasts with,
and highlights, the remarkable property of analytic functions that the values of an
analytic function and all of its derivatives at a single point of an interval determine
the function on the whole interval.

We make this principle of analytic continuation precise in the following propo-
sition. The proof uses a common trick of going from a local result (equality of
functions in a neighborhood of a point) to a global result (equality of functions
on the whole of their connected domain) by proving that an appropriate subset is
open, closed, and non-empty.
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Figure 4. Plot of the smooth, compactly supported “bump” function defined

in Example @

Proposition 10.34. Suppose that f,g : (a,b) — R are analytic functions on an
open interval (a,b). If f(™)(c) = g (c) for all n > 0 at some point ¢ € (a,b), then
f=gon (a,b).

Proof. Let

E={z € (a,b): f™(z) =g (z)all n >0} .
The continuity of the derivatives £, ¢(™) implies that E is closed in (a,b): If
zp € E and 2, — x € (a,b), then

F(@) = Jim fO(ay) = lim g™ (22) = g (@),
k—o0 k— o0
sox € E, and F is closed.

The analyticity of f, g implies that E is open in (a,b): If z € E, then f =g
in some open interval (x —r, x + r) with r > 0, since both functions have the same
Taylor coefficients and convergent power series centered at z, so f(" = ¢ in
(x —r,x + ), meaning that (x — r,x +r) C E, and E is open.

From Theorem [5.63] the interval (a,b) is connected, meaning that the only

subsets that are open and closed in (a, b) are the empty set and the entire interval.
But E # @ since ¢ € E, so E = (a,b), which proves the result. O

It is worth noting the choice of the set F in the preceding proof. For example,
the proof would not work if we try to use the set

E={z¢€(ab): f(z) = g(z)}
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instead of E. The continuity of f, g implies that F is closed, but E is not, in
general, open.

One particular consequence of Proposition is that a non-zero analytic
function on R cannot have compact support, since an analytic function on R that
is equal to zero on any interval (a,b) C R must equal zero on R. Thus, the non-
analyticity of the ‘bump’-function 7 in Example [10.33]is essential.
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Chapter 11

The Riemann Integral

I know of some universities in England where the Lebesgue integral is
taught in the first year of a mathematics degree instead of the Riemann
integral, but I know of no universities in England where students learn
the Lebesgue integral in the first year of a mathematics degree. (Ap-
proximate quotation attributed to T. W. Korner)

Let f : [a,b] — R be a bounded (not necessarily continuous) function on a
compact (closed, bounded) interval. We will define what it means for f to be
Riemann integrable on [a,b] and, in that case, define its Riemann integral fj f-
The integral of f on [a,b] is a real number whose geometrical interpretation is the
signed area under the graph y = f(z) for a < z < b. This number is also called
the definite integral of f. By integrating f over an interval [a, x] with varying right
end-point, we get a function of z, called an indefinite integral of f.

The most important result about integration is the fundamental theorem of
calculus, which states that integration and differentiation are inverse operations in
an appropriately understood sense. Among other things, this connection enables
us to compute many integrals explicitly. We will prove the fundamental theorem in
the next chapter. In this chapter, we define the Riemann integral and prove some
of its basic properties.

Integrability is a less restrictive condition on a function than differentiabil-
ity. Generally speaking, integration makes functions smoother, while differentiation
makes functions rougher. For example, the indefinite integral of every continuous
function exists and is differentiable, whereas the derivative of a continuous function
need not exist (and typically doesn’t).

The Riemann integral is the simplest integral to define, and it allows one to
integrate every continuous function as well as some not-too-badly discontinuous
functions. There are, however, many other types of integrals, the most important
of which is the Lebesgue integral. The Lebesgue integral allows one to integrate
unbounded or highly discontinuous functions whose Riemann integrals do not exist,

207
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and it has better mathematical properties than the Riemann integral. The defini-
tion of the Lebesgue integral is more involved, requiring the use of measure theory,
and we will not discuss it here. In any event, the Riemann integral is adequate for
many purposes, and even if one needs the Lebesgue integral, it is best to understand
the Riemann integral first.

11.1. The supremum and infimum of functions

In this section we collect some results about the supremum and infimum of functions
that we use to study Riemann integration. These results can be referred back to as
needed.

From Definition the supremum or infimum of a function is the supremum
or infimum of its range, and results about the supremum or infimum of sets translate
immediately to results about functions. There are, however, a few differences, which
come from the fact that we often compare the values of functions at the same point,
rather than all of their values simultaneously.

Inequalities and operations on functions are defined pointwise as usual; for
example, if f,g: A — R, then f < g means that f(x) < g(x) for every z € A, and
f+g:A— Risdefined by (f + g)(z) = f(z) + g(x).

Proposition 11.1. Suppose that f,g: A — R and f < g. Then

sup f <supy, inf f <infg.
A A A A

Proof. If supg = oo, then sup f < supg. Otherwise, if f < g and g is bounded
from above, then

flz) <gx) < Sjpg for every z € A.

Thus, f is bounded from above by sup 4 g, so sup4 f < sup, g. Similarly, —f > —g¢g
implies that sup 4(—f) > sup,(—g), so inf4 f <inf, g. O

Note that f < g does not imply that sup, f < inf 4 g; to get that conclusion,
we need to know that f(x) < g(y) for all z,y € A and use Proposition [2.24]

Example 11.2. Define f,g:1[0,1] = R by f(z) =2z, g(z) =2z + 1. Then f < g
and

sup f =2, inf f =0, supg =3, infg=1.
[0,1] [0,1] [0,1] (0,1]

Thus, sup f > inf g even though f < g.
As for sets, the supremum and infimum of functions do not, in general, preserve

strict inequalities, and a function need not attain its supremum or infimum even if
it exists.

Example 11.3. Define f:[0,1] — R by
r if0<z<l,
fle) = {0 ifo=1

Then f < 1 on [0,1] but supg,; f = 1, and there is no point = € [0, 1] such that
fa) = 1.
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Next, we consider the supremum and infimum of linear combinations of func-
tions. Multiplication of a function by a positive constant multiplies the inf or sup,
while multiplication by a negative constant switches the inf and sup,

Proposition 11.4. Suppose that f: A — R is a bounded function and ¢ € R. If
c > 0, then

supcf = csup f, inf ¢f = cinf f.
A A A A
If ¢ < 0, then
supcf = cinf f, infcf = csup f.
A A A A
Proof. Apply Proposition to the set {cf(z):x € A} =c{f(x) :x € A}. O
For sums of functions, we get an inequality.
Proposition 11.5. If f,g: A — R are bounded functions, then
sup(f 4+ ¢g) <sup f +supg, inf(f 4+ g¢) > inf f +inf g.
A A A A A A

Proof. Since f(z) < sup, f and g(z) < sup, g for every z € [a,b], we have
f(@) +g(x) < sup f +supg.
Thus, f + ¢ is bounded from above by sup 4 f + supy4 g, so
sup(f +g) <sup f +supg.
A A A

The proof for the infimum is analogous (or apply the result for the supremum to
the functions — f, —g). a

We may have strict inequality in Proposition because f and g may take
values close to their suprema (or infima) at different points.
Example 11.6. Define f,¢g:[0,1] = R by f(z) =z, g(x) =1 — 2. Then

sup f =supg =sup(f +g) =1,
[0,1] 01 [0.1]

so sup(f +g) =1 but sup f + supg = 2. Here, f attains its supremum at 1, while
g attains its supremum at 0.

Finally, we prove some inequalities that involve the absolute value.

Proposition 11.7. If f,g: A — R are bounded functions, then

sup f — supg‘ <suwplf—gl,  [infs—infg| <sup|f gl
A A A A A A
Proof. Since f = f—g+gand f —g <|f — g|, we get from Proposition and
Proposition [T1.1] that
sup f < sup(f —g) +supg <sup|f — g+ supg,
A A A A A

S0
sup f —supg < sup|f —g|.
A A A
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Exchanging f and g in this inequality, we get
supg —sup f <sup|f —gl,
A A A

which implies that

sup f —supg| < sup|f —g|.
A A A

Replacing f by —f and g by —g in this inequality, we get

inf f — inf ’ < —ql,
inf f—infg] <sup|f —g|
where we use the fact that sup(—f) = —inf f. O

Proposition 11.8. If f,g : A — R are bounded functions such that

|f(@) = f)l < lg(x) —g(y)]  forall z,y € A,
then
3 1 < 3 1 A
bljp f H}‘ff < blj‘pg Hfleg

Proof. The condition implies that for all z,y € A, we have
f(@) = fy) < lg(z) — 9(y)| = max [g(z), g(y)] — min [g(z), g(y)] < supg — inf g,
which implies that
sup{f(z) — f(y) 1 z,y € A} < Sl:lpg - i%fg.
From Proposition we have
sup{f(z) — f(y) : v,y € A} = sgpf —inf £,

so the result follows. O

11.2. Definition of the integral

The definition of the integral is more involved than the definition of the derivative.
The derivative is approximated by difference quotients, whereas the integral is
approximated by upper and lower sums based on a partition of an interval.

We say that two intervals are almost disjoint if they are disjoint or intersect
only at a common endpoint. For example, the intervals [0,1] and [1, 3] are almost
disjoint, whereas the intervals [0, 2] and [1, 3] are not.

Definition 11.9. Let I be a nonempty, compact interval. A partition of I is a
finite collection {I1, Is,...,I,} of almost disjoint, nonempty, compact subintervals
whose union is 1.

A partition of [a,b] with subintervals I}, = [x;_1, 2] is determined by the set
of endpoints of the intervals
Aa=2T0 <1 <Tog <+ < Tp_1<xy=~>.
Abusing notation, we will denote a partition P either by its intervals
P={L,L,...,1,}
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or by the set of endpoints of the intervals
P = {*anxtha ey xn—l,l'n}-

We'll adopt either notation as convenient; the context should make it clear which
one is being used. There is always one more endpoint than interval.

Example 11.10. The set of intervals

{l0,1/5],[1/5,1/4],[1/4,1/3],[1/3,1/2], [1/2,1]}
is a partition of [0, 1]. The corresponding set of endpoints is

{0,1/5,1/4,1/3,1/2,1}.

We denote the length of an interval I = [a,b] by
Il =b—a.

Note that the sum of the lengths |I| = x —x—1 of the almost disjoint subintervals
in a partition {Iy, I, ..., I} of an interval T is equal to length of the whole interval.
This is obvious geometrically; algebraically, it follows from the telescoping series

n

Z 1| = Z (T — Tp—1)
k=1

k=1
=Tp —Tp—1+Tp—1 —Tp—2+ " +T2—T1+2T1 —To
=xpn — X9
= [I].

Suppose that f : [a,b] — R is a bounded function on the compact interval
I = [a,b] with
M =sup f, m:ir}ff.
I

If P={I,1Is,...,1,} is a partition of I, let
My, = sup f, my = inf f.
Ty I,

These suprema and infima are well-defined, finite real numbers since f is bounded.
Moreover,

m < my < M, < M.

If f is continuous on the interval I, then it is bounded and attains its maximum
and minimum values on each subinterval, but a bounded discontinuous function
need not attain its supremum or infimum.

We define the upper Riemann sum of f with respect to the partition P by
n n
U(f; P) = M| = > My(x), — z1),
k=1 k=1
and the lower Riemann sum of f with respect to the partition P by

L(f;P) =Y mglIe| =Y my(z — z5-1).
k=1 k=1
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Geometrically, U(f; P) is the sum of the signed areas of rectangles based on the
intervals Ij, that lie above the graph of f, and L(f; P) is the sum of the signed
areas of rectangles that lie below the graph of f. Note that

m(b—a) < L(f; P) < U(f; P) < M(b—a).

Let II(a,b), or II for short, denote the collection of all partitions of [a,b]. We
define the upper Riemann integral of f on [a, b] by

U(f) = inf U(f: P).

The set {U(f;P) : P € II} of all upper Riemann sums of f is bounded from
below by m(b — a), so this infimum is well-defined and finite. Similarly, the set
{L(f; P) : P € II} of all lower Riemann sums is bounded from above by M (b — a),
and we define the lower Riemann integral of f on [a,b] by

L(f) = sup L(f; P).
Pell

These upper and lower sums and integrals depend on the interval [a, b] as well as the
function f, but to simplify the notation we won’t show this explicitly. A commonly
used alternative notation for the upper and lower integrals is

U(f)=/abf, L(f)=/abf-

Note the use of “lower-upper” and “upper-lower” approximations for the in-
tegrals: we take the infimum of the upper sums and the supremum of the lower
sums. As we show in Proposition below, we always have L(f) < U(f), but
in general the upper and lower integrals need not be equal. We define Riemann
integrability by their equality.

Definition 11.11. A function f : [a,b] — R is Riemann integrable on [a,d] if it
is bounded and its upper integral U(f) and lower integral L(f) are equal. In that
case, the Riemann integral of f on [a, b], denoted by

/a ' fla)d. / s 1

or similar notations, is the common value of U(f) and L(f).

An unbounded function is not Riemann integrable. In the following, “inte-
grable” will mean “Riemann integrable, and “integral” will mean “Riemann inte-
gral” unless stated explicitly otherwise.

11.2.1. Examples. Let us illustrate the definition of Riemann integrability
with a number of examples.

Example 11.12. Define f : [0,1] — R by

1z if0<z<l,
f(”@)_{o if 2= 0.

1

1
/fdx
o T

Then
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isn’t defined as a Riemann integral becuase f is unbounded. In fact, if
O<ri << <xp_1<1

is a partition of [0, 1], then

sup f = oo,
[0,21]

so the upper Riemann sums of f are not well-defined.

An integral with an unbounded interval of integration, such as

o
1

/ —dx,
1 X

also isn’t defined as a Riemann integral. In this case, a partition of [1,00) into
finitely many intervals contains at least one unbounded interval, so the correspond-
ing Riemann sum is not well-defined. A partition of [1,00) into bounded intervals
(for example, I, = [k, k+ 1] with k& € N) gives an infinite series rather than a finite
Riemann sum, leading to questions of convergence.

One can interpret the integrals in this example as limits of Riemann integrals,
or improper Riemann integrals,

1 1 [o%¢) T
1 1 1 1
/ —dx = lim —dux, / —dx = lim —dx,
0o Z e—=0t Jo X 1 r—oo J1 X
but these are not proper Riemann integrals in the sense of Definition [11.11] Such
improper Riemann integrals involve two limits — a limit of Riemann sums to de-

fine the Riemann integrals, followed by a limit of Riemann integrals. Both of the
improper integrals in this example diverge to infinity. (See Section [12.4])

Next, we consider some examples of bounded functions on compact intervals.

Example 11.13. The constant function f(z) =1 on [0, 1] is Riemann integrable,

and )
/ ldz =1.
0

To show this, let P ={I;,I,...,I,} be any partition of [0, 1] with endpoints
{0,3317332, <o Tn—1, 1}
Since f is constant,

Mp=supf=1, mp=inff=1 fork=1,...,n,
Iy Iy,

and therefore
n

U(f;P)=L(f;P)= Z(xk —ZTp_1) = Tp — 3o = 1.
k=1
Geometrically, this equation is the obvious fact that the sum of the areas of the
rectangles over (or, equivalently, under) the graph of a constant function is exactly
equal to the area under the graph. Thus, every upper and lower sum of f on [0, 1]
is equal to 1, which implies that the upper and lower integrals

U(f) = jof U(fP) =inf{(1} =1, L(f) = sup L(f:P) = sup{1} = 1

are equal, and the integral of f is 1.
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More generally, the same argument shows that every constant function f(z) = ¢
is integrable and

b
/ cdx =c(b—a).
a
The following is an example of a discontinuous function that is Riemann integrable.

Example 11.14. The function

0 ifo<z<1
f(z)_{l if 2 =0

/Olfdx:O.

To show this, let P = {I1, Is,...,I,} be a partition of [0, 1]. Then, since f(z) =0
for z > 0,

is Riemann integrable, and

Mp=supf=0, mp=inff=0 for k=2,...,n.
I I

The first interval in the partition is I; = [0, z1], where 0 < 1 < 1, and
My =1, m;=0,
since f(0) =1 and f(z) =0 for 0 < z < z1. It follows that
U(f;P)==x1,  L(f;P)=0.
Thus, L(f) = 0 and
U(f)y=inf{z;: 0 <z <1} =0,
so U(f) = L(f) = 0 are equal, and the integral of f is 0. In this example, the

infimum of the upper Riemann sums is not attained and U(f; P) > U(f) for every
partition P.

A similar argument shows that a function f : [a,b] — R that is zero except at
finitely many points in [a, b] is Riemann integrable with integral 0.

The next example is a bounded function on a compact interval whose Riemann
integral doesn’t exist.

Example 11.15. The Dirichlet function f : [0,1] — R is defined by

1 ifze|0,1]NQ,
fay= b Tl
0 ifzel0,1]\Q.
That is, f is one at every rational number and zero at every irrational number.

This function is not Riemann integrable. If P = {Iy, I5,...,I,} is a partition

of [0, 1], then
M =sup f =1, my, = inf = 0,
Iy Iy,
since every interval of non-zero length contains both rational and irrational num-
bers. It follows that
U(f;P)=1,  L(f;P)=0

for every partition P of [0,1], so U(f) =1 and L(f) = 0 are not equal.
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The Dirichlet function is discontinuous at every point of [0, 1], and the moral
of the last example is that the Riemann integral of a highly discontinuous function
need not exist. Nevertheless, some fairly discontinuous functions are still Riemann
integrable.

Example 11.16. The Thomae function defined in Example [7.14]is Riemann inte-
grable. The proof is left as an exercise.

Theorem [I1.58| and Theorem [IT.61] below give precise statements of the extent
to which a Riemann integrable function can be discontinuous.

11.2.2. Refinements of partitions. As the previous examples illustrate, a di-
rect verification of integrability from Definition [11.11]is unwieldy even for the sim-
plest functions because we have to consider all possible partitions of the interval
of integration. To give an effective analysis of Riemann integrability, we need to
study how upper and lower sums behave under the refinement of partitions.

Definition 11.17. A partition @ = {Jy, Jo, ..., Jin} is a refinement of a partition
P=A{L,I,,...,I,} if every interval I} in P is an almost disjoint union of one or
more intervals Jy in Q.

Equivalently, if we represent partitions by their endpoints, then @ is a refine-
ment of P if ) D P, meaning that every endpoint of P is an endpoint of ). We
don’t require that every interval — or even any interval — in a partition has to be
split into smaller intervals to obtain a refinement; for example, every partition is a
refinement of itself.

Example 11.18. Consider the partitions of [0, 1] with endpoints
P={0,1/2,1},  @={0,1/3,2/3,1},  R={0,1/4,1/2,3/4,1}.

Thus, P, @, and R partition [0, 1] into intervals of equal length 1/2, 1/3, and 1/4,
respectively. Then @ is not a refinement of P but R is a refinement of P.

Given two partitions, neither one need be a refinement of the other. However,
two partitions P, @) always have a common refinement; the smallest one is R =
P U Q, meaning that the endpoints of R are exactly the endpoints of P or @ (or
both).

Example 11.19. Let P = {0,1/2,1} and Q = {0,1/3,2/3,1}, as in Example[11.1§
Then @ isn’t a refinement of P and P isn’t a refinement of (). The partition
S=PUQ, or
S =1{0,1/3,1/2,2/3,1},
is a refinement of both P and . The partition S is not a refinement of R, but
T=RUS, or
T={0,1/4,1/3,1/2,2/3,3/4,1},

is a common refinement of all of the partitions {P, @, R, S}.

As we show next, refining partitions decreases upper sums and increases lower
sums. (The proof is easier to understand than it is to write out — draw a picture!)
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Theorem 11.20. Suppose that f : [a,b] — R is bounded, P is a partitions of [a, b],
and @ is refinement of P. Then

U(f;Q) <U(f; P), L(f; P) < L(f; Q).
Proof. Let
P={li,I5,....1I,}, Q={J1,Ja....Jn}

be partitions of [a, b], where @ is a refinement of P, so m > n. We list the intervals
in increasing order of their endpoints. Define

M =sup f, my =inf f, M;=supf, mj,=inff.
Iy Iy Je Je

Since @ is a refinement of P, each interval I} in P is an almost disjoint union of
intervals in @), which we can write as

qk
Iy = U Je

{=pg
for some indices pr, < qr. If pr < qi, then I is split into two or more smaller
intervals in @, and if py = qi, then I belongs to both P and ). Since the intervals
are listed in order, we have

p1 =1, Prk+1 = qx + 1, Gn = m.
If pr, <€ < qp, then J; C I, so
My < My,  mp=my  for pp <L < qp.

Using the fact that the sum of the lengths of the J-intervals is the length of the
corresponding [I-interval, we get that

E My|Je| < E M| Je| = My, E |Je| = M| I
L=py L=py L=py,
It follows that

=> Ml =) Z M| Je| < ZMk|Ik|
=1

k=1 {=py
Similarly,
qk dk
Z mylJe| > Z mp|Je| = mp|Ix],
L=pk {=py
and
n
ZZWUEPkaIM P),
k=1 {=py
which proves the result. ([l

It follows from this theorem that all lower sums are less than or equal to all
upper sums, not just the lower and upper sums associated with the same partition.

Proposition 11.21. If f : [a,b] — R is bounded and P, @ are partitions of [a, b],
then

L(f;P) <U(f;Q).
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Proof. Let R be a common refinement of P and (. Then, by Theorem [11.20

L(f;P) < L(f;R), U(f;R) <U(f;Q).
It follows that
L(f;P) < L(f;R) <U(f; R) <U(f; Q).
O

An immediate consequence of this result is that the lower integral is always less
than or equal to the upper integral.

Proposition 11.22. If f : [a,b] — R is bounded, then
L(f) <U(f).

Proof. Let
A={L(f;P): P ell}, B={U(f,P): Pell}.

From Proposition [I1.21] L < U for every L € A and U € B, so Proposition [2.22
implies that sup A <inf B, or L(f) < U(f). O

11.3. The Cauchy criterion for integrability

The following theorem gives a criterion for integrability that is analogous to the
Cauchy condition for the convergence of a sequence.

Theorem 11.23. A bounded function f : [a,b] — R is Riemann integrable if and
only if for every € > 0 there exists a partition P of [a,b], which may depend on e,
such that

U(f; P)— L(f; P) <e.

Proof. First, suppose that the condition holds. Let ¢ > 0 and choose a partition
P that satisfies the condition. Then, since U(f) < U(f;P) and L(f;P) < L(f),
we have

0<U(f) = L(f) SU(f; P) = L(f; P) <.
Since this inequality holds for every e > 0, we must have U(f) — L(f) = 0, and f
is integrable.

Conversely, suppose that f is integrable. Given any € > 0, there are partitions
@, R such that

€ €
UHQ < UG +5,  L5R) > L(f) — 5.
Let P be a common refinement of @ and R. Then, by Theorem
U(f;P) = L(f; P) < U(f;:Q) — L(f; R) <U(f) = L(f) +e.
Since U(f) = L(f), the condition follows. O
IfU(f; P) — L(f; P) < ¢, then U(f;Q) — L(f;Q) < € for every refinement Q
of P, so the Cauchy condition means that a function is integrable if and only if

its upper and lower sums get arbitrarily close together for all sufficiently refined
partitions.
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It is worth considering in more detail what the Cauchy condition in Theo-
rem [11.23] implies about the behavior of a Riemann integrable function.

Definition 11.24. The oscillation of a bounded function f on a set A is

oicf = Sl;pf — 1gff.
If f:]a,b] = Ris bounded and P = {I1, I, ..., I,} is a partition of [a, b], then

n n n
U(f; P) = L(f;P) =Y sup f-|Is| = > inf f - [Ix] = > osc f- L.
k=1 Ir =1 Pl

A function f is Riemann integrable if we can make U(f; P) — L(f; P) as small as
we wish. This is the case if we can find a sufficiently refined partition P such that
the oscillation of f on most intervals is arbitrarily small, and the sum of the lengths
of the remaining intervals (where the oscillation of f is large) is arbitrarily small.
For example, the discontinuous function in Example [[1.14] has zero oscillation on
every interval except the first one, where the function has oscillation one, but the
length of that interval can be made as small as we wish.

Thus, roughly speaking, a function is Riemann integrable if it oscillates by an
arbitrary small amount except on a finite collection of intervals whose total length
is arbitrarily small. Theorem [11.58| gives a precise statement.

One direct consequence of the Cauchy criterion is that a function is integrable
if we can estimate its oscillation by the oscillation of an integrable function.

Proposition 11.25. Suppose that f, g : [a,b] — R are bounded functions and g is
integrable on [a,b]. If there exists a constant C' > 0 such that

<C
osc f< oscg
on every interval I C [a,b], then f is integrable.

Proof. If P ={I,I5,...,1,} is a partition of [a,b], then

U(fiP) = L(f;P) =) joscf-|L
k=1

< C};tﬁcg- I
<C[U(g; P)— L(g; P)] .

Thus, f satisfies the Cauchy criterion in Theorem if g does, which proves that

f is integrable if g is integrable. O
We can also use the Cauchy criterion to give a sequential characterization of

integrability.

Theorem 11.26. A bounded function f : [a,b] — R is Riemann integrable if and

only if there is a sequence (P,) of partitions such that
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In that case,

n— oo

b
[ = Jw UG = Jim L(f:P).

Proof. First, suppose that the condition holds. Then, given € > 0, there is an
n € N such that U(f;P,) — L(f; P.) < €, so Theorem [11.23| implies that f is
integrable and U(f) = L(f).

Furthermore, since U(f) < U(f; P,) and L(f; P,) < L(f), we have
0<U(f; Pu) =U(f) = U(f; Pn) = L(f) S U(f; Po) = L(f; Pn).
Since the limit of the right-hand side is zero, the ‘squeeze’ theorem implies that
7ggUUJm:qu:lU.
It also follows that
lim L(f; Pn) = lim U(f; Pn) = lim [U(f; Pn) = L(f; Pn)] = /ab f

n—oo

Conversely, if f is integrable then, by Theorem [11.23] for every n € N there
exists a partition P, such that

0<U(f; Po) = L(f; Pa) < %
and U(f; P,) — L(f; P,) — 0 as n — oo. O

Note that if the limits of U(f; P,) and L(f; P,) both exist and are equal, then
lim [U(f; Pn) = L(f; Po)] = lim U(f; P) — lim L(f; Py),
n—roo n—roo

n—oo

so the conditions of the theorem are satisfied. Conversely, the proof of the theorem
shows that if the limit of U(f; P,,) — L(f; P,,) is zero, then the limits of U(f; P,)
and L(f; P,) both exist and are equal. This isn’t true for general sequences, where
one may have lim(a,, — b,) = 0 even though lim a,, and limb,, don’t exist.

Theorem [11.26] provides one way to prove the existence of an integral and, in
some cases, evaluate it.

Example 11.27. Consider the function f(z) = 22 on [0, 1]. Let P, be the partition
of [0,1] into n-intervals of equal length 1/n with endpoints z; = k/n for k =
0,1,2,...,n. If I, = [(k — 1)/n,k/n] is the kth interval, then

sup f=a?, inff=al_,

Iy I,

since f is increasing. Using the formula for the sum of squares
d k= g(n+1)(2n+1),
k=1

we get
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Upper Riemann Sum =0.44

T T

0 0.2 0.4 0.6 0.8 1

X
Lower Riemann Sum =0.24
1 T T T T

Upper Riemann Sum =0.385
1 T T T T

0 0.2 0.4 0.6 0.8 1
X

Lower Riemann Sum =0.285

1 T T T T

Upper Riemann Sum =0.3434
T

T T

0 0.2 0.4 0.6 0.8 1
X

Lower Riemann Sum =0.3234

1 T T T T

Figure 1. Upper and lower Riemann sums for Example with n =
5,10, 50 subintervals of equal length.
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and

n

1 1= 1 1 1
L<f;Pn>:in—1'n:mek2:6<l‘n> (-3):

k=1 =1

(See Figure [11.27]) Tt follows that

. . o1

n—oo

and Theorem [11.26] implies that x? is integrable on [0, 1] with

1
1
/ 22dr ==
0 3

The fundamental theorem of calculus, Theorem below, provides a much easier
way to evaluate this integral, but the Riemann sums provide the basic definition of
the integral.

11.4. Continuous and monotonic functions

The Cauchy criterion leads to the following fundamental result that every contin-
uous function is Riemann integrable. To prove this result, we use the fact that a
continuous function oscillates by an arbitrarily small amount on every interval of a
sufficiently refined partition.

Theorem 11.28. A continuous function f : [a,b] — R on a compact interval is
Riemann integrable.

Proof. A continuous function on a compact set is bounded, so we just need to
verify the Cauchy condition in Theorem [T1.23]

Let € > 0. A continuous function on a compact set is uniformly continuous, so
there exists § > 0 such that

If(z) — fly)] < La for all z,y € [a,b] such that |z —y| < 6.

Choose a partition P = {I1, Is,...,I,} of [a,b] such that |I;| < ¢ for every k; for
example, we can take n intervals of equal length (b — a)/n with n > (b —a)/J.

Since f is continuous, it attains its maximum and minimum values M} and
my, on the compact interval I at points x; and yi in Ip. These points satisfy
|2k — Ykl <6, so

€

b—a

My —my = f(xr) — flue) <
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The upper and lower sums of f therefore satisfy

U(f; P) = L(f; P) = Y My|Tx| =Y m|Ii|
k=1 k=1

= (M, — my) | I

k=1
S
S ; k|
< €,
and Theorem implies that f is integrable. O

Example 11.29. The function f(z) = 22 on [0, 1] considered in Example [11.27|is

integrable since it is continuous.

Another class of integrable functions consists of monotonic (increasing or de-
creasing) functions.

Theorem 11.30. A monotonic function f : [a,b] — R on a compact interval is
Riemann integrable.

Proof. Suppose that f is monotonic increasing, meaning that f(z) < f(y) for z <

y. Let P, = {I1,I5,...,I,} be a partition of [a,b] into n intervals I}, = [zr—1,zk],
of equal length (b — a)/n, with endpoints
k
zp=a+(b—a)—, k=0,1,...,n.
n

Since f is increasing,
My, = sup f = f(zx), mei}lffo(l“kq).
Iy k

Hence, summing a telescoping series, we get

n

U(f; P) = L(U; P) = > (M, — my) (g, — 1)

k=1
=P S a) — Fan)
k=1
=22 150) - S(a).

It follows that U(f;P,) — L(U; P,) — 0 as n — oo, and Theorem [11.26| implies
that f is integrable.

The proof for a monotonic decreasing function f is similar, with
sup f = f(zk-1),  inff = f(zp),
Iy Iy,

or we can apply the result for increasing functions to —f and use Theorem [11.32
below. 0



11.4. Continuous and monotonic functions 223

1.2

0.4r q

0.2 q

Figure 2. The graph of the monotonic function in Example m with a
countably infinite, dense set of jump discontinuities.

Monotonic functions needn’t be continuous, and they may be discontinuous at
a countably infinite number of points.

Example 11.31. Let {g; : ¥ € N} be an enumeration of the rational numbers in
[0,1) and let (ax) be a sequence of strictly positive real numbers such that

Zak =1.
k=1
Define f: [0,1] — R by
f@) = Y o Q@) ={keN:q e},

keQ(x)

for x > 0, and f(0) = 0. That is, f(z) is obtained by summing the terms in the
series whose indices k correspond to the rational numbers such that 0 < ¢; < z.

For z = 1, this sum includes all the terms in the series, so f(1) = 1. For
every 0 < x < 1, there are infinitely many terms in the sum, since the rationals
are dense in [0, x), and f is increasing, since the number of terms increases with x.
By Theorem [11.30} f is Riemann integrable on [0,1]. Although f is integrable, it
has a countably infinite number of jump discontinuities at every rational number
in [0,1), which are dense in [0, 1], The function is continuous elsewhere (the proof
is left as an exercise).

Figure [2] shows the graph of f corresponding to the enumeration

{0,1/2,1/3,2/3,1/4,3/4,1/5,2/5,3/5,4/5,1/6,5/6,1/7,...}

of the rational numbers in [0, 1) and

What is its Riemann integral?
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11.5. Linearity, monotonicity, and additivity

The integral has the following three basic properties.

/abcfzc/abﬁ /ab<f+g>=/abf+/abg.

(2) Monotonicity: if f < g, then

/abfé/abg-

(3) Additivity: if a < ¢ < b, then

/:f+/cbf:/abf.

These properties are analogous to the corresponding properties of sums (or
convergent series):

(1) Linearity:

n

ank:cZak, Z(ak+bk)zzak+zbk§
k=1 k=1 k=1 k=1

k=1
n n
E ap < E br if ar < by;
k=1 k=1
m n n
E ap + E ap = E ag.
k=1 k=m+1 k=1

In this section, we prove these properties and derive a few of their consequences.

11.5.1. Linearity. We begin by proving the linearity. First we prove linearity
with respect to scalar multiplication and then linearity with respect to sums.

Theorem 11.32. If f : [a,b] — R is integrable and ¢ € R, then cf is integrable

and
/abcf:c/abf.

Proof. Suppose that ¢ > 0. Then for any set A C [a,b], we have
supcf = csup f, infcf = cinf f,
A A A A

so Ulef; P) = cU(f; P) for every partition P. Taking the infimum over the set II
of all partitions of [a, b], we get

Ulef) = jnf Ulef;P) = jnf cU(f; P) = nf U(f; P) = cU(f).
Similarly, L(cf; P) = cL(f; P) and L(cf) = cL(f). If f is integrable, then

Ulef) = cU(f) = cL(f) = L(cf),
which shows that cf is integrable and

/abcfc/abf.
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Now consider — f. Since

Slflxp(*f) =—mff,  inf(=f) = —sup 1,

we have
U(=f; P)=—L(f;P),  L(=f;P)=-U(f; P).
Therefore
U=f) = jof U=fiP) = juf [ZL(f P)] = = sup L(f; P) = =L(f),
L(-f) = sup L(—f;P) = sup [FU(f P =~ it U(f;P) = -U(f).

Hence, —f is integrable if f is integrable and

/ab(f)/abf-

Finally, if ¢ < 0, then ¢ = —|¢|, and a successive application of the previous results
shows that cf is integrable with fab cf = cf: f. O

Next, we prove the linearity of the integral with respect to sums. If f, g are
bounded, then f + g is bounded and

sup(f +g) <sup f+supg,  inf(f+g) >inf f+infg.
I I I
It follows that
<
osc(f +g) < osc f +oscg,

so f+g is integrable if f, g are integrable. In general, however, the upper (or lower)
sum of f 4+ ¢g needn’t be the sum of the corresponding upper (or lower) sums of f
and g. As a result, we don’t get

/ab(f+g>=/abf+/abg

simply by adding upper and lower sums. Instead, we prove this equality by esti-
mating the upper and lower integrals of f + g from above and below by those of f
and g.

Theorem 11.33. If f,g : [a,b] — R are integrable functions, then f + g is inte-

grable, and
/ab(f+g)=/abf+/abg.

Proof. We first prove that if f,g : [a,b] — R are bounded, but not necessarily
integrable, then

Ulf+9) U +U),  L(f+9) = L(f) + L(g)-
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Suppose that P = {I1,I5,...,I,} is a partition of [a,b]. Then

U(f +g;P) = ZS}lp(f +9) - |l
k=1 "k

<Y sup fe Ll + > supg- Ll
k=1 Tr k=1 Tr
<U(f; P)+Ul(g; P).

Let € > 0. Since the upper integral is the infimum of the upper sums, there are
partitions @, R such that

U(Q <UD +5  UlgR) <Ulg)+ 3,
and if P is a common refinement of () and R, then
UHP)<U(f)+5,  UlgP)<Ulg)+3.
It follows that
Ulf+9) sU(f+g:P) SUf; P)+U(g: P) <U(f) + U(g) + e

Since this inequality holds for arbitrary e > 0, we must have U(f+g) < U(f)+U(g).

Similarly, we have L(f + g; P) > L(f; P)+ L(g; P) for all partitions P, and for
every € > 0, we get L(f +g) > L(f) + L(g) — ¢, s0 L(f + g) > L(f) + L(g).

For integrable functions f and g, it follows that

U(f+9) <U(f) +Ulg) = L(f) + L(g) < L(f + 9)-

Since U(f + g) > L(f + g), we have U(f + g) = L(f + g) and f + g is integrable.
Moreover, there is equality throughout the previous inequality, which proves the
result. (]

Although the integral is linear, the upper and lower integrals of non-integrable
functions are not, in general, linear.

Example 11.34. Define f,g:[0,1] — R by
)1 ifxe0,1]NQ, )0 ifxe0,1]NnQ,
f(x)_{o itz 0,1\ Q, (x)_{1 it z € [0,1]\ Q.
That is, f is the Dirichlet function and ¢ =1 — f. Then
Ulf)=U@ =1 L(f)=Lg =0, U(f+g)=L(f+g) =1,
S0

U(f+g) <U(f)+U(g), L(f +g) > L(f) + L(g).

The product of integrable functions is also integrable, as is the quotient pro-
vided it remains bounded. Unlike the integral of the sum, however, there is no way
to express the integral of the product [ fg in terms of [ f and [ g.

Theorem 11.35. If f,g : [a,b] — R are integrable, then fg : [a,b] — R is in-
tegrable. If, in addition, g # 0 and 1/g is bounded, then f/g : [a,b] — R is
integrable.
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Proof. First, we show that the square of an integrable function is integrable. If f
is integrable, then f is bounded, with |f| < M for some M > 0. For all x,y € [a, b],
we have

[F2(2) = )] = 1f(2) + F)l - |[f (@) = fly)l < 2M () = f()l.
Taking the supremum of this inequality over z,y € I C [a,b] and using Proposi-
tion we get that

sup(?) = g (%) < 201 [sup 1 ~ int .
1 I
meaning that

O%C(f2) < 2M0§cf.
If follows from Proposition [11.25|that f2 is integrable if f is integrable.

Since the integral is linear, we then see from the identity

fg= i [(f+9)°—(f—9)°]

that fg is integrable if f, g are integrable. We remark that the trick of represent-
ing a product as a difference of squares isn’t a new one: the ancient Babylonian
apparently used this identity, together with a table of squares, to compute products.

In a similar way, if g # 0 and |1/g| < M, then
11 ‘ _ @) —9@)l _ 5o

g9(x)  g(y) l9(x)g(y)]

Taking the supremum of this equation over z,y € I C [a,b], we get

1 1
sup <> — inf () < M? [supginfg} ,
I \4g I \9g I I

meaning that oscy(1/g) < M?oscr g, and Proposition |[11.25 implies that 1/g is
integrable if g is integrable. Therefore f/g = f - (1/g) is integrable. a

lg(z) — g(y)|-

11.5.2. Monotonicity. Next, we prove the monotonicity of the integral.

Theorem 11.36. Suppose that f, g : [a,b] — R are integrable and f < g. Then

/abfé/abg-

Proof. First suppose that f > 0 is integrable. Let P be the partition consisting of
the single interval [a, b]. Then

L(f+P) = inf f+(b=a) >0,
SO

b
[ =m0
If f > g, then h = f — g > 0, and the linearity of the integral implies that

/abf—/abg:/:h>0,

which proves the theorem. O
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One immediate consequence of this theorem is the following simple, but useful,
estimate for integrals.

Theorem 11.37. Suppose that f : [a,b] — R is integrable and

M =sup f, m = inf f.
[a,b] [ab]

Then
b
m(b—a)g/ fF<M(b-a).

Proof. Since m < f < M on [a,b], Theorem [11.36|implies that

/abm</abf</abM,

which gives the result. O

This estimate also follows from the definition of the integral in terms of upper
and lower sums, but once we’ve established the monotonicity of the integral, we
don’t need to go back to the definition.

A further consequence is the intermediate value theorem for integrals, which
states that a continuous function on a compact interval is equal to its average value
at some point in the interval.

Theorem 11.38. If f : [a,b] — R is continuous, then there exists € [a, b] such

that
1 b
f@=5=[ 1

Proof. Since f is a continuous function on a compact interval, the extreme value
theorem (Theorem [7.37)) implies it attains its maximum value M and its minimum
value m. From Theorem [T1.37]

1 b
m < /fSM-
b—a/,

By the intermediate value theorem (Theorem [7.44]), f takes on every value between
m and M, and the result follows. O

As shown in the proof of Theorem [T1.36] given linearity, monotonicity is equiv-
alent to positivity,

/abfzo if f>0.

We remark that even though the upper and lower integrals aren’t linear, they are
monotone.

Proposition 11.39. If f, g : [a,b] — R are bounded functions and f < g, then
U(f)<Ulg),  L(f) < L(yg).
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Proof. From Proposition we have for every interval I C [a,b] that
SI}pf < Sup g, inf f <infg.
It follows that for every partition P of [a,b], we have
U(f;P)<U(g; P),  L(f; P) < L(g; P).

Taking the infimum of the upper inequality and the supremum of the lower inequal-
ity over P, we get that U(f) < U(g) and L(f) < L(g). O

We can estimate the absolute value of an integral by taking the absolute value
under the integral sign. This is analogous to the corresponding property of sums:

n n
D an| < Jax.
k=1 k=1

Theorem 11.40. If f is integrable, then |f| is integrable and

/abf s/ablf-

Proof. First, suppose that |f]| is integrable. Since

—If1 < f<Ifl.
we get from Theorem [11.36[ that

—/ab|f|</abf</:|f|, or /abf </ab|f~

To complete the proof, we need to show that |f]| is integrable if f is integrable.
For z,y € [a, b], the reverse triangle inequality gives

@) =1 < 1f(=) = F)l-
Using Proposition we get that
sup |f| —inf | f| < sup f —inf f,
I T I I

meaning that oscy | f| < oscy f. Proposition [L1.25(then implies that |f| is integrable
if f is integrable. O

In particular, we immediately get the following basic estimate for an integral.

Corollary 11.41. If f : [a,b] — R is integrable and M = supy, ;) | f|, then

b
I
a
Finally, we prove a useful positivity result for the integral of continuous func-
tions.

< M(b—a).

Proposition 11.42. If f : [a,b] — R is a continuous function such that f > 0 and
[P f=0, then f=0.
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Proof. Suppose for contradiction that f(c) > 0 for some a < ¢ < b. For definite-
ness, assume that a < ¢ < b. (The proof is similar if ¢ is an endpoint.) Then, since
f is continuous, there exists 6 > 0 such that

|f(l’)—f(0)|§% forc—d<z<c+9,
where we choose ¢ small enough that ¢ —§ > a and ¢+ 6 < b. It follows that
Fla) = £(0) + 1) — £0) = £(0) ~ |f(@) — £(0)] = L2

for c— § < x < ¢+ 4. Using this inequality and the assumption that f > 0, we get

/abf:/:6f+/:jf+/c;f20+f(;)-26+0>o.

This contradiction proves the result. (I

The assumption that f > 0 is, of course, required, otherwise the integral of the
function may be zero due to cancelation.

Example 11.43. The function f : [-1,1] — R defined by f(z) = z is continuous
and nonzero, but fil f=0.

Continuity is also required; for example, the discontinuous function in Exam-
ple|11.14]is nonzero, but its integral is zero.

11.5.3. Additivity. Finally, we prove additivity. This property refers to addi-
tivity with respect to the interval of integration, rather than linearity with respect
to the function being integrated.

Theorem 11.44. Suppose that f : [a,b] > R and @ < ¢ < b. Then f is Rie-
mann integrable on [a, b] if and only if it is Riemann integrable on [a, ¢] and [c, b].

Moreover, in that case,
b c b
RS AR
a a c

Proof. Suppose that f is integrable on [a, b]. Then, given € > 0, there is a partition
P of [a,b] such that U(f; P) — L(f; P) < e. Let P’ = P U {c} be the refinement
of P obtained by adding ¢ to the endpoints of P. (If ¢ € P, then P’ = P.) Then
P’ = QUR where Q@ = P'N[a,c] and R = P'N|[c,b] are partitions of [a, ¢] and [, ]
respectively. Moreover,

U(f; P)=U(f;Q+U(f;R),  L(f;P')=L(f;Q)+ L(f; R).
It follows that
U(f;Q) — L(f;Q) =U(f; P') = L(f; P') — [U(f; R) — L(f; R)]
<U(f; P) = L(f; P) <,

which proves that f is integrable on [a, ¢]. Exchanging @ and R, we get the proof
for [c, b].
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Conversely, if f is integrable on [a, c] and [c,b], then there are partitions Q of
[a,c] and R of [c,b] such that

Uf;Q) - L(FiQ) <5, UfsR) ~ L(FiR) < 5.
Let P=QU R. Then

U(f; P) = L(f; P) = U(f;Q) = L(f; Q) + U(f; R) — L(f; R) < €

which proves that f is integrable on [a, ).
Finally, if f is integrable, then with the partitions P, @), R as above, we have

b
/ f<U(f;P) = U(f;Q) + U(f; R)
< L(f;Q)+ L(f;R) + e

</:f+/cbf+e.

Similarly,
b
[ #2L0P) = L55Q) + LU B
SUf;Q) +U(f;R) — e
SREIREE
Since € > 0 is arbitrary, we see that f; f=0r+ fcb f. O

We can extend the additivity property of the integral by defining an oriented
Riemann integral.

Definition 11.45. If f : [a,b] — R is integrable, where a < b, and a < ¢ < b, then

[ofn freo

With this definition, the additivity property in Theorem [11.44] holds for all
a,b,c € R for which the oriented integrals exist. Moreover, if |f| < M, then the
estimate in Corollary becomes

b
|1
for all a,b € R (even if a > b).

The oriented Riemann integral is a special case of the integral of a differential
form. It assigns a value to the integral of a one-form f dz on an oriented interval.

< M|b — al




232 11. The Riemann Integral

11.6. Further existence results

In this section, we prove several further useful conditions for the existences of the
Riemann integral.

First, we show that changing the values of a function at finitely many points
doesn’t change its integrability of the value of its integral.

Proposition 11.46. Suppose that f,g : [a,b] = R and f(x) = g(z) except at
finitely many points @ € [a,b]. Then f is integrable if and only if g is integrable,

and in that case . .
[i=]
a a

Proof. It is sufficient to prove the result for functions whose values differ at a
single point, say ¢ € [a,b]. The general result then follows by repeated application
of this result.

Since f, g differ at a single point, f is bounded if and only if g is bounded. If f,
g are unbounded, then neither one is integrable. If f, g are bounded, we will show
that f, g have the same upper and lower integrals. The reason is that their upper
and lower sums differ by an arbitrarily small amount with respect to a partition
that is sufficiently refined near the point where the functions differ.

Suppose that f, g are bounded with |f]|,|g| < M on [a, b] for some M > 0. Let

e > 0. Choose a partition P of [a, b] such that

€
U(fP) < U + 5.
Let Q@ = {I,...,I,} be arefinement of P such that |I| < ¢ for k = 1,...,n, where
€
0= —.
8M
Then ¢ differs from f on at most two intervals in @. (This could happen on two
intervals if ¢ is an endpoint of the partition.) On such an interval I, we have

supg—supf‘ < sup|g| +sup |f]| < 2M,
Iy Ty Iy

Iy,
and on the remaining intervals, sup;, g —sup;, f = 0. It follows that
€
U(9:Q) = U(£; Q) <2M - 25 < 3.
Using the properties of upper integrals and refinements, we obtain that
€ €
Ulg) <U(g:Q) <U(f;Q) + 5 <U(f; P) + 5 <U(f) +e

Since this inequality holds for arbitrary e > 0, we get that U(g) < U(f). Exchang-
ing f and g, we see similarly that U(f) < U(g), so U(f) = U(g).

An analogous argument for lower sums (or an application of the result for
upper sums to —f, —g) shows that L(f) = L(g). Thus U(f) = L(f) if and only if
U(g) = L(g), in which case f:f = fab g. O
Example 11.47. The function f in Example differs from the O-function at
one point. It is integrable and its integral is equal to O.
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The conclusion of Proposition|[11.46|can fail if the functions differ at a countably
infinite number of points. One reason is that we can turn a bounded function into
an unbounded function by changing its values at an countably infinite number of
points.

Example 11.48. Define f : [0,1] — R by

n ifx=1/nfor n € N,
f(x) = ./
0 otherwise.

Then f is equal to the O-function except on the countably infinite set {1/n : n € N},
but f is unbounded and therefore it’s not Riemann integrable.

The result in Proposition [11.46| is still false, however, for bounded functions
that differ at a countably infinite number of points.

Example 11.49. The Dirichlet function in Example [I1.15]is bounded and differs
from the O-function on the countably infinite set of rationals, but it isn’t Riemann
integrable.

The Lebesgue integral is better behaved than the Riemann intgeral in this
respect: two functions that are equal almost everywhere, meaning that they differ
on a set of Lebesgue measure zero, have the same Lebesgue integrals. In particular,
two functions that differ on a countable set have the same Lebesgue integrals (see
Section [I1.8).

The next proposition allows us to deduce the integrability of a bounded function
on an interval from its integrability on slightly smaller intervals.

Proposition 11.50. Suppose that f : [a,b] — R is bounded and integrable on
[a, ] for every a < r < b. Then f is integrable on [a,b] and

[r=mm [

Proof. Since f is bounded, |f| < M on [a,b] for some M > 0. Given € > 0, let
r=b— —
- 4AM

(where we assume e is sufficiently small that r > a). Since f is integrable on [a, 7],
there is a partition @ of [a, r] such that

€
U(f;@) = L(f;Q) < 5
Then P = QU{b} is a partition of [a, b] whose last interval is [r, b]. The boundedness

of f implies that

sup f — inf f < 2M.
[r,b] [r,b]

Therefore
U P) = L(f: P) = U(F:Q) = L(f: Q)+ (sup £~ inf 1) - (b= 7)

[r:b]

<§+2M~(b—r):e,
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so f is integrable on [a, b] by Theorem [11.23] Moreover, using the additivity of the
integral, we get
b
[
T

[

An obvious analogous result holds for the left endpoint.

<M-(b—r)—=0 asr — b,

Example 11.51. Define f : [0,1] — R by

_ Jsin(l/z) if0o<2 <1,
f(x)_{o itz = 0.

Then f is bounded on [0,1]. Furthemore, f is continuous and therefore integrable
on [r,1] for every 0 < r < 1. It follows from Proposition [11.50| that f is integrable
on [0, 1].

The assumption in Proposition [11.50] that f is bounded on [a, b] is essential.
Example 11.52. The function f : [0,1] — R defined by

1/z for0<ax <1,
) = {0 for x = 0,

is continuous and therefore integrable on [r,1] for every 0 < r < 1, but it’s un-
bounded and therefore not integrable on [0, 1].

As a corollary of this result and the additivity of the integral, we prove a
generalization of the integrability of continuous functions to piecewise continuous
functions.

Theorem 11.53. If f : [a,b] — R is a bounded function with finitely many dis-
continuities, then f is Riemann integrable.

Proof. By splitting the interval into subintervals with the discontinuities of f at
an endpoint and using Theorem [11.44] we see that it is sufficient to prove the result
if f is discontinuous only at one endpoint of [a,b], say at b. In that case, f is
continuous and therefore integrable on any smaller interval [a,r] with a < r < b,
and Proposition implies that f is integrable on [a, b]. O

Example 11.54. Define f : [0,27] — R by
sin (1/sinz) if x # 0,7, 2,
fla) = o tfma) e 7
0 if x =0, m, 2.

Then f is bounded and continuous except at 2 = 0, 7, 2, so it is integrable on [0, 27]
(see Figure|3)). This function doesn’t have jump discontinuities, but Theorem [11.53
still applies.



11.6. Further existence results 235

0.5

o
[
N
w
IS
3
o

0.8 ]
0.6 b

0.4 q

-1 1 D ) F

0 0.05 0.1 0.15 0.2 0.25 0.3

Figure 4. Graph of the Riemann integrable function y = sgn(sin(1/z)) in Example|11.55

Example 11.55. Define f: [0,1/7] = R by

Fla) = sgn[sin(1/z)] if z # 1/nx for n € N,
o ifz=0o0rx#1/nrwforneN,

where sgn is the sign function,
1 if z >0,
sgnr =140 ifx =0,
-1 ifz<0.
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Then f oscillates between 1 and —1 a countably infinite number of times as © —
0" (see Figure {4)). It has jump discontinuities at * = 1/(nm) and an essential
discontinuity at x = 0. Nevertheless, it is Riemann integrable. To see this, note that
f is bounded on [0, 1] and piecewise continuous with finitely many discontinuities
on [r,1] for every 0 < r < 1. Theorem [T1.53| implies that f is Riemann integrable
on [r,1], and then Theorem [I1.50| implies that f is integrable on [0, 1].

11.7. * Riemann sums

Instead of using upper and lower sums, we can give an equivalent definition of the
Riemann integral as a limit of Riemann sums. This was, in fact, Riemann’s original
definition [I1], which he gave in 1854 in his Habilitationsschrift (a kind of post-
doctoral dissertation required of German academics), building on previous work of
Cauchy who defined the integral for continuous functions.

It is interesting to note that the topic of Riemann’s Habilitationsschrift was
not integration theory, but Fourier series. Riemann introduced a definition of the
integral along the way so that he could state his results more precisely. Many of
the fundamental developments of rigorous real analysis in the nineteenth century
were motivated by problems related to Fourier series and their convergence.

Upper and lower sums were introduced subsequently by Darboux, and they
simplify the theory. We won’t use Riemann sums here, but we will explain the
equivalence of the definitions. We’ll say, temporarily, that a function is Darboux
integrable if it satisfies Definition [11.11

To give Riemann’s definition, we first define a tagged partition (P,C) of a
compact interval [a, b] to be a partition

P={hL,L,...,.I,}
of the interval together with a set
C={c1,ca,...,cn}
of points such that ¢; € Iy, for k = 1,...,n. (We think of the point ¢; as a “tag”

attached to the interval Ij.)

If f: [a,b] — R, then we define the Riemann sum of f with respect to the
tagged partition (P,C) by
n
S(f;P,C) = flen) k.
k=1
That is, instead of using the supremum or infimum of f on the kth interval in the
sum, we evaluate f at a point in the interval. Roughly speaking, a function is
Riemann integrable if its Riemann sums approach the same value as the partition
is refined, independently of how we choose the points ¢y € If.
As a measure of the refinement of a partition P = {Iy, Is,...,I,}, we define
the mesh (or norm) of P to be the maximum length of its intervals,

h(P) = I = — X—1|
mesh(P) = max s] = max low = |
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Definition 11.56. A function f : [a,b] — R is Riemann integrable on [a, b] if there
exists a number R € R with the following property: For every ¢ > 0 thereisa é > 0
such that

IS(f; P,C) = R| <€
for every tagged partition (P, C) of [a,b] with mesh(P) < §. In that case, R = f: f
is the Riemann integral of f on [a, b].

Note that
L(f;P) < S(f; P,C) < U(f; P),
so the Riemann sums are “squeezed” between the upper and lower sums. The
following theorem shows that the Darboux and Riemann definitions lead to the
same notion of the integral, so it’s a matter of convenience which definition we
adopt as our starting point.

Theorem 11.57. A function is Riemann integrable (in the sense of Definition|11.56])
if and only if it is Darboux integrable (in the sense of Definition [11.11)). Further-
more, in that case, the Riemann and Darboux integrals of the function are equal.

Proof. First, suppose that f : [a,b] — R is Riemann integrable with integral R.
Then f is bounded on [a, b]; otherwise, it would be unbounded in some interval Ij,
of every partition P, and its Riemann sums with respect to P would be arbitrarily
large for suitable points ¢, € Iy, so no R € R could satisfy Definition [T1.56]

Let e > 0. Since f is Riemann integrable, there is a partition P = {I1, Is,..., I, }
of [a, b] such that

S P.C) = R| < 3

for every set of points C' = {¢, € I, : k = 1,...,n}. If M}, = sup;, f, then there

exists ¢ € I such that
€

M~ 2(b—a)

< flex).
It follows that . .
3 Mellk| = 5 < 3 flenlivl
meaning that U(f; P) —¢/2 < S(f; P,C). Since S(f; P,C) < R+ €/2, we get that
U(f)SU(f;P)<R+e.
Similarly, if my = infy, f, then there exists ¢, € I; such that
si—a > ) 3l +5> 3 el
and L(f; P) +¢/2> S(f; P,C). Since S(f; P,C) > R —¢/2, we get that
L(f) > L(f:P) > R«
These inequalities imply that
L(f)+e>R>U(f)—¢

for every € > 0, and therefore L(f) > R > U(f). Since L(f) < U(f), we conclude
that L(f) = R =U(f), so f is Darboux integrable with integral R.

my +
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Conversely, suppose that f is Darboux integrable. The main point is to show
that if € > 0, then U(f; P) — L(f; P) < € not just for some partition but for every
partition whose mesh is sufficiently small.

Let € > 0 be given. Since f is Darboux integrable. there exists a partition
such that

U(f:Q) ~ L(HQ) < 7.
Suppose that @) contains m intervals and |f| < M on [a,b]. We claim that if
€
8mM’
then U(f; P) — L(f; P) < e for every partition P with mesh(P) < 0.

To prove this claim, suppose that P = {I,Is,...,I,} is a partition with
mesh(P) < d. Let P’ be the largest common refinement of P and @, so that
the endpoints of P’ consist of the endpoints of P or Q. Since a, b are common
endpoints of P and @, there are at most m — 1 endpoints of ) that are distinct
from endpoints of P. Therefore, at most m — 1 intervals in P contain additional

endpoints of @ and are strictly refined in P’, meaning that they are the union of
two or more intervals in P’.

Now consider U(f; P) — U(f;P’). The terms that correspond to the same,
unrefined intervals in P and P’ cancel. If I is a strictly refined interval in P, then
the corresponding terms in each of the sums U(f; P) and U(f; P’) can be estimated
by M|Ig| and their difference by 2M|Ix|. There are at most m — 1 such intervals
and || < 4, so it follows that

U(f; P) —U(f; P') < 2(m — 1)M6 < i

Since P’ is a refinement of Q, we get
€ € €
U(f;i P) <U(fi P) + 7 <UFQ) + 7 < L(:Q) + 5.
It follows by a similar argument that

L(f; P") = L(f; P) <

)

B~ o

and
L(fiP) > L(fi P) = £ 2 L(FQ) = £ > U(£iQ) — 5.

Since L(f;Q) < U(f;Q), we conclude from these inequalities that
U(f; P) = L(f; P) <e

for every partition P with mesh(P) < 4.

If D denotes the Darboux integral of f, then we have
L(f;P) <D <U(f,P),  L(f; P) <S(f;P,C) <U(f; P).

Since U(f; P) — L(f; P) < € for every partition P with mesh(P) < 4, it follows that

|S(f; P,C) — D] <e.

Thus, f is Riemann integrable with Riemann integral D. O
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Finally, we give a necessary and sufficient condition for Riemann integrability
that was proved by Riemann himself (1854). (See [5] for further discussion.) To
state the condition, we introduce some notation.

Let f;[a,b] — R be a bounded function. If P = {I1,Is,...,I,} is a partition
of [a,b] and € > 0, let A.(P) C {1,...,n} be the set of indices k such that

oscf=supf—inff>e¢ for k € A (P).
Iy Iy Iy

Similarly, let B.(P) C {1,...,n} be the set of indices such that
()Iscf <e for k € B.(P).
k

That is, the oscillation of f on I is “large” if k € A(P) and “small” if k € B.(P).
We denote the sum of the lengths of the intervals in P where the oscillation of f is

“large” by
se(P)= > |l
k€A (P)

Fixing € > 0, we say that s.(P) — 0 as mesh(P) — 0 if for every > 0 there exists
d > 0 such that mesh(P) < ¢ implies that s.(P) < n.

Theorem 11.58. A function is Riemann integrable if and only if s.(P) — 0 as
mesh(P) — 0 for every € > 0.

Proof. Let f : [a,b] — R be Riemann integrable with |f| < M on [a, b].

First, suppose that the condition holds, and let € > 0. If P is a partition of
[a, b], then, using the notation above for A.(P), B.(P) and the inequality

0 <oscf<2M,
Iy,

we get that
U P) = L(iP) = 2 oge - I
= 2 oI+ D osef |k

keA.(P) keB.(P)
<2M Y Lkl+e Y L
k€A (P) kEB.(P)

< 2Ms.(P) + €(b — a).

By assumption, there exists § > 0 such that s.(P) < € if mesh(P) < §, in which
case
U(f; P)—L(f; P) <e(2M +b—a).
The Cauchy criterion in Theorem [11.23| then implies that f is integrable.
Conversely, suppose that f is integrable, and let € > 0 be given. If P is a
partition, we can bound s, (P) from above by the difference between the upper and
lower sums as follows:

U(f:P)—L(f:P)> Y osc f |Ix] > ¢ > Ikl = esc(P).

keA (P) * kEA.(P)
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Since f is integrable, for every n > 0 there exists § > 0 such that mesh(P) < §
implies that

U(f; P) = L(f; P) < en.
Therefore, mesh(P) < ¢ implies that

s(P) < T[U(F5 P) ~ L(F P)] <,

which proves the result. ([l

This theorem has the drawback that the necessary and sufficient condition
for Riemann integrability is somewhat complicated and, in general, isn’t easy to
verify. In the next section, we state a simpler necessary and sufficient condition for
Riemann integrability.

11.8. * The Lebesgue criterion

Although the Dirichlet function in Example [11.15]is not Riemann integrable, it is
Lebesgue integrable. Its Lebesgue integral is given by

1
/le-\A|+o~|B|
0

where A = [0,1] N Q is the set of rational numbers in [0,1], B = [0,1] \ Q is the
set of irrational numbers, and |E| denotes the Lebesgue measure of a set E. The
Lebesgue measure of a subset of R is a generalization of the length of an interval
which applies to more general sets. It turns out that |A| = 0 (as is true for any
countable set of real numbers — see Example below) and |B| = 1. Thus, the
Lebesgue integral of the Dirichlet function is 0.

A necessary and sufficient condition for Riemann integrability can be given in
terms of Lebesgue measure. To state this condition, we first define what it means
for a set to have Lebesgue measure zero.

Definition 11.59. A set E C R has Lebesgue measure zero if for every € > 0 there
is a countable collection of open intervals {(ax, by) : k € N} such that

E C [j (ak,bk)7 Z(bk — ak) < €.

k=1 k=1

The open intervals is this definition are not required to be disjoint, and they
may “overlap.”

Example 11.60. Every countable set E = {z;, € R : k € N} has Lebesgue measure
zero. To prove this, let € > 0 and for each k € N define

€ €

Ak =Tk~ oppgs bk =Tk o

Then E C (o (ak, by) since xy, € (ay, by) and

o0 o0

dor—a) =Y =5 <6
k

k=1 1



11.8. * The Lebesgue criterion 241

so the Lebesgue measure of F is equal to zero. (The ‘e/2*’ trick used here is a
common one in measure theory.)

If E =[0,1] N Q consists of the rational numbers in [0, 1], then the set G =
Upe (ak, bi) described above encloses the dense set of rationals in a collection of
open intervals the sum of whose lengths is arbitrarily small. This set isn’t so easy
to visualize. Roughly speaking, if € is small and we look at a section of [0,1] at a
given magnification, then we see a few of the longer intervals in G with relatively
large gaps between them. Magnifying one of these gaps, we see a few more intervals
with large gaps between them, magnifying those gaps, we see a few more intervals,
and so on. Thus, the set G has a fractal structure, meaning that it looks similar at
all scales of magnification.

In general, we have the following result, due to Lebesgue, which we state with-
out proof.

Theorem 11.61. A function f : [a,b] — R is Riemann integrable if and only if it
is bounded and the set of points at which it is discontinuous has Lebesgue measure
Zero.

For example, the set of discontinuities of the Riemann-integrable function in
Example consists of a single point {0}, which has Lebesgue measure zero. On
the other hand, the set of discontinuities of the non-Riemann-integrable Dirichlet
function in Example is the entire interval [0, 1], and its set of discontinuities
has Lebesgue measure one.

In particular, every bounded function with a countable set of discontinuities is
Riemann integrable, since such a set has Lebesgue measure zero. Riemann integra-
bility of a function does not, however, imply that the function has only countably
many discontinuities.

Example 11.62. The Cantor set C in Example has Lebesgue measure zero.
To prove this, using the same notation as in Section [5.5] we note that for every
n € N the set F,, D C consists of 2" closed intervals I of length |Is| = 37™. For
every € > 0 and s € X, there is an open interval Ug of slightly larger length
|Us| = 3™ 4+ €27 that contains Is. Then {Us : s € ¥, } is a cover of C' by open

intervals, and
2 n
Swl=(3) +e

SEX,
We can make the right-hand side as small as we wish by choosing n large enough
and e small enough, so C' has Lebesgue measure zero.

Let x¢ : [0,1] — R be the characteristic function of the Cantor set,

1 ifzeC,
xc(r) =

0 otherwise.

By partitioning [0, 1] into the closed intervals {Us : s € ¥,,} and the closures of the
complementary intervals, we see similarly that the upper Riemann sums of x¢ can
be made arbitrarily small, so x¢ is Riemann integrable on [0, 1] with zero integral.
The Riemann integrability of the function x¢ also follows from Theorem [T1.61]
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It is, however, discontinuous at every point of C. Thus, x¢ is an example of a
Riemann integrable function with uncountably many discontinuities.



—
Chapter 12

Properties and Applications of
the Integral

In the integral calculus I find much less interesting the parts that involve
only substitutions, transformations, and the like, in short, the parts that
involve the known skillfully applied mechanics of reducing integrals to
algebraic, logarithmic, and circular functions, than I find the careful and
profound study of transcendental functions that cannot be reduced to
these functions. (Gauss, 1808)

12.1. The fundamental theorem of calculus

The fundamental theorem of calculus states that differentiation and integration
are inverse operations in an appropriately understood sense. The theorem has two
parts: in one direction, it says roughly that the integral of the derivative is the
original function; in the other direction, it says that the derivative of the integral
is the original function.

In more detail, the first part states that if F' : [a,b] — R is differentiable with
integrable derivative, then

b
/ F'(w)dz = F(b) — Fla).

This result can be thought of as a continuous analog of the corresponding identity
for sums of differences,

Z (A — Ap_1) = A, — Ag.
The second part states that if f : [a,b] — R is continuous, then

dx/f (a).

243
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This is a continuous analog of the corresponding identity for differences of sums,
k k—1
S0 0=
=1 =1

The proof of the fundamental theorem consists essentially of applying the iden-
tities for sums or differences to the appropriate Riemann sums or difference quo-
tients and proving, under appropriate hypotheses, that they converge to the corre-
sponding integrals or derivatives.

We'll split the statement and proof of the fundamental theorem into two parts.
(The numbering of the parts as I and II is arbitrary.)

12.1.1. Fundamental theorem |. First we prove the statement about the in-
tegral of a derivative.

Theorem 12.1 (Fundamental theorem of calculus I). If F : [a, b] — R is continuous
on [a,b] and differentiable in (a,b) with F’ = f where f : [a,b] — R is Riemann
integrable, then

b
/ f(z)dz = F(b) — F(a).

Proof. Let
P={xg,21,22,...,Tn_1,Tn},
be a partition of [a,b], with £y = a and x,, = b. Then
F(b) = F(a) = Y _ [F(ax) — F(xx-1)].-
k=1
The function F' is continuous on the closed interval [xx_1,z] and differentiable in
the open interval (z;_1, ) with F' = f. By the mean value theorem, there exists
Tr_1 < g < x such that

F(xy) — F(xr_1) = f(ex)(@p — p—1).
Since f is Riemann integrable, it is bounded, and
my(xr — vp—1) < Fag) — Far—1) < Mp(xp — 2x-1),

where
M= sup f, myg = inf
[Th—1,2k] [Tk—1,7k]
Hence, L(f; P) < F(b)—F(a) < U(f; P) for every partition P of [a, b], which implies
that L(f) < F(b) — F(a) < U(f). Since f is integrable, L(f) = U(f) = f:f and
therefore F'(b) — F(a) = f; f. O

In Theorem we assume that F' is continuous on the closed interval [a, b]
and differentiable in the open interval (a,b) where its usual two-sided derivative
is defined and is equal to f. It isn’t necessary to assume the existence of the
right derivative of F' at a or the left derivative at b, so the values of f at the
endpoints are not necessarily determined by F. By Proposition however,
the integrability of f on [a,b] and the value of its integral do not depend on these
values, so the statement of the theorem makes sense. As a result, we’ll sometimes
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abuse terminology and say that “F’ is integrable on [a,b]” even if it’s only defined
on (a,b).

Theorem [12.1|imposes the integrability of F’ as a hypothesis. Every function F’
that is continuously differentiable on the closed interval [a, b] satisfies this condition,
but the theorem remains true even if F” is a discontinuous, Riemann integrable
function.

Example 12.2. Define F : [0,1] — R by

Zsin(1 if <1
Flo) = x?sin(1/x) %O<x_,
0 ifx=0.

Then F is continuous on [0, 1] and, by the product and chain rules, differentiable
in (0, 1]. It is also differentiable — but not continuously differentiable — at 0, with
F'(07) = 0. Thus,

—cos(1/z)+2xsin(1/z) if0<ax <1,
0 iftz=0.

The derivative F’ is bounded on [0, 1] and discontinuous only at one point (z = 0),
so Theorem [11.53| implies that F” is integrable on [0,1]. This verifies all of the
hypotheses in Theorem and we conclude that

1
/ F'(z)dz = sin1.
0

There are, however, differentiable functions whose derivatives are unbounded
or so discontinuous that they aren’t Riemann integrable.

Example 12.3. Define F' : [0,1] — R by F(z) = y/z. Then F is continuous on
[0,1] and differentiable in (0, 1], with
1
F’(x):ﬁ for0 <z <1
This function is unbounded, so F’ is not Riemann integrable on [0, 1], however we
define its value at 0, and Theorem does not apply.

We can interpret the integral of F” on [0, 1] as an improper Riemann integral (as
is discussed further in Section [12.4). The function F' is continuously differentiable
on [e,1] for every 0 < € < 1, so

1
1

Thus, we get the improper integral

L
lim ——dxr = 1.
E*}O+‘/6 2\/5
The construction of a function with a bounded, non-integrable derivative is
more involved. It’s not sufficient to give a function with a bounded derivative that

is discontinuous at finitely many points, as in Example because such a function
is Riemann integrable. Rather, one has to construct a differentiable function whose
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derivative is discontinuous on a set of nonzero Lebesgue measure. Abbott [I] gives
an example.

Finally, we remark that Theorem [12.1]| remains valid for the oriented Riemann
integral, since exchanging a and b reverses the sign of both sides.

12.1.2. Fundamental theorem of calculus Il. Next, we prove the other direc-
tion of the fundamental theorem. We will use the following result, of independent
interest, which states that the average of a continuous function on an interval ap-
proaches the value of the function as the length of the interval shrinks to zero. The
proof uses a common trick of taking a constant inside an average.

Theorem 12.4. Suppose that f : [a,b] — R is integrable on [a, b] and continuous
at a. Then

a+h
oy [ fe)de = fla).

1
h—0+ h

Proof. If k£ is a constant, then we have

(That is, the average of a constant is equal to the constant.) We can therefore write

a+h a+h
it =g [ e - sw) e

Let € > 0. Since f is continuous at a, there exists § > 0 such that

|[f(z)— fla)] <e for a<zxz<a+d.
It follows that if 0 < h < §, then

1 (L+h 1
P @i @ <5 sw (@) - f@)] bz
h a h a<la<a+h
which proves the result. [

A similar proof shows that if f is continuous at b, then
b

h—0t h b—h

and if f is continuous at a < ¢ < b, then
c+h

lim S f=fle).
h

h—0+ 2h o—

More generally, if f is continuous at ¢ and {Ij, : h > 0} is any collection of intervals
with ¢ € I}, and |I,| — 0 as h — 0T, then

. 1
hig)l+m Ihf—f(c)-

The assumption in Theorem that f is continuous at the point about which we
take the averages is essential.
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Example 12.5. Let f : R — R be the sign function

1 if x >0,
flx)=<0 ifz=0,
-1 ifz<O.
Then
h 0
s g ) s =1 g [ =

and neither limit is equal to f(0). In this example, the limit of the symmetric
averages

1 [k
lim — dx =
gy [, S
is equal to f(0), but this equality doesn’t hold if we change f(0) to a nonzero value

(for example, if f(z) =1 for > 0 and f(x) = —1 for x < 0) since the limit of the
symmetric averages is still 0.

The second part of the fundamental theorem follows from this result and the
fact that the difference quotients of F' are averages of f.

Theorem 12.6 (Fundamental theorem of calculus II). Suppose that f: [a,b] — R
is integrable and F : [a,b] — R is defined by

m):/mf(t)dt

b]. Moreover, if f is continuous at a < ¢ < b, then F is

f(e).

Proof. First, note that Theorem [11.44] implies that f is integrable on [a,x] for
every a < x < b, so F is well-defined. Since f is Riemann integrable, it is bounded,
and |f| < M for some M > 0. It follows that

/:+h o d

which shows that F' is continuous on [a, b] (in fact, Lipschitz continuous).

Then F is continuous on [a,
differentiable at ¢ and F’(c)

|F(x+h) - F(r)| = < M|hl,

Moreover, we have
F(c+h)—F(¢) 1 [
It follows from Theorem that if f is continuous at ¢, then F is differentiable

at ¢ with
. c+h)
F'(c)=1 (— =1
(<) B0 h ] K50 1 / fe)
where we use the appropriate right or left limit at an endpoint. ([

The assumption that f is continuous is needed to ensure that F is differentiable.
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Example 12.7. If
1 forxz >0,
-

0 forax <0,
then

F(x)/ogpf(t)dt{x for z > 0,

0 forx<O.

The function F' is continuous but not differentiable at x = 0, where f is discon-
tinuous, since the left and right derivatives of F' at 0, given by F’(07) = 0 and
F’(0%) = 1, are different.

12.2. Consequences of the fundamental theorem

The first part of the fundamental theorem, Theorem [12.1] is the basic tool for
the exact evaluation of integrals. It allows us to compute the integral of of a
function f if we can find an antiderivative; that is, a function F' such that F’ =
f. There is no systematic procedure for finding antiderivatives. Moreover, an
antiderivative of an elementary function (constructed from power, trigonometric,
and exponential functions and their inverses) need not be — and often isn’'t —
expressible in terms of elementary functions. By contrast, the rules of differentiation
provide a mechanical algorithm for the computation of the derivative of any function
formed from elementary functions by algebraic operations and compositions.

Example 12.8. For p=0,1,2,..., we have

i 1 Pt = P
dr |p+1 ’

1
1
/ 2P de = ——.
0 p+1

Example 12.9. We can use the fundamental theorem to evaluate certain limits of

sums. For example,
li L EP| = !
nl—>ngo npt+1 kz—:l o p+ ]_7

and it follows that

since the sum on the left-hand side is the upper sum of z” on a partition of [0, 1]
into n intervals of equal length. Example illustrates this result explicitly for
p=2

Two important general consequences of the first part of the fundamental theo-
rem are integration by parts and substitution (or change of variable), which come
from inverting the product rule and chain rule for derivatives, respectively.

Theorem 12.10 (Integration by parts). Suppose that f, g : [a,b] — R are contin-
uous on [a, b] and differentiable in (a,b), and f’, ¢’ are integrable on [a,b]. Then

b b
/ fd' d = F(B)g(b) — f(a)g(a) - / fgde.
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Proof. The function fg is continuous on [a, ] and, by the product rule, differen-
tiable in (a,b) with derivative

(f9) =fd +f'g.
Since f, g, f’, ¢’ are integrable on [a,b], Theorem [I1.35| implies that fg’, f’g, and
(fg)', are integrable. From Theorem we get that
b b b
[ tddes [ rade= [ (o) de= )90 - fa)gto).

which proves the result. U

Integration by parts says that we can move a derivative from one factor in
an integral onto the other factor, with a change of sign and the appearance of
a boundary term. The product rule for derivatives expresses the derivative of a
product in terms of the derivatives of the factors. By contrast, integration by parts
doesn’t give an explicit expression for the integral of a product, it simply replaces
one integral by another. This can sometimes be used transform an integral into an
integral that is easier to evaluate, but the importance of integration by parts goes
far beyond its use as an integration technique.

Example 12.11. For n =0,1,2,3,..., let
I,(z) = /w t"e "t dt.
0
If n > 1, then integration by parts with f(t) =" and ¢'(t) = e~ * gives
I(z)=—z"e™® + n/zC t"emtdt = —x"e ™" + nl,_1(z).
Also, by the fundamental theoremoof calculus,

x
Io(x):/ etdt=1—e".
0

It then follows by induction that

k=0

k_ —x

Since z"e™™ — 0 as ¢ — oo for every £ = 0,1,2,..., we get the improper

integral
o0 T
/ t"e tdt = lim t"e~tdt = n!
0 r7—00 0
This formula suggests an extension of the factorial function to complex numbers
z € C, called the Gamma function, which is defined for 2z > 0 by the improper,
complex-valued integral

F(z):/ t*~let dt.
0

In particular, I'(n) = (n — 1)! for n € N. The Gamma function is an important
special function, which is studied further in complex analysis.

Next we consider the change of variable formula for integrals.
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Theorem 12.12 (Change of variable). Suppose that g : I — R differentiable on
an open interval I and ¢’ is integrable on I. Let J = g(I). If f : J — R continuous,
then for every a,b € I,

b g(b)
z)) g (z) dx = w) du.
| reend@ /g(a) £

Proof. For x € J, let

Since f is continuous, Theorem [12.6| implies that F' is differentiable in J with
F’ = f. The chain rule implies that the composition F o g : I — R is differentiable
in I, with

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

This derivative is integrable on [a,b] since f o g is continuous and ¢’ is integrable.
Theorem [12.1] the definition of F', and the additivity of the integral then imply
that

/ " F (o) o' () o = / "(Fog) de

=F(g(b)) — F (9(a))
g(b)

= F'(u) du,
g(a)

which proves the result. [

There is no assumption in this theorem that g is invertible, but we often use the
theorem in that case. A continuous function maps an interval to an interval, and it
is one-to-one if and only if it is strictly monotone. An increasing function preserves
the orientation of the interval, while a decreasing function reverses it, in which case
the integrals in the previous theorem are understood as oriented integrals.

This result can also be formulated in terms of non-oriented integrals. Suppose
that g : I — J is one-to-one and onto from an interval I = [a,b] to an interval
J = g(I) = [e,d] where ¢ = g(a), d = g(b) if g is increasing, and ¢ = g(b), d = g(a)
if g is decreasing, then

/g(z) Jlwde= /I(f ° g9)(x)lg'(z)| dz.

In this identity, both integrals are over positively oriented intervals and we include
an absolute value in the Jacobian factor |¢'(z)|. If ¢’ > 0, then this identity is the
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same as the oriented form, while if ¢’ <0, then
b
Jteo@ld @)= [ (fon)@-g @) ds
a

g(b)
= 7/ flu) du
g(a)

g(a)
= / flu)du
9(b)

= /g(l) f(u) du.

Example 12.13. For every a > 0, the increasing, differentiable function g : R — R
defined by g(z) = 2® maps (—a,a) one-to-one and onto (—a®,a®) and preserves
orientation. Thus, if f : [—a,a] — R is continuous,

a3

f(2®) - 32% dw = f(u) du.
—a a3
The decreasing, differentiable function g : R — R defined by g(z) = —2® maps
(—a, a) one-to-one and onto (—a®,a®) and reverses orientation. Thus,
a —(13 0.3
f(=2*) - (=32?) dx = / f(u)du=— f(u) du.
—a a3 a8
The non-monotone, differentiable function g : R — R defined by g(x) = 22 maps
(—a,a) onto [0,a?). Tt is two-to-one, except at # = 0. The change of variables

formula gives

af(xz)-Qxdx:/a f(u)du = 0.

The contributions to the original integral from [0, a] and [—a,0] cancel since the
integrand is an odd function of x.

One consequence of the second part of the fundamental theorem, Theorem|[12.6
is that every continuous function has an antiderivative, even if it can’t be expressed
explicitly in terms of elementary functions. This provides a way to define transcen-
dental functions as integrals of elementary functions.

Example 12.14. One way to define the natural logarithm log : (0,00) — R in
terms of algebraic functions is as the integral

1
logx:/ —dt.
1 t

This integral is well-defined for every 0 < = < oo since 1/t is continuous on the
interval [1,z] if z > 1, or [z,1] if 0 < z < 1. The usual properties of the logarithm
follow from this representation. We have (logz)’ = 1/x by definition; and, for
example, by making the substitution s = zt in the second integral in the following
equation, when dt/t = ds/s, we get

1 Y1 1 Wi w1
10gx+10gy:/ ;dt+/ Edt:/ gdtJr/ fds:/ —dt = log(zy).
1 1 1 z S 1t
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Figure 1. Graphs of the error function y = F(z) (blue) and its derivative,
the Gaussian function y = f(x) (green), from Example [12.15]

We can also define many non-elementary functions as integrals.

Example 12.15. The error function

erf(z) = %/@ e adt

is an anti-derivative on R of the Gaussian function

2
flx) = ﬁe .

The error function isn’t expressible in terms of elementary functions. Nevertheless,
it is defined as a limit of Riemann sums for the integral. Figure [l|shows the graphs
of f and F. The name “error function” comes from the fact that the probability of
a Gaussian random variable deviating by more than a given amount from its mean
can be expressed in terms of F. Error functions also arise in other applications; for
example, in modeling diffusion processes such as heat flow.

Example 12.16. The Fresnel sine function S is defined by

st [ (L)

The function S is an antiderivative of sin(7t?/2) on R (see Figure , but it can’t
be expressed in terms of elementary functions. Fresnel integrals arise, among other
places, in analysing the diffraction of waves, such as light waves. From the perspec-
tive of complex analysis, they are closely related to the error function through the
Euler formula e*? = cos + isin 6.

Discontinuous functions may or may not have an antiderivative and typically
don’t. Darboux proved that every function f : (a,b) — R that is the derivative of
a function F : (a,b) — R, where F/ = f at all points of (a,b), has the intermediate
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Figure 2. Graphs of the Fresnel integral y = S(z) (blue) and its derivative

y = sin(mz?/2) (green) from Example[12.16]

value property. That is, for all ¢, d such that if a < ¢ < d < b and all y between
f(c) and f(d), there exists an x between ¢ and d such that f(z) =y. A continuous
derivative has this property by the intermediate value theorem, but a discontinuous
derivative also has it. Thus, discontinuous functions without the intermediate value
property, such as ones with a jump discontinuity, don’t have an antiderivative. For
example, the function F in Example[I2.7)is not an antiderivative of the step function
f on R since it isn’t differentiable at 0.

In dealing with functions that are not continuously differentiable, it turns out
to be more useful to abandon the idea of a derivative that is defined pointwise
everywhere (pointwise values of discontinuous functions are somewhat arbitrary)
and introduce the notion of a weak derivative. We won’t define or study weak
derivatives here.

12.3. Integrals and sequences of functions

A fundamental question that arises throughout analysis is the validity of an ex-
change in the order of limits. Some sort of condition is always required.

In this section, we consider the question of when the convergence of a sequence
of functions f, — f implies the convergence of their integrals [ f, — [ f. Here,
we exchange a limit of a sequence of functions with a limit of the Riemann sums
that define their integrals. The two types of convergence we’ll discuss are pointwise
and uniform convergence, which are defined in Chapter [9}

As we show first, the Riemann integral is well-behaved with respect to uniform
convergence. The drawback to uniform convergence is that it’s a strong form of
convergence, and we often want to use a weaker form, such as pointwise convergence,
in which case the Riemann integral may not be suitable.
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12.3.1. Uniform convergence. The uniform limit of continuous functions is
continuous and therefore integrable. The next result shows, more generally, that
the uniform limit of integrable functions is integrable. Furthermore, the limit of
the integrals is the integral of the limit.

Theorem 12.17. Suppose that f,, : [a,b] — R is Riemann integrable for each
n € N and f,, — f uniformly on [a,b] as n — co. Then f : [a,b] — R is Riemann
integrable on [a, b] and

f = lim fn

n—oo

Proof. The main statement we need to prove is that f is integrable. Let ¢ > 0.
Since f,, — f uniformly, there is an N € N such that if n > N then
€ €
- - <z<hbh.
fu(2) bfa<f(x)<fn(x)+b—a foralla <z <b
It follows from Proposition [11.39 that

L(n-55) <t vnsu(fes).

Since f,, is integrable and upper integrals are greater than lower integrals, we get

that
/fn_€<L( <U /fn+€
for all n > N, which implies that

0<U(f) = L(f) <2

Since € > 0 is arbitrary, we conclude that L(f) = U(f), so f is integrable. Moreover,
it follows that for all n > N we have

fl <e

b
fn_
a

which shows that f: fn — f: f as n — oo. O

Alternatively, once we know that the uniform limit of integrable functions is
integrable, the convergence of the integrals follows directly from the estimate

/abfn—/abf - /ab(fn—f)

Example 12.18. The function f, : [0,1] — R defined by
n + cosx
falz) =

converges uniformly on [0,1] to f(x) = e~ * since, for 0 < x < 1,

< sup |falz) = f(2)]-(b—a) =0 as n — oo.
z€la,b]

net + sinx

n +cosx _z| _|cosx —e Tsinz < 1
net 4+ sinx - ne® 4+ sinx - n
It follows that
1 1
. n + cosx _ 1
lim %dz:/emd:ﬂzlfﬁ
n—oo Jo ner +sinx 0 e
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Example 12.19. Every power series
f(x) —ao+ax+a’e?+- +apa" + ...

with radius of convergence R > 0 converges uniformly on compact intervals inside
the interval |x| < R, so we can integrate it term-by-term to get

1
anz" 4 for |z| < R.

/o f(t)dt:aox+§a1x2+§a2x3+...+m .

Example 12.20. If we integrate the geometric series

1
17:14-30—}-372—1—---—1—33”—1—... for |z <1,
-
we get a power series for log,

1 1 1 1
log( >x+z2+x3~~~+z”+... for |z < 1.
1—-2z 2 n

3

For instance, taking = 1/2, we get the rapidly convergent series

— 1
log2 = —

n2m
n=1

for the irrational number log 2 ~ 0.6931. This series was known and used by Euler.
For comparison, the alternating harmonic series in Example [I2.46] also converges
to log 2, but it does so extremely slowly and would be a poor choice for computing
a numerical approximation.

Although we can integrate uniformly convergent sequences, we cannot in gen-
eral differentiate them. In fact, it’s often easier to prove results about the conver-
gence of derivatives by using results about the convergence of integrals, together
with the fundamental theorem of calculus. The following theorem provides suffi-
cient conditions for f, — f to imply that f; — f’.

Theorem 12.21. Let f,, : (a,b) — R be a sequence of differentiable functions
whose derivatives f/ : (a,b) — R are integrable on (a,b). Suppose that f, — f
pointwise and f;, — ¢ uniformly on (a,b) as n — oo, where g : (a,b) — R is
continuous. Then f : (a,b) — R is continuously differentiable on (a,b) and f' = g.

Proof. Choose some point a < ¢ < b. Since f/ is integrable, the fundamental
theorem of calculus, Theorem implies that

fn(ﬂﬁ)an(c)%-/mf,’1 fora < x <b.

Since f, — f pointwise and f/ — g uniformly on [a, z], we find that

Since g is continuous, the other direction of the fundamental theorem, Theo-
rem implies that f is differentiable in (a,b) and f’ = g. O
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In particular, this theorem shows that the limit of a uniformly convergent se-
quence of continuously differentiable functions whose derivatives converge uniformly
is also continuously differentiable.

The key assumption in Theorem is that the derivatives f/ converge uni-
formly, not just pointwise; the result is false if we only assume pointwise convergence
of the f;. In the proof of the theorem, we only use the assumption that f,(z) con-
verges at a single point x = c¢. This assumption together with the assumption that
f} — g uniformly implies that f,, — f uniformly, where

f(z) = lim fn(c)—i—/xg.

Thus, the theorem remains true if we replace the assumption that f,, — f pointwise
on (a,b) by the weaker assumption that lim,_, f,(c) exists for some ¢ € (a,b).
This isn’t an important change, however, because the restrictive assumption in the
theorem is the uniform convergence of the derivatives f/, not the pointwise (or
uniform) convergence of the functions f,.

The assumption that g = lim f/ is continuous is needed to show the differentia-
bility of f by the fundamental theorem, but the result remains true even if g isn’t
continuous. In that case, however, a different — and more complicated — proof is
required, which is given in Theorem [0.18]

12.3.2. Pointwise convergence. On its own, the pointwise convergence of
functions is never sufficient to imply convergence of their integrals.

Example 12.22. For n € N, define f, : [0,1] — R by

f(x):{n if0<z<1/n,

0 ifz=0o0rl/n<z<l1.

Then f,, — 0 pointwise on [0, 1] but

for every n € N. By slightly modifying these functions to
n? if0<x<1/n,
falz) = e /
0 ifxz=0orl/n<z<l1,

we get a sequence that converges pointwise to 0 but whose integrals diverge to oo.
The fact that the f, are discontinuous is not important; we could replace the step
functions by continuous “tent” functions or smooth “bump” functions.

The behavior of the integral under pointwise convergence in the previous ex-
ample is unavoidable whatever definition of the integral one uses. A more serious
defect of the Riemann integral is that the pointwise limit of Riemann integrable
functions needn’t be Riemann integrable at all, even if it is bounded.
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Example 12.23. Let {r; : k € N} be an enumeration of the rational numbers in
[0,1] and define f, : [0,1] = R by

1 if x =rg for some 1 < k <n,
fn(x) = .
0 otherwise.

Then each f,, is Riemann integrable since it differs from the zero function at finitely
many points. However, f,, — f pointwise on [0, 1] to the Dirichlet function f, which
is not Riemann integrable.

This is another place where the Lebesgue integral has better properties than
the Riemann integral. The pointwise (or pointwise almost everywhere) limit of
Lebesgue measurable functions is Lebesgue measurable. As Example shows,
we still need conditions to ensure the convergence of the integrals, but there are
quite simple and general conditions for the Lebesgue integral (such as the monotone
convergence and dominated convergence theorems).

12.4. Improper Riemann integrals

The Riemann integral is only defined for a bounded function on a compact interval
(or a finite union of such intervals). Nevertheless, we frequently want to integrate
unbounded functions or functions on an infinite interval. One way to interpret
such integrals is as a limit of Riemann integrals; these limits are called improper
Riemann integrals.

12.4.1. Improper integrals. First, we define the improper integral of a function
that fails to be integrable at one endpoint of a bounded interval.

Definition 12.24. Suppose that f : (a,b] % R is integrable on [c,b] for every
a < ¢ < b. Then the improper integral of f on [a,b] is

/f—ﬁl_lgg/ .

The improper integral converges if this limit exists (as a finite real number), other-
wise it diverges. Similarly, if f : [a,b) — R is integrable on [a, ¢] for every a < ¢ < b,

then
= 1i .
/ f e—1>%1+ f

We use the same notation to denote proper and improper integrals; it should
be clear from the context which integrals are proper Riemann integrals (i.e., ones

given by Definition [11.11]) and which are improper. If f is Riemann integrable on
11.50

[a, b], then Proposition [11.50 shows that its improper and proper integrals agree,
but an improper integral may exist even if f isn’t integrable.

Example 12.25. If p > 0, then the integral

/—dx
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isn’t defined as a Riemann integral since 1/x? is unbounded on (0,1]. The corre-
sponding improper integral is
1 1
1 1
/ — dr = lim — dx.
o P e—0+ Jo xP

For p # 1, we have

1 1—
1 1—€e7P
Lgpo Ll
€ xP 1- p
so the improper integral converges if 0 < p < 1, with
1
1 1
—dr = ——,
o P p—1

and diverges to oo if p > 1. The integral also diverges (more slowly) to co if p =1

since
1
1 1
/ —dx = log —.
e T €

Thus, we get a convergent improper integral if the integrand 1/zP does not grow
too rapidly as x — 0 (slower than 1/z).

We define improper integrals on an unbounded interval as limits of integrals on
bounded intervals.

Definition 12.26. Suppose that f : [a,00) — R is integrable on [a,r] for every
r > a. Then the improper integral of f on [a,00) is

/ f=1lim [ f.
a r—>00 a

Similarly, if f : (—oo,b] — R is integrable on [r, b] for every r < b, then

b b
/ f= lim f
oo r—oo [
Let’s consider the convergence of the integral of the power function in Exam-

ple [12:25] at infinity rather than at zero.

Example 12.27. Suppose that p > 0. The improper integral

1 "1 lI-p _q
/ —dx = lim —dz = lim (r)
1 xP r—oo [ P r—00 1—p

converges to 1/(p — 1) if p > 1 and diverges to oo if 0 < p < 1. It also diverges
(more slowly) if p = 1 since

<1 "1
/ —dzr = lim —dzr = lim logr = oo.
1

x r—oo J1 X r—+00
Thus, we get a convergent improper integral if the integrand 1/z? decays sufficiently
rapidly as © — oo (faster than 1/x).

A divergent improper integral may diverge to oo (or —oo) as in the previous
examples, or — if the integrand changes sign — it may oscillate.
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Example 12.28. Define f : [0,00) — R by
flz)=(-D" forn <z <n+1wheren=0,1,2,....
Then 0 < forf <1 and

L/”f__{1 if n is an odd integer,
i I .

0 if n is an even integer.

Thus, the improper integral fooo f doesn’t converge.

More general improper integrals may be defined as finite sums of improper
integrals of the previous forms. For example, if f : [a,b] \ {c} — R is integrable on
closed intervals not including a < ¢ < b, then

/f— lim / 5f+eg%1+ 7

and if f: R — R is integrable on every compact mtervaL then

/ f= lim f+hm fﬁ

§—00 r—00 c

where we split the integral at an arbltrary point ¢ € R. Note that each limit is
required to exist separately.

Example 12.29. The improper Riemann integral
o 1
/ —dcc— lim —d:c—|—hm —dz
0 e—0t r—00 TP
does not converge for any p € R, since the integral elther diverges at 0 (if p > 1) or
at infinity (if p < 1).

Example 12.30. If f:[0,1] — R is continuous and 0 < ¢ < 1, then we define as
an improper integral

1 c—9 1
f(x) . f(x) . f(x)

—————dr =1 ———d | —————dx.
/|ac—c|1/2 et 0o |z —cl]t/? x+€ir(1)1+ ete |z —|/? “

Example 12.31. Consider the following integral, called a Frullani integral,

_ [ faw) — fom)
I_A - dr,

where 0 < a < b and f : [0,00) — R is a continuous function whose limit as z — oo
exists. We write this limit as

f(o0) = lim f(a).

Tr—r00

We interpret the integral as an improper integral I = I; + I, where

o [0S0 o fan) — ()
- [ R

Consider ;. After makmg the substitutions s = ax and ¢ = bx and using the
additivity property of the integral, we get that

b eb b
et ([ ) < ([ 5] [
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To evaluate the limit, we write

W), [P0 - f0)
4 4

eb
dt + £(0) / %dt

€a €a a

@1t — £(0)
t

€a

dt + £(0)log (2) .

Since f is continuous at 0 and ¢ > ea in the interval of integration of length e(b—a),
we have

@ () — f(0)
t

€a

dt

< <ba“> -max{|f(t) — £(0)| : ca < t < eb} — 0

as € — 0. It follows that

I = £(0)log (Z) - /ab @dt.

A similar argument gives

e st (D) [ W

Adding these results, we conclude that
[ s — g0 - oo (1))
0 x a

12.4.2. Absolutely convergent improper integrals. The convergence of im-
proper integrals is analogous to the convergence of series. A series Y a, converges
absolutely if > |a,| converges, and conditionally if > a,, converges but > |a,| di-
verges. We introduce a similar definition for improper integrals and provide a
test for the absolute convergence of an improper integral that is analogous to the
comparison test for series.

Definition 12.32. An improper integral f: f is absolutely convergent if the im-

proper integral fab | f| converges, and conditionally convergent if f; f converges but
f; |f| diverges.

As part of the next theorem, we prove that an absolutely convergent improper
integral converges (similarly, an absolutely convergent series converges).

Theorem 12.33. Suppose that f,g: I — R are defined on some finite or infinite
interval I. If |f| < g and the improper integral || 1 g9 converges, then the improper
integral [, f converges absolutely. Moreover, an absolutely convergent improper
integral converges.

Proof. To be specific, we suppose that f, g : [a,00) — R are integrable on [a, r] for
r > a and consider the improper integral

[om s

A similar argument applies to other types of improper integrals.
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First, suppose that f > 0. Then

/arf</arg</aoog,

I . . . . . .
SO fa f is a monotonic increasing function of r that is bounded from above. There-
fore it converges as r — oo.

In general, we decompose f into its positive and negative parts,

f:f-‘rif—v |f|:f++f—7
f+ = max{f,0}, f— = max{—f,0}.

We have 0 < fi < g, so the improper integrals of fi converge by the previous
argument, and therefore so does the improper integral of f:

o ([ 1 1)

= lim / f+ — lim f-
a

700 r—00 a

=/:of+—/:of-

Moreover, since 0 < fi < |f|, we see that [~ fi and [ f_ both converge if
faoo | f| converges, and therefore so does faoo f, so an absolutely convergent improper
integral converges. O

Example 12.34. Consider the limiting behavior of the error function erf(z) in
Example [12.15| as £ — oo, which is given by

2 /°° —a? 2 . /T -y
— e r=—= lim e x.
ﬁ 0 ﬁ T—> 00 0
The convergence of this improper integral follows by comparison with e~
example, since

*. for

2
0<e™ <e”* for x > 1,
and

/ e “dr= lim e “dr= lim (e_l — e—r) — 1
1

r—00 1 r—00 e

This argument proves that the error function approaches a finite limit as x — oo,
but it doesn’t give the exact value, only an upper bound

2 [, 2 Lo, 1 2 1
il 2 de < M M= — <1+ 2.
ﬁ/o ¢ drsan ﬁ</oe d“e)‘ﬁ(%)

One can evaluate this improper integral exactly, with the result that

2 /oo 2
— e " dr=1.
VT Jo
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Figure 3. Graph of y = (sinz)/(1 + 22) from Example [12.35] The dashed
green lines are the graphs of y = il/x2.

The standard trick to obtain this result (apparently introduced by Laplace) uses
double integration, polar coordinates, and the substitution u = r2:

o0 2 2 o0 oo 2 2
</ e ” d:r) :/ / e 7Y dxdy

0 o Jo

/2 S )
/ </ e " rdr) do
0 0

T [ T
= — —Ud = —,
4/0 coMTy

This formal computation can be justified rigorously, but we won’t do so here. There
are also many other ways to obtain the same result.

Example 12.35. The improper integral
* sinz " sinx
——dr = li —d
/0 1+ 2277 0% o 1+ 22 *

converges absolutely, since

* sinx bosi s
/ d:c:/ sinx dx—i—/ sinz_
0 1+ 22 0 1+ a2 1 1+ 22
and (see Figure [3)
sinz
1+ 22
The value of this integral doesn’t have an elementary expression, but by using
contour integration from complex analysis one can show that

*1
< — forx>1, — dr < .
x2 1 22

* sinz 1 e
———dx = — Fi(1) — = Ei(—1) = 0.64
/0 T2 =g i(1) 5 i(—1) =~ 0.6468,
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where Ei is the exponential integral function defined in Example

Improper integrals, and the principal value integrals discussed below, arise
frequently in complex analysis, and many such integrals can be evaluated by contour
integration.

Example 12.36. The improper integral

® sinx . " sinz T
dr = lim der = —
0 X 700 0 X 2

converges conditionally. We leave the proof as an exercise. Note that there is no
difficulty at 0, since sinz/x — 1 as © — 0, and comparison with the function
1/2 doesn’t imply absolute convergence at infinity because the improper integral
floo 1/x dx diverges. There are many ways to show that the exact value of the
improper integral is 7/2. The standard method uses contour integration.

Example 12.37. Consider the limiting behavior of the Fresnel sine function S(x)
in Example [12.16| as z — co. The improper integral

oo 2 T 2 1
/ sin (227 dz = lim sin (222 do = =
0 2 T—00 0 2 2

converges conditionally. This example may seem surprising since the integrand
sin(mx?/2) doesn’t converge to 0 as & — oo. The explanation is that the integrand
oscillates more rapidly with increasing x, leading to a more rapid cancelation be-
tween positive and negative values in the integral (see Figure . The exact value
can be found by contour integration, again, which shows that

/oosin (Wﬁ) dz 1 /Ooe ( 7r:1c2> dx
—_— = — xp [ ——— .
0 2 V2 Jo P 2

Evaluation of the resulting Gaussian integral gives 1/2.

12.5. * Principal value integrals

Some integrals have a singularity that is too strong for them to converge as im-
proper integrals but, due to cancelation between positive and negative parts of the
integrand, they have a finite limit as a principal value integral. We begin with an
example.

Example 12.38. Consider f : [—1,1] \ {0} defined by

The definition of the integral of f on [—1,1] as an improper integral is

1 | 1
/ —dr = lim —dx + lim —dx
—1 X §—0t 1 X e—0t € X

= lim logd — lim loge.

6—0t e—0~t
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Neither limit exists, so the improper integral diverges. (Formally, we get oo — c0.)
If, however, we take § = € and combine the limits, we get a convergent principal
value integral, which is defined by

1 —€ 1
1 1 1
p.v./ —dzr = lim (/ fder/ dm) lim (loge —loge) =0.
1T e—o+t \J_1 =z e T e—0+

The value of 0 is what one might expect from the oddness of the integrand. A
cancelation in the contributions from either side of the singularity is essential to
obtain a finite limit.

The principal value integral of 1/2 on a non-symmetric interval about 0 still
exists but is non-zero. For example, if b > 0, then

b —e b
1 1 1
p.V./ —dr = lim (/ fdx+/ dx) = hm (loge +logb — loge) = logb.
1z e—07t 1z e T e—0

The crucial feature of a principal value integral is that we remove a symmetric
interval around a singular point, or infinity. The resulting cancelation in the integral
of a non-integrable function that changes sign across the singularity may lead to a
finite limit.

Definition 12.39. If f : [a,b] \ {c} — R is integrable on closed intervals not
including a < ¢ < b, then the principal value integral of f on [a, ] is

o 1= ([T L)

If f:R — R is integrable on compact intervals, then the principal value integral of
fonRis

p.v. f—hm f

rT—00

If the improper integral exists, then the principal value integral exists and
is equal to the improper integral. As Example shows, the principal value
integral may exist even if the improper integral does not. Of course, a principal
value integral may also diverge.

Example 12.40. Consider the principal value integral
1 —e 1
1 1 1
pV/ldeU—EgI(I)I+(/1 ﬁdz—&—/é w2d1‘)
2
e—01t \ €

In this case, the function 1/2? is positive and approaches oo on both sides of the
singularity at z = 0, so there is no cancelation and the principal value integral
diverges to co.

Principal value integrals arise frequently in complex analysis, harmonic analy-
sis, and a variety of applications.
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-2 -1 0 1 2 3

Figure 4. Graphs of the exponential integral y = Ei(z) (blue) and its deriv-
ative y = e®/x (green) from Example [12.41

Example 12.41. The exponential integral Ei is a non-elementary function defined

by
x et

— 00

Its graph is shown in Figure[d This integral has to be understood, in general, as an
improper, principal value integral, and the function has a logarithmic singularity
at z = 0.

If x < 0, then the integrand is continuous for —oo < ¢ < x, and the integral is
interpreted as an improper integral,

T t x _t
/E%hﬂm %ﬁ

t r—oo |

oo s

This improper integral converges absolutely by comparison with ef, since

et

< et for —co <t < —1,

and

0 r—oo [ r—00 e

-1 —1 1
/ el dt = lim et dt = lim (6_7' — e_l) = _.

If £ > 0, then the integrand has a non-integrable singularity at ¢ = 0, and we
interpret it as a principal value integral. We write

T t -1 t Tt
/ iﬁ:/ iﬁ+/§wt
ot ot Lt
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The first integral is interpreted as an improper integral as before. The second
integral is interpreted as a principal value integral

T _t —€ t Tt
p.v./ € dt = lim / e—dt—&—/ € at).
it 0t \J_, ¢ .t
This principal value integral converges, since

x t x t*]. x 1 x t*].
p.v./ e—dt:/ € dt+p.v./ fdt:/ ¢ dt + log x.
it ot ot ot

The first integral makes sense as a Riemann integral since the integrand has a
removable singularity at ¢ = 0, with

t_
lim <€ 1) —1,
t—0 t

so it extends to a continuous function on [—1, z].

Finally, if x = 0, then the integrand is unbounded at the left endpoint ¢t = 0.
The corresponding improper integral diverges, and Ei(0) is undefined.

The exponential integral arises in physical applications such as heat flow and
radiative transfer. It is also related to the logarithmic integral

Todt
liz) — / ey
0 Ogt

by li(z) = Ei(logz). The logarithmic integral is important in number theory,
where it gives an asymptotic approximation for the number of primes less than x
as T — 0.

Example 12.42. Let f : R — R and assume, for simplicity, that f has compact
support, meaning that f = 0 outside a compact interval [—r,r]. If f is integrable,
we define the Hilbert transform H f : R — R of f by the principal value integral

Hf(x):ip.v./_o:o;(f)tdt:ielim </$_Ef(t)tdt+ b f(t)dt).

=0+ \J_o T— e T —1

Here, x plays the role of a parameter in the integral with respect to t. We use
a principal value because the integrand may have a non-integrable singularity at
t = z. Since f has compact support, the intervals of integration are bounded and
there is no issue with the convergence of the integrals at infinity.

For example, suppose that f is the step function

1 for0<z<1,
f(z) =
0 forz<Oorxz>1.

Ifx <O0orax>1,thent#x for 0 <t <1, and we get a proper Riemann integral

™

1/ 1
Hf(x):f/ dt = —log
0 Vi X
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If 0 < x < 1, then we get a principal value integral

T—€ 1

llim (/ 1 dt+l/ L dt)
T e—0+ \Jo T—1 T Jppe T —1

1
= — lim {log(m)+log <6>}

T e—0+ € 1—2x
—llo v
o & 1—=x

Thus, for x # 0,1 we have

Hf(x)

Hf(z) = —log

s

x
x—1|"

The principal value integral with respect to ¢ diverges if x = 0,1 because f(t) has
a jump discontinuity at the point where ¢t = . Consequently the values H f(0),
H f(1) of the Hilbert transform of the step function are undefined.

12.6. The integral test for series

An a further application of the improper integral, we prove a useful test for the
convergence or divergence of a monotone decreasing, positive series. The idea is to
interpret the series as an upper or lower sum of an integral.

Theorem 12.43 (Integral test). Suppose that f : [1,00) — R is a positive de-
creasing function (i.e., 0 < f(xz) < f(y) for z > y). Let a, = f(n). Then the

series
oo
> an
n=1

converges if and only if the improper integral

o0
| @
1
converges. Furthermore, the limit

n n

D= nh_)rré<> [Z ay — /1 f(z) dx]
k=1

exists, and 0 < D < a;.

Proof. Let
Sn:Zak, Tn:/ f(z)dzx.
k=1 1

The integral T,, exists since f is monotone, and the sequences (S,), (1)) are in-
creasing since f is positive.
Let
P,={[1,2],[2,3],...,[n—1,n]}
be the partition of [1,n] into n — 1 intervals of length 1. Since f is decreasing,

sup f = ag, inf f=ags1,
[k,k+1] [k,k+1] -
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and the upper and lower sums of f on P, are given by
n—1 n—1
U(f;Pn):Zalm L(f;Pn):Zak+1-
k=1 k=1

Since the integral of f on [1,n] is bounded by its upper and lower sums, we get that
Sn —ax < Tn < Snfl-

This inequality shows that (73,) is bounded from above by S if S, 1 S, and (S,)
is bounded from above by T + a; if T, T T, so (S,,) converges if and only if (T},)
converges, which proves the first part of the theorem.

Let D,, = S,,—T,. Then the inequality shows that a,, < D,, < aj; in particular,
(D,,) is bounded from below by zero. Moreover, since f is decreasing,

n+1
Dn—DnH:/ f@)de —apnt1 > f(n+1)-1—ayy1 =0,
n

so (Dy,) is decreasing. Therefore D,, || D where 0 < D < ay, which proves the
second part of the theorem. O

A basic application of this result is to the p-series.

Example 12.44. Applying Theorem [12.43[to the function f(z) = 1/2? and using
Example [12.27 we find that

=1

> r

n=1
converges if p > 1 and diverges if 0 < p < 1.

Theorem [12.43] is also useful for divergent series, since it tells us how quickly
their partial sums diverge. We remark that one can obtain similar, but more
accurate, asymptotic approximations than the one in theorem for the behavior
of the partial sums in terms of integrals, called the Euler-MacLaurin summation
formulae.

Example 12.45. Applying the second part of Theorem [12:43] to the function
f(z) =1/z, we find that

T =

lim [i
n—o00 i

where the limit 0 <~ < 1 is the Euler constant.

1ogn] =

Example 12.46. We can use the result of Example to compute the sum A
of the alternating harmonic series

A=1 1_|_1 1_|_1 1_1_
B 2 3 4 5 6 7
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The partial sum of the first 2m terms is given by

U |
PO
1
QZ—k
k=1
m
1
_ZE‘

1 k=1

AQm =

[\~
E'T‘

[\

Il
NEERINGERANgE
?r\'—‘

El e

k

Here, we rewrite a sum of the odd terms in the harmonic series as the difference
between the harmonic series and its even terms, then use the fact that a sum of the
even terms in the harmonic series is one-half the sum of the series. It follows that

2m 1 m 1
n}gnmAgm = n}1moo {Zk — log 2m — [Zk — logm

k=1 k=1

+ log2m — logm} .

Since log 2m — logm = log 2, we get that

lim Agy, =7 —7v+log2=log2.

m— o0
The odd partial sums also converge to log 2 since
1
A2m+l::44mn4‘§E{jS'—+10g2 as m — o0
Thus,
n+1

oo
Z = log 2.

Example 12.47. A similar calculation to the previous one can be used to to
compute the sum S of the rearrangement of the alternating harmonic series
11 1 1 1 1 1 1

—1— - -4 - _ 4 _ —+...
S 5 17376 875 10 12°

discussed in Example The partial sum S3,, of the series may be written in
terms of partial sums of the harmonic series as

6 g1 1+ N 1 1 1
dmT T Ty om—1 4m—2 4m
m 2m
1 1
- 2k—1_z2k
k=1 k=1
2m m 2m
1 1 1
i YE-Yx
k=1 k=1 k=1
& 1%1 141
o E 2 E 2 kE
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It follows that

2m 1 1 m 1 1 2m 1
W}gnoong = mlgnoo{kz_lk‘ — log2m — 3 L_l % —logm] —3 LZ_lk —long]

1 1
+log2m — = log —=log2m .
2 2
Since log2m—%logm—%log2m:%log2, we get that that
1 1 1 1
lim Sgp=7—=v— = —log2 = =log2.
Jdm 53 757 27+20g 5 108
Finally, since

lim (S3m+1 — Sdm) = lim (ng+2 — Sdm) = 0,
m—o0 m—o0

we conclude that the whole series converges to S = % log 2.

12.7. Taylor’'s theorem with integral remainder

In Theorem [8.46] we gave an expression for the error between a function and its
Taylor polynomial of order n in terms of the Lagrange remainder, which involves
a pointwise value of the derivative of order n + 1 evaluated at some intermediate
point. In the next theorem, we give an alternative expression for the error in terms
of an integral of the derivative.

Theorem 12.48 (Taylor with integral remainder). Suppose that f : (a,b) = R
has n + 1 derivatives on (a,b) and f"*! is Riemann integrable on every subinterval
of (a,b). Let a < ¢ < b. Then for every a < x < b,

F(@) = F@) + £/(0)( — ) + i /(@@ =+ -+ [ — ) + Rale)
where

Ro@) = o [ 70 -0

Proof. We use proof by induction. The formula is true for n = 0, since the
fundamental theorem of calculus (Theorem [12.1]) implies that

f@) = 0+ | P dt = J() + Rola).

Assume that the formula is true for some n € Ny and f**2? is Riemann inte-

grable. Then, since
1 d

—t n_ _ el —t n+1
(0=t = s Sl =",
an integration by parts with respect to ¢ (Theorem [12.10]) implies that

Ra(e) =~ | g SO0 (0 - t>"+1} ! (n—il— 1! / )iy

(n+1)!
F(O (@ = )" 4 Ry (2).

c

1
(n+1)!
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Use of this equation in the formula for n gives the formula for n + 1, which proves
the result. 0O

By making the change of variable
t=c+s(z—c),

we can also write the remainder as

Ry (z) = e [/01 FrH) (e + sz — ) (1 — )" ds] (x — )"

!
In particular, if | f("*1) (x)| < M for a < x < b, then
1 1
R < ot [ [ - o as] o e
n! 0

< m@ — |,

which agrees with what one gets from the Lagrange remainder.

Thus, the integral form of the remainder is as effective as the Lagrange form
in estimating its size from a uniform bound on the derivative. The integral form
requires slightly stronger assumptions than the Lagrange form, since we need to
assume that the derivative of order n+1 is integrable, but its proof is straightforward
once we have the integral. Moreover, the integral form generalizes to vector-valued
functions f : (a,b) — R™, while the Lagrange form does not.
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Chapter 13

Metric, Normed, and
Topological Spaces

A metric space is a set X that has a notion of the distance d(x,y) between every
pair of points x,y € X. A fundamental example is R with the absolute-value metric
d(z,y) = |z — y|, and nearly all of the concepts we discuss below for metric spaces
are natural generalizations of the corresponding concepts for R.

A special type of metric space that is particularly important in analysis is a
normed space, which is a vector space whose metric is derived from a norm. On
the other hand, every metric space is a special type of topological space, which is
a set with the notion of an open set but not necessarily a distance.

The concepts of metric, normed, and topological spaces clarify our previous
discussion of the analysis of real functions, and they provide the foundation for
wide-ranging developments in analysis. The aim of this chapter is to introduce
these spaces and give some examples, but their theory is too extensive to describe
here in any detail.

13.1. Metric spaces

A metric on a set is a function that satisfies the minimal properties we might expect
of a distance.

Definition 13.1. A metric d on a set X is a function d : X x X — R such that
for all z,y,z € X:

(1) d(z,y) > 0 and d(z,y) = 0 if and only if z = y (positivity);
(2) d(z,y) = d(y,z) (symmetry);
(3) d(z,y) < d(z,z) + d(z,y) (triangle inequality).

A metric space (X,d) is a set X with a metric d defined on X.

273
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In general, many different metrics can be defined on the same set X, but if the
metric on X is clear from the context, we refer to X as a metric space.

Subspaces of a metric space are subsets whose metric is obtained by restricting
the metric on the whole space.

Definition 13.2. Let (X, d) be a metric space. A metric subspace (A, d4) of (X, d)
consists of a subset A C X whose metric d4 : A x A — R is is the restriction of d
to A; that is, da(z,y) = d(z,y) for all z,y € A.

We can often formulate intrinsic properties of a subset A C X of a metric space
X in terms of properties of the corresponding metric subspace (A,d4).

When it is clear that we are discussing metric spaces, we refer to a metric
subspace as a subspace, but metric subspaces should not be confused with other
types of subspaces (for example, vector subspaces of a vector space).

13.1.1. Examples. In the following examples of metric spaces, the verification
of the properties of a metric is mostly straightforward and is left as an exercise.

Example 13.3. A rather trivial example of a metric on any set X is the discrete

metric
0 ifx=y,
d(z,y) = .
1 ifx#y.

This metric is nevertheless useful in illustrating the definitions and providing counter-
examples.

Example 13.4. Defined: R x R — R by
d(z,y) = |z —yl.

Then d is a metric on R. The natural numbers N and the rational numbers Q with
the absolute-value metric are metric subspaces of R, as is any other subset A C R.

Example 13.5. Define d : R? x R?> — R by
d(z,y) = |z1 — y1| + |22 — y2 z=(z1,22), Y= (y1,¥2)-
Then d is a metric on R?, called the ¢* metric. (Here, “¢*” is pronounced “ell-one.”)
For example, writing z = (21, 22), we have
d(z,y) = |1 — 21 + 21 — y1| + [v2 — 22 + 22 — Y2
Slor— 2zl + |z — gl + |22 — 22 + |22 — 92
< d(x,z) +d(z,y),

so d satisfies the triangle inequality. This metric is sometimes referred to infor-
mally as the “taxicab” metric, since it’s the distance one would travel by taxi on a
rectangular grid of streets.

Example 13.6. Define d: R? x R2 = R by

d(z,y) = \/(331 —y1)? + (22 — y2)? = (z1,22), Y= (y1,%2)
Then d is a metric on R?, called the Euclidean, or 2, metric. It corresponds to
the usual notion of distance between points in the plane. The triangle inequality
is geometrically obvious but an analytical proof is non-trivial (see Theorem [13.26
below).
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Figure 1. The graph of a function f € C([0,1]) is in blue. A function whose
distance from f with respect to the sup-norm is less than 0.1 has a graph that
lies inside the dotted red lines y = f(z) + 0.1 e.g., the green graph.

Example 13.7. Define d : R? x R? = R by
d(z,y) =max (lzy — 1|, [z2 —w2l) == (21,22), y=(y1,92)
Then d is a metric on R?, called the £*°, or maximum, metric.
Example 13.8. Define d : R? x R? — R for x = (21, 22), y = (y1,y2) as follows: if
(x1,22) # k(y1,y2) for k € R, then
d(z,y) = \/ﬂﬁ + a3 + \/y% +93;

and if (x1,x2) = k(y1,y2) for some k € R, then

dlayy) =\ (@1 — y2)* + (@2 — )"

That is, d(z,y) is the sum of the Euclidean distances of x and y from the origin,
unless x and y lie on the same line through the origin, in which case it is the
Euclidean distance from z to 7. Then d defines a metric on R2.

In England, d is sometimes called the “British Rail” metric, because all the
train lines radiate from London (located at 0). To take a train from town x to town
y, one has to take a train from z to 0 and then take a train from 0 to y, unless x
and y are on the same line, when one can take a direct train.

Example 13.9. Let C(K) denote the set of continuous functions f : K — R,
where K C R is compact; for example, K = [a,b] is a closed, bounded interval. If
f,g € C(K) define

d(f,g) = sup |f(z) —g(@)| = [If = glle;  fllcc = sup [f(2)].
rzeK zeK
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Figure 2. The unit balls B1(0) on R? for different metrics: they are the
interior of a diamond (¢'-norm), a circle (¢2-norm), or a square (¢>°-norm).
The £°°-ball of radius 1/2 is also indicated by the dashed line.

The function d : C(K) x C(K) — R is well-defined, since a continuous function on
a compact set is bounded, and d is a metric on C(K). Two functions are close with
respect to this metric if their values are close at every point z € K. (See Figure )
We refer to || f||c as the sup-norm of f. Section has further discussion.

13.1.2. Open and closed balls. A ball in a metric space is analogous to an
interval in R.

Definition 13.10. Let (X,d) be a metric space. The open ball B,.(z) of radius

r > 0 and center € X is the set of points whose distance from z is less than 7,
B.(z)={ye X : d(z,y) <r}.

The closed ball B,.(x) of radius r > 0 and center z € X as the set of points whose

distance from x is less than or equal to r,

B.(z)={y€ X :d(z,y) <r}.

The term “ball” is used to denote a “solid ball,” rather than the “sphere” of
points whose distance from the center z is equal to 7.

Example 13.11. Consider R with its standard absolute-value metric, defined in
Example[13.4] Then the open ball B,(z) = {y € R : |z — y| < r} is the open interval
of radius 7 centered at x, and the closed ball B,.(z) = {y € R: |z —y| < r} is the
closed interval of radius r centered at x.
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Example 13.12. For R? with the Euclidean metric defined in Example the
ball B, (z) is an open disc of radius 7 centered at z. For the ¢!-metric in Exam-
ple [I35] the ball is a diamond of diameter 2r, and for the ¢*°-metric in Exam-
ple m it is a square of side 2r. The unit ball B;(0) for each of these metrics is
illustrated in Figure

Example 13.13. Consider the space C'(K) of continuous functions f : K — R
on a compact set K C R with the sup-norm metric defined in Example The
ball B,.(f) consists of all continuous functions g : K — R whose values are within
r of the values of f at every x € K. For example, for the function f shown in
Figure [1) with » = 0.1, the open ball B,.(f) consists of all continuous functions g
whose graphs lie between the red lines.

One has to be a little careful with the notion of balls in a general metric space,
because they don’t always behave the way their name suggests.

Example 13.14. Let X be a set with the discrete metric given in Example [13.3]
Then B, (z) = {z} consists of a single point if 0 < r < 1 and B,(z) = X is the
whole space if > 1. (See also Example [13.44)

An another example, what are the open balls for the metric in Example [I3.8)

A set in a metric space is bounded if it is contained in a ball of finite radius.

Definition 13.15. Let (X, d) be a metric space. A set A C X is bounded if there
exist z € X and 0 < R < oo such that d(z,y) < R for all y € A, meaning that
AC BR(LE)

Unlike R, or a vector space, a general metric space has no distinguished origin,
but the center point of the ball is not important in this definition of a bounded set.
The triangle inequality implies that d(y, z) < R+ d(z,y) if d(z,z) < R, so

Br(z) C Br/(y) for R" = R+ d(x,y).

Thus, if Definition [13.15] holds for some = € X, then it holds for every x € X.

We can say equivalently that A C X is bounded if the metric subspace (A,d4)
is bounded.

Example 13.16. Let X be a set with the discrete metric given in Example
Then X is bounded since X = B,(z) if r > 1 and x € X.

Example 13.17. A subset A C R is bounded with respect to the absolute-value
metric if A C (=R, R) for some 0 < R < oo.

Example 13.18. Let C(K) be the space of continuous functions f : K — R on a
compact set defined in Example[I3.9] The set 7 C C(K) of all continuous functions
f: K — Rsuch that |f(x)| < 1 for every x € K is bounded, since d(f,0) = || f]loo <
1 for all f € F. The set of constant functions {f : f(z) =c for all z € K} isn’t
bounded, since || f||oc = |c¢| may be arbitrarily large.

We define the diameter of a set in an analogous way to Definition [3.5 for subsets
of R.
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Definition 13.19. Let (X, d) be a metric space and A C X. The diameter 0 <
diam A < oo of A is

diam A = sup {d(x,y) : x,y € A}.

It follows from the definitions that A is bounded if and only if diam A < oo.

The notions of an upper bound, lower bound, supremum, and infimum in R
depend on its order properties. Unlike properties of R based on the absolute value,
they do not generalize to an arbitrary metric space, which isn’t equipped with an
order relation.

13.2. Normed spaces

In general, there are no algebraic operations defined on a metric space, only a
distance function. Most of the spaces that arise in analysis are vector, or linear,
spaces, and the metrics on them are usually derived from a norm, which gives the
“length” of a vector.

We assume that the reader is familiar with the basic theory of vector spaces,
and we consider only real vector spaces.

Definition 13.20. A normed vector space (X, | - ||) is a vector space X together
with a function || - || : X — R, called a norm on X, such that for all z,y € X and
keR:

(1) 0 < ||z|| < oo and ||z|| = 0 if and only if = 0;
(2) [[kz|| = [kll=[];
@) Nz +yll < llzll + llyll.

The properties in Definition are natural ones to require of a length. The
length of z is 0 if and only if = is the 0-vector; multiplying a vector by a scalar
k multiplies its length by |k|; and the length of the “hypoteneuse” z + y is less
than or equal to the sum of the lengths of the “sides” x, y. Because of this last
interpretation, property (3) is called the triangle inequality. We also refer to a
normed vector space as a normed space for short.

Proposition 13.21. If (X, || - ||) is a normed vector space, then d : X x X — R
defined by d(z,y) = ||z — y|| is a metric on X.

Proof. The metric-properties of d follow directly from the properties of a norm in
Definition [13.20] The positivity is immediate. Also, we have

dz,y) =llz—yll =l = (@ = y)l = lly — z[ = d(y, =),
d(z,y) = |z —z+z—yll < llz = 2l + |z = yll = d(z, 2) + d(y, 2),
which proves the symmetry of d and the triangle inequality. ([

If X is a normed vector space, then we always use the metric associated with
its norm, unless stated specifically otherwise.

A metric associated with a norm has the additional properties that for all
z,y,z€ X and k € R

d(x + 2,y + 2z) = d(z,y), d(kx, ky) = |k|d(x,y),
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which are called translation invariance and homogeneity, respectively. These prop-
erties imply that the open balls B,.(x) in a normed space are rescaled, translated
versions of the unit ball B;(0).

Example 13.22. The set of real numbers R with the absolute-value norm |- | is a
one-dimensional normed vector space.

Example 13.23. The discrete metric in Example on R, and the metric in
Example on R? are not derived from a norm. (Why?)

Example 13.24. The space R? with any of the norms defined for x = (z1,x2) by

2l = |z + |22l llzlla = /2T + 23,  [2llec = max (Jz1], |22])

is a normed vector space. The corresponding metrics are the “taxicab” metric in
Example the Euclidean metric in Example [[3.6] and the maximum metric in
Example [[3.7] respectively.

The norms in Example [13.24] are special cases of a fundamental family of ¢P-
norms on R™. All of the /P-norms reduce to the absolute-value norm if n = 1, but
they are different if n > 2.

Definition 13.25. For 1 < p < oo, the fP-norm || - ||, : R®™ — R is defined for
x = (x1,22,...,2,) € R® by

lollp = (2 l” + foal?” + -+ )7
The ¢?-norm is called the Euclidean norm. For p = oo, the /*°-norm |||/ : R — R
is defined by

[2]loe = max (|1, [z2], ..., [2n]) -
The notation for the £*°-norm is explained by the fact that
el = Tim [zl
Moreover, consistent with its name, the P-norm is a norm.

Theorem 13.26. Let 1 < p < oo. The space R" with the /P-norm is a normed
vector space.

Proof. The space R" is an n-dimensional vector space, so we just need to verify
the properties of the norm.

The positivity and homogeneity of the ¢P-norm follow immediately from its
definition. We verify the triangle inequality here only for the cases p = 1, co.

Let ¢ = (x1,%2,...,2,) and y = (Y1, Y2, .- ., Yn) be points in R™. For p = 1, we
have
[z +ylly = |z1 + y1l + w2 +y2l + - + o0 + vl
<zl + [yl + [w2] + |y2l + -+ + |zn] + [ynl
< lzllx + [yl
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For p = oo, we have

|7+ ylloo = max (|21 + y1l, [22 + y2, - -, [T + Ynl)
< max (|z1] + [y1], [22] + [y2, . - -, [2a] + |ynl)
< max(‘xl‘v ‘x2|> R |$n|) + maX(|y1|a |y2|7 LR ‘yn|)

< llzlloo + 1 lloo-
The proof of the triangle inequality for 1 < p < co is more difficult and is given in

Section 3.7 0

We can use Definition [13.25[ to define ||z||, for any 0 < p < co. However, if
0 < p <1, then | - ||, doesn’t satisfy the triangle inequality, so it is not a norm.
This explains the restriction 1 < p < .

Although the fP-norms are numerically different for different values of p, they
are equivalent in the following sense (see Corollary [13.29).

Definition 13.27. Let X be a vector space. Two norms || « ||a, || - ||[p on X are
equivalent if there exist strictly positive constants M > m > 0 such that

m||z|le < ||zlle < Mz||a for all x € X.
Geometrically, two norms are equivalent if and only if an open ball with re-
spect to either one of the norms contains an open ball with respect to the other.

Equivalent norms define the same open sets, convergent sequences, and continuous
functions, so there are no topological differences between them.

The next theorem shows that every ¢P-norm is equivalent to the £*°-norm. (See
Figure2])
Theorem 13.28. Suppose that 1 < p < co. Then, for every x € R",

lzlloe <zl < n'/P)|z] oo
Proof. Let = (z1,22,...,2,) € R". Then for each 1 <14 < n, we have
@il < (|21 + [w2lP + - + |2a)? = |12,
which implies that
2]l = max {|z[ : 1 <7 <n} < lz.
On the other hand, since |x;| < ||z||o for every 1 < i < n, we have
1
lllp < (nllz]2)? = 0P ] o,

which proves the result O

As an immediate consequence, we get the equivalence of the ¢P-norms.

Corollary 13.29. The /P and ¢? norms on R™ are equivalent for every 1 < p, q < oo.
Proof. We have n=/1]al, < [zl < [l2ll, < n'/7|a]loc <n1/7lz],. O

With more work, one can prove that that ||z||, < ||z, for 1 < p < ¢ < o0,
meaning that the unit ball with respect to the /4-norm contains the unit ball with
respect to the ¢P-norm.
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13.3. Open and closed sets

There are natural definitions of open and closed sets in a metric space, analogous to
the definitions in R. Many of the properties of such sets in R carry over immediately
to general metric spaces.

Definition 13.30. Let X be a metric space. A set G C X is open if for every
x € G there exists r > 0 such that B,(r) C G. A subset FF C X is closed if
F¢= X\ F is open.

We can rephrase this definition more geometrically in terms of neighborhoods.

Definition 13.31. Let X be a metric space. A set U C X is a neighborhood of
x € X if By(x) C U for some r > 0.

Definition [13.30|then states that a subset of a metric space is open if and only if
every point in the set has a neighborhood that is contained in the set. In particular,
a set is open if and only if it is a neighborhood of every point in the set.

Example 13.32. If d is the discrete metric on a set X in Example then every
subset A C X is open, since for every x € A we have By/5(z) = {z} C A. Every
set is also closed, since its complement is open.

Example 13.33. Consider R? with the Euclidean norm (or any other #P-norm).
If f:R — R is a continuous function, then

E= {(30171’2) ER? 12y < f(l“l)}
is an open subset of R?. If f is discontinuous, then E needn’t be open. We leave

the proofs as an exercise.

Example 13.34. If (X,d) is a metric space and A C X, then B C A is open in
the metric subspace (A, d4) if and only if B = ANG where G is an open subset of
X. This is consistent with our previous definition of relatively open sets in A C R.

Open sets with respect to one metric on a set need not be open with respect
to another metric. For example, every subset of R with the discrete metric is open,
but this is not true of R with the absolute-value metric.

Consistent with our terminology, open balls are open and closed balls are closed.

Proposition 13.35. Let X be a metric space. If x € X and r > 0, then the open
ball B, (z) is open and the closed ball B, (z) is closed.

Proof. Suppose that y € B,.(x) where 7 > 0, and let ¢ = r — d(z,y) > 0. The
triangle inequality implies that B.(y) C B,(x), which proves that B,(x) is open.
Similarly, if y € B,.(z)¢ and € = d(z,y) —r > 0, then the triangle inequality implies
that B.(y) C B,.(z)¢, which proves that B,.(x)¢ is open and B,(x) is closed. O

The next theorem summarizes three basic properties of open sets.
Theorem 13.36. Let X be a metric space.
(1) The empty set @ and the whole set X are open.

(2) An arbitrary union of open sets is open.
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(3) A finite intersection of open sets is open.

Proof. Property (1) follows immediately from Definition [13.30} (The empty set
satisfies the definition vacuously: since it has no points, every point has a neigh-
borhood that is contained in the set.)

To prove (2), let {G; C X :i € I} be an arbitrary collection of open sets. If
x e U Gy,
iel
then z € G; for some i € I. Since G; is open, there exists r > 0 such that
B,(z) C G}, and then
B.(z) C U G;.

iel
Thus, the union |JG; is open.
The prove (3), let {G1,Ga,...,G,} be a finite collection of open sets. If

n
S m Gi,
1=1

then z € G; for every 1 < i < n. Since G; is open, there exists r; > 0 such that
B, (z) C G;. Let r = min(ry,r9,...,7,) > 0. Then B,.(z) C B,,(x) C G; for every
1 < i < n, which implies that

Thus, the finite intersection () G; is open. O

The previous proof fails if we consider the intersection of infinitely many open
sets {G; : i € I} because we may have inf{r; : i € I} = 0 even though r; > 0 for
every i € 1.

The properties of closed sets follow by taking complements of the corresponding
properties of open sets and using De Morgan’s laws, exactly as in the proof of

Proposition [5.20]
Theorem 13.37. Let X be a metric space.
(1) The empty set @ and the whole set X are closed.

(2) An arbitrary intersection of closed sets is closed.

(3) A finite union of closed sets is closed.

The following relationships of points to sets are entirely analogous to the ones
in Definition (.22 for R.

Definition 13.38. Let X be a metric space and A C X.

(1) A point z € A is an interior point of A if B,.(z) C A for some r > 0.
(2) A point z € A is an isolated point of A if B.(z) N A = {z} for some r > 0,
meaning that x is the only point of A that belongs to B,.(x).

(3) A point x € X is a boundary point of A if, for every r > 0, the ball B,(z)
contains a point in A and a point not in A.
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(4) A point z € X is an accumulation point of A if, for every r > 0, the ball B, (z)
contains a point y € A such that y # .

A set is open if and only if every point is an interior point and closed if and
only if every accumulation point belongs to the set.

We define the interior, boundary, and closure of a set as follows.

Definition 13.39. Let A be a subset of a metric space. The interior A° of A is the
set of interior points of A. The boundary JA of A is the set of boundary points.
The closure of A is A =AUOJA.

It follows that = € A if and only if the ball B,.(x) contains some point in A for
every r > 0. The next proposition gives equivalent topological definitions.

Proposition 13.40. Let X be a metric space and A C X. The interior of A is the
largest open set contained in A,

A° :U{GCA:GisopeninX},
the closure of A is the smallest closed set that contains A,
A:ﬂ{F:)A:FiSCIOSGd in X},
and the boundary of A is their set-theoretic difference,
0A = A\ A°.

Proof. Let A; denote the set of interior points of A, as in Definition [13.38] and
Ay = |U{GC A:Gisopen}. If x € A;, then there is an open neighborhood
G CAofx,s0 GC Ay and = € As. It follows that A; C As. To get the opposite
inclusion, note that As is open by Theorem Thus, if © € As, then 45 C A
is a neighborhood of z, so x € Ay and Ay C A;. Therefore A; = Ay, which proves
the result for the interior.

Next, Definition and the previous result imply that
(A)° = (A°)° = J{G C A°: G is open}.
Using De Morgan’s laws, and writing G¢ = F', we get that
A:U{GC A°:Gis open}czm{FD A : F is closed},
which proves the result for the closure.

Finally, if + € 0A, then 2 € A = AU JA, and no neighborhood of z is
contained in A, so x ¢ A°. It follows that x € A\ A° and 9A C A\ A°. Conversely,
if z € A\ A°, then every neighborhood of z contains points in A, since z € A, and
every neighborhood contains points in A°, since z ¢ A°. It follows that x € 0A
and A\ A° C OA, which completes the proof. O

It follows from Theorem [13.36] and Theorem that the interior A° is open,
the closure A is closed, and the boundary 0A is closed. Furthermore, A is open if

and only if A = A°, and A is closed if and only if A = A.

Let us illustrate these definitions with some examples, whose verification we
leave as an exercise.
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Example 13.41. Consider R with the absolute-value metric. If I = (a,b) and
J = [a,b], then I° = J° = (a,b), I = J = [a,b], and I = 0J = {a,b}. Note
that I = I°, meaning that I is open, and J = .J, meaning that J is closed. If
A={1/n:n €N}, then A° =@ and A = JA = AU {0}. Thus, A is neither open
(A # A°) nor closed (A # A). If Q is the set of rational numbers, then Q° = @
and Q = 9Q = R. Thus, Q is neither open nor closed. Since Q = R, we say that Q
is dense in R.

Example 13.42. Let A be the unit open ball in R? with the Euclidean metric,
A={(z,y) e R?: 2? +¢* < 1}.

Then A° = A, the closure of A is the closed unit ball
A={(z,y) eR*: 2% +¢* < 1},

and the boundary of A is the unit circle
OA ={(z,y) eR*: 2® +¢y* =1},

Example 13.43. Let A be the unit open ball with the z-axis deleted in R? with
the Euclidean metric,

A:{(:B7y)ER2:x2+y2<Ly7éO}.
Then A° = A, the closure of A is the closed unit ball
A={(z,y) eR*: 2 +y* <1},
and the boundary of A consists of the unit circle and the z-axis,
OA={(z,y) eR*: 2 +y* =1} U {(2,0) e R*: |z| < 1}.

Example 13.44. Suppose that X is a set containing at least two elements with
the discrete metric defined in Example If x € X, then the unit open ball is
Bi(z) = {z}, and it is equal to its closure B,.(z) = {z}. On the other hand, the
closed unit ball is By(r) = X. Thus, in a general metric space, the closure of an
open ball of radius r > 0 need not be the closed ball of radius r.

13.4. Completeness, compactness, and continuity

A sequence (z,,) in a set X is a function f : N — X, where z,, = f(n) is the nth
term in the sequence.

Definition 13.45. Let (X, d) be a metric space. A sequence (x,) in X converges
to x € X, written z,, - x as n — oo or

lim z, = x,
n—oo
if for every € > 0 there exists N € N such that
n > N implies that d(x,,x) < .

That is, z, — x in X if d(z,,z) — 0 in R. Equivalently, x,, — x as n — oo if
for every neighborhood U of = there exists N € N such that xz,, € U for all n > N.
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Example 13.46. If d is the discrete metric on a set X, then a sequence (z,)
converges in (X,d) if and only if it is eventually constant. That is, there exists
r € X and N € N such that z,, = x for all n > N; and, in that case, the sequence
converges to x.

Example 13.47. For R with its standard absolute-value metric, Definition
is the definition of the convergence of a real sequence.

As for subsets of R, we can give a sequential characterization of closed sets in
a metric space.

Theorem 13.48. A subset F' C X of a metric space X is closed if and only if the
limit of every convergent sequence in F’ belongs to F'.

Proof. First suppose that F' is closed, meaning that F¢ is open. If (x,) be a
sequence in F' and x € F°, then there is a neighborhood U C F€¢ of x which
contains no terms in the sequence, so (x,) cannot converge to x. Thus, the limit
of every convergent sequence in F' belongs to F'.

Conversely, suppose that F'is not closed. Then F is not open, and there exists
a point x € F° such that every neighborhood of = contains points in F. Choose
T, € F such that z,, € By, (z). Then (x,) is a sequence in F' whose limit = does
not belong to F', which proves the result. ([l

We define the completeness of metric spaces in terms of Cauchy sequences.

Definition 13.49. Let (X, d) be a metric space. A sequence (z,,) in X is a Cauchy
sequence for every € > 0 there exists N € N such that

m,n > N implies that d(z,,,z,) < €.
Every convergent sequence is Cauchy: if x,, — x then given € > 0 there exists
N such that d(z,,z) < /2 for all n > N, and then for all m,n > N we have
AT, ) < d(@m, ) + d(Tp, x) < €.
Complete spaces are ones in which the converse is also true.

Definition 13.50. A metric space is complete if every Cauchy sequence converges.

Example 13.51. If d is the discrete metric on a set X, then (X, d) is a complete
metric space since every Cauchy sequence is eventually constant.

Example 13.52. The space (R, |-]|) is complete, but the metric subspace (Q, | - |)
is not complete.

In a complete space, we have the following simple criterion for the completeness
of a subspace.

Proposition 13.53. A subspace (A, d4) of a complete metric space (X, d) is com-
plete if and only if A is closed in X.

Proof. If A is a closed subspace of a complete space X and (z,) is a Cauchy
sequence in A, then (x,) is a Cauchy sequence in X, so it converges to x € X.
Since A is closed, x € A, which shows that A is complete.
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Conversely, if A is not closed, then by Proposition there is a convergent
sequence in A whose limit does not belong to A. Since it converges, the sequence
is Cauchy, but it doesn’t have a limit in A, so A is not complete. O

The most important complete metric spaces in analysis are the complete normed
spaces, or Banach spaces.
Definition 13.54. A Banach space is a complete normed vector space.

For example, R with the absolute-value norm is a one-dimensional Banach

space. Furthermore, it follows from the completeness of R that every finite-dimensional
normed vector space over R is complete. We prove this for the ¢P-norms given in

Definition [13.25

Theorem 13.55. Let 1 < p < oo. The vector space R™ with the ¢P-norm is a
Banach space.

Proof. Suppose that (zx)52, is a sequence of points
Tp = (T16, T2k, Tn k)

in R™ that is Cauchy with respect to the ¢P-norm. From Theorem [13.28]
i — ikl < llwg —anll,,

so each coordinate sequence (z;)52; is Cauchy in R. The completeness of R

implies that z; , — x; as k — oo for some z; € R. Let = (21, 22,...,2,). Then,
from Theorem [13.28 again,
vk — 2, < Cmax {|z;k — 2 i =1,2,...,n},

where C =n!/Pif 1 <p < oo or C =1if p=oo. Given € > 0, choose N; € N such
that |z;, —x;| < ¢/C for all k > N;, and let N = max{Ny, No,...,N,}. Then
k > N implies that |[vx — 2, < ¢, which proves that z; — 2 with respect to the
P-norm. Thus, (R", | - ||p) is complete. O

The Bolzano-Weierstrass property provides a sequential definition of compact-
ness in a general metric space.

Definition 13.56. A subset K C X of a metric space X is sequentially compact,
or compact for short, if every sequence in K has a convergent subsequence whose
limit belongs to K.

Explicitly, this condition means that if (z,) is a sequence of points z,, € K
then there is a subsequence (z,,) such that z,, — x as k — oo where z € K.
Compactness is an intrinsic property of a subset: K C X is compact if and only if
the metric subspace (K, dg) is compact.

Although this definition is similar to the one for compact sets in R, there is
a significant difference between compact sets in a general metric space and in R.
Every compact subset of a metric space is closed and bounded, as in R, but it is
not always true that a closed, bounded set is compact.

First, as the following example illustrates, a set must be complete, not just
closed, to be compact. (A closed subset of R is complete because R is complete.)
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Example 13.57. Consider the metric space Q with the absolute value norm. The
set [0,2] N Q is a closed, bounded subspace, but it is not compact since a sequence
of rational numbers that converges in R to an irrational number such as v/2 has no
convergent subsequence in Q.

Second, completeness and boundedness is not enough, in general, to imply
compactness.

Example 13.58. Consider N, or any other infinite set, with the discrete metric,
0 ifm=n
d(m,n) = . ’
1 if m#n.

Then N is complete and bounded with respect to this metric. However, it is not
compact since z, = n is a sequence with no convergent subsequence, as is clear

from Example [13.46]

The correct generalization to an arbitrary metric space of the characterization
of compact sets in R as closed and bounded replaces “closed” with “complete” and
“bounded” with “totally bounded,” which is defined as follows.

Definition 13.59. Let (X, d) be a metric space. A subset A C X is totally bounded
if for every e > 0 there exists a finite set {z1,2a,...,2,} of points in X such that

A C LnJ BE(ZL’Z)
i=1

The proof of the following result is then completely analogous to the proof of
the Bolzano-Weierstrass theorem in Theorem [3.57] for R.

Theorem 13.60. A subset K C X of a metric space X is sequentially compact if
and only if it is is complete and totally bounded.

The definition of the continuity of functions between metric spaces parallels the
definitions for real functions.

Definition 13.61. Let (X,dx) and (Y, dy) be metric spaces. A function f: X —
Y is continuous at ¢ € X if for every € > 0 there exists § > 0 such that

dx (z,c) < ¢ implies that dy (f(z), f(c)) < e.
The function is continuous on X if it is continuous at every point of X.

Example 13.62. A function f : R2 — R, where R? is equipped with the Euclidean
norm || - || and R with the absolute value norm | - |, is continuous at ¢ € R? if

|l — ¢|| < ¢ implies that ||f(x) — f(c)]| < e
Explicitly, if = (21, 2), ¢ = (c1,¢2) and
f(x) = (fi(z1,22), fo(21,22)) ,

this condition reads:

Vi, — )24 (zy— )2 <0
implies that
‘f($17$2) - f1(C1,Cg)| < €.
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Example 13.63. A function f : R — R?, where R? is equipped with the Euclidean
norm || - || and R with the absolute value norm | - |, is continuous at ¢ € R? if
|z — ¢| < ¢ implies that || f(z) — f(c)|| < e
Explicitly, if
f(@) = (f1(2), f2(2)),

where f1, fo : R — R, this condition reads: |x — ¢| < ¢ implies that

VIR @) = AP + (@) - B <e

The previous examples generalize in a natural way to define the continuity
of an m-component vector-valued function of n variables, f : R® — R™. The
definition looks complicated if it is written out explicitly, but it is much clearer if
it is expressed in terms or metrics or norms.

Example 13.64. Define F': C([0,1]) — R by

F(f) = £(0),
where C([0,1]) is the space of continuous functions f : [0, 1] — R equipped with the
sup-norm described in Example and R has the absolute value norm. That is,
F evaluates a function f(z) at x = 0. Thus F is a function acting on functions, and
its values are scalars; such a function, which maps functions to scalars, is called a

functional. Then F' is continuous, since || f —g||c < € implies that |f(0) —g(0)| < e.
(That is, we take § = ¢).

We also have a sequential characterization of continuity in a metric space.

Theorem 13.65. Let X and Y be metric spaces. A function f : X — Y is
continuous at ¢ € X if and only if f(x,) — f(c) as n — oo for every sequence ()
in X such that x, — c as n — oo,

We define uniform continuity similarly to the real case.

Definition 13.66. Let (X,dx) and (Y, dy) be metric spaces. A function f: X —
Y is uniformly continuous on X if for every € > 0 there exists § > 0 such that

dx (z,y) < 6 implies that dy (f(z), f(y)) <e.

The proofs of the following theorems are identically to the proofs we gave for
functions f : A C R — R. First, a function on a metric space is continuous if and
only if the inverse images of open sets are open.

Theorem 13.67. A function f : X — Y between metric spaces X and Y is
continuous on X if and only if f~1(V) is open in X for every open set V in Y.

Second, the continuous image of a compact set is compact.

Theorem 13.68. Let f: K — Y be a continuous function from a compact metric
space K to a metric space Y. Then f(K) is a compact subspace of Y.

Third, a continuous function on a compact set is uniformly continuous.

Theorem 13.69. If f : K — Y is a continuous function on a compact set K, then
f is uniformly continuous.
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13.5. Topological spaces

A collection of subsets of a set X with the properties of the open sets in a metric
space given in Theorem [13.36] is called a topology on X, and a set with such a
collection of open sets is called a topological space.

Definition 13.70. Let X be a set. A collection 7 C P(X) of subsets of X is a
topology on X if it satisfies the following conditions.

(1) The empty set @ and the whole set X belong to 7.
(2) The union of an arbitrary collection of sets in 7 belongs to 7.

(3) The intersection of a finite collection of sets in 7 belongs to 7.

A set G C X is open with respect to T if G € T, and a set F' C X is closed with
respect to T if F¢ € T. A topological space (X,T) is a set X together with a
topology 7 on X.

We can put different topologies on a set with two or more elements. If the
topology on X is clear from the context, then we simply refer to X as a topological
space and we don’t specify the topology when we refer to open or closed sets.

Every metric space with the open sets in Definition is a topological space;
the resulting collection of open sets is called the metric topology of the metric
space. There are, however, topological spaces whose topology is not derived from
any metric on the space.

Example 13.71. Let X be any set. Then 7 = P(X) is a topology on X, called the
discrete topology. In this topology, every set is both open and closed. This topology
is the metric topology associated with the discrete metric on X in Example [13.3]

Example 13.72. Let X be any set. Then 7 = {&, X} is a topology on X, called
the trivial topology. The empty set and the whole set are both open and closed,
and no other subsets of X are either open or closed.

If X has at least two elements, then this topology is different from the discrete
topology in the previous example, and it is not derived from a metric. To see this,
suppose that z,y € X and z # y. If d : X x X — R is a metric on X, then
d(z,y) = r > 0 and B,(z) is a nonempty open set in the metric topology that
doesn’t contain y, so B(z) ¢ T.

The previous example illustrates a separation property of metric topologies
that need not be satisfied by non-metric topologies.

Definition 13.73. A topological space (X, T) is Hausdorff if for every z,y € X
with x # y there exist open sets U,V € T suchthat t e U,y e Vand UNV = @.

That is, a topological space is Hausdorff if distinct points have disjoint neigh-
borhoods. In that case, we also say that the topology is Hausdorff. Nearly all
topological spaces that arise in analysis are Hausdorff, including, in particular,
metric spaces.

Proposition 13.74. Every metric topology is Hausdorf.
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Proof. Let (X,d) be a metric space. If 2,y € X and x # y, then d(z,y) = r > 0,
and B, 5(x), B,/2(y) are disjoint open neighborhoods of z, y. O

Compact sets are defined topologically as sets with the Heine-Borel property.

Definition 13.75. Let X be a topological space. A set K C X is compact if every
open cover of K has a finite subcover. That is, if {G; : i € I'} is a collection of open
sets such that
Kcla
iel
then there is a finite subcollection {G;,,G;,,...,G; } such that

K C CJG%

k=1

The Heine-Borel and Bolzano-Weierstrass properties are equivalent in every
metric space.

Theorem 13.76. A metric space is compact if and only if it sequentially compact.

We won’t prove this result here, but we remark that it does not hold for general
topological spaces.

Finally, we give the topological definitions of convergence, continuity, and con-
nectedness which are essentially the same as the corresponding statements for R.
We also show that continuous maps preserve compactness and connectedness.

The definition of the convergence of a sequence is identical to the statement in
Proposition [5.9] for R.

Definition 13.77. Let X be a topological space. A sequence (z,) in X converges
to x € X if for every neighborhood U of = there exists N € N such that z,, € U for
every n > N.

The following definition of continuity in a topological space corresponds to
Definition for R (with the relative absolute-value topology on the domain A of

f) and Theorem

Definition 13.78. Let f : X — Y be a function between topological spaces X, Y.
Then f is continuous at 2 € X if for every neighborhood V' C Y of f(x), there exists
a neighborhood U C X of x such that f(U) C V. The function f is continuous on
X if f=5(V) is open in X for every open set V C Y.

These definitions are equivalent to the corresponding “e-§” definitions in a
metric space, but they make sense in a general topological space because they refer
only to neighborhoods and open sets. We illustrate them with two simple examples.

Example 13.79. If X is a set with the discrete topology in Example[I3.71} then a
sequence converges to x € X if an only if its terms are eventually equal to z, since
{z} is a neighborhood of z. Every function f : X — Y is continuous with respect
to the discrete topology on X, since every subset of X is open. On the other hand,
if Y has the discrete topology, then f : X — Y is continuous if and only if f~!({y})
is open in X for every y € Y.
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Example 13.80. Let X be a set with the trivial topology in Example[I3.72} Then
every sequence converges to every point x € X, since the only neighborhood of z is
X itself. As this example illustrates, non-Hausdorff topologies have the unpleasant
feature that limits need not be unique, which is one reason why they rarely arise in
analysis. If Y has the trivial topology, then every function X — Y is continuous,
since f~1(@) = @ and f~1(Y) = X are open in X. On the other hand, if X has the
trivial topology and Y is Hausdorff, then the only continuous functions f: X — Y
are the constant functions.

Our last definition of a connected topological space corresponds to Defini-
tion for connected sets of real numbers (with the relative topology).

Definition 13.81. A topological space X is disconnected if there exist nonempty,
disjoint open sets U, V such that X = U U V. A topological space is connected if
it is not disconnected.

The following proof that continuous functions map compact sets to compact
sets and connected sets is the same as the proofs given in Theorem [7.35| and The-
orem for sets of real numbers. Note that a continuous function maps compact
or connected sets in the opposite direction to open or closed sets, whose inverse
image is open or closed.

Theorem 13.82. Suppose that f: X — Y is a continuous map between topologi-
cal spaces X and Y. Then f(X) is compact if X is compact, and f(X) is connected
if X is connected.

Proof. For the first part, suppose that X is compact. If {V; : i € I} is an open
cover of f(X), then since f is continuous {f~(V;) : i € I} is an open cover of X,
and since X is compact there is a finite subcover

{FH Vi) 7 Vi) oo MV} -
It follows that
{‘/;17‘/7:27"'7‘/;71,}
is a finite subcover of the original open cover of f(X), which proves that f(X) is
compact.

For the second part, suppose that f(X) is disconnected. Then there exist
nonempty, disjoint open sets U, V in Y such that U UV D f(X). Since f is
continuous, f~1(U), f~1(V) are open, nonempty, disjoint sets such that

X=fHU)u V),
so X is disconnected. It follows that f(X) is connected if X is connected. O

13.6. * Function spaces

There are many function spaces, and their study is a central topic in analysis.
We discuss only one important example here: the space of continuous functions
on a compact set equipped with the sup norm. We repeat its definition from

Example [[3.9]
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Definition 13.83. Let K C R be a compact set. The space C'(K) consists of the
continuous functions f : K — R. Addition and scalar multiplication of functions is
defined pointwise in the usual way: if f,g € C(K) and k € R, then

(f+9)@)=fl2)+g(x),  (kf)(x)=k(f(2)).
The sup-norm of a function f € C(K) is defined by

[flloc = sup [f ()]
rzeK

Since a continuous function on a compact set attains its maximum and mini-
mum value, for f € C(K) we can also write

11l = mas £ ()]

Thus, the sup-norm on C(K) is analogous to the ¢*°-norm on R™. In fact, if
K ={1,2,...,n} is a finite set with the discrete topology, then it is identical to
the ¢*°-norm.

Our previous results on continuous functions on a compact set can be formu-
lated concisely in terms of this space. The following characterization of uniform
convergence in terms of the sup-norm is easily seen to be equivalent to Definition[9.8]

Definition 13.84. A sequence (f,) of functions f,, : K — R converges uniformly
on K to a function f: K — R if

lim | fr, = flloe = 0.
n— 00

Similarly, we can rephrase Definition [9.12] for a uniformly Cauchy sequence in
terms of the sup-norm.

Definition 13.85. A sequence (f,) of functions f,, : K — R is uniformly Cauchy
on K if for every € > 0 there exists N € N such that

m,n > N implies that || f,, — fullco < €.

Thus, the uniform convergence of a sequence of functions is defined in exactly
the same way as the convergence of a sequence of real numbers with the absolute
value | - | replaced by the sup-norm || - ||. Moreover, like R, the space C(K) is
complete.

Theorem 13.86. The space C'(K) with the sup-norm || - ||~ is a Banach space.

Proof. From Theorem the sum of continuous functions and the scalar mul-
tiple of a continuous function are continuous, so C'(K) is closed under addition
and scalar multiplication. The algebraic vector-space properties for C'(K) follow
immediately from those of R.

From Theorem [7.37, a continuous function on a compact set is bounded, so
I |oo is well-defined on C(K). The sup-norm is clearly non-negative, and || f||.c = 0
implies that f(z) = 0 for every € K, meaning that f = 0 is the zero function.
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We also have for all f,g € C(K) and k € R that
1Eflloo = sup |k f (@) = |k[ sup [f(2)| = k| | /oo,
€K zeK

1f + glloe = sup |[f(x) + g(z)|
reK

jglg{lf(w)l + lg(2)[}
sup |f(2)| + sup |g(z)]
reK zeK

1flloe + llglloo>

which verifies the properties of a norm.

IN A

IN

Finally, Theorem [9.13] implies that a uniformly Cauchy sequence converges
uniformly so C'(K) is complete. O

For comparison with the sup-norm, we consider a different norm on C([a, b])
called the one-norm, which is analogous to the ¢!-norm on R™.

Definition 13.87. If f : [a,b] — R is a Riemann integrable function, then the
one-norm of f is

b
17l = / £ (2)|da.

Theorem 13.88. The space C([a,b]) of continuous functions f : [a,b] — R with
the one-norm || - ||; is a normed space.

Proof. As shown in Theorem [13.86) C([a,b]) is a vector space. Every continuous
function is Riemann integrable on a compact interval, so || - ||z : C([a,b]) — R is
well-defined, and we just have to verify that it satisfies the properties of a norm.

Since |f| > 0, we have ||f|1 = f; |f] > 0. Furthermore, since f is continuous,
Proposition [11.42] shows that ||f|l; = O implies that f = 0, which verifies the
positivity. If £ € R, then

b b
Il = [ 1k =W [ 161 = K,

which verifies the homogeneity. Finally, the triangle inequality is satisfied since

b b b b
549l = [1r+al< [ 11+1ol= [11+ [ lal= 150 + gl

O

Although C([a,b]) equipped with the one-norm || - ||; is a normed space, it is
not complete, and therefore it is not a Banach space. The following example gives
a non-convergent Cauchy sequence in this space.

Example 13.89. Define the continuous functions f, : [0,1] = R by
0 if0<x<1/2,
fa(@)=qn(x—1/2) if1/2<z<1/2+1/n,
1 if1/2+1/n<z<1.
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If n > m, we have

1/2+41/m 1
an—fmul:/ = fl < &,
1/2 m

since |fn, — fn] < 1. Thus, ||fn — fmll1 < € for all m,n > 1/e, so (f,) is a Cauchy
sequence with respect to the one-norm.

We claim that if ||f — fn]l1 — 0 as n — oo where f € C([0,1]), then f would
have to be

0 if0<z<1/2,
fay =40 /
1 if1/2<xz<1,
which is discontinuous at 1/2, so (f,) does not have a limit in (C([0,1]), ]| - []1)-

To prove the claim, note that if ||f — f.|l1 — 0, then f01/2

/01/2|f|/01/2|ffn|§/01|ffn|%0’

and Proposition [11.42) implies that f(z) = 0 for 0 < z < 1/2. Similarly, for every
0 < e<1/2, we get that f11/2+€ |f =1/ =0,s0 f(x) =1for1/2 <z <1

| f] = 0 since

The sequence (fy,) is not uniformly Cauchy since ||fn, — fimlleo = 1 as n —
oo for every m € N, so this example does not contradict the completeness of

(€10, 1)) [+ lloo)-

The ¢*°-norm and the £!-norm on the finite-dimensional space R™ are equiva-
lent, but the sup-norm and the one-norm on C([a, b]) are not. In one direction, we
have

b
/ F1 < (b—a) - sup|fl.
a la,b]

so ||fllr € (0= a)||fllso, and ||f — fulloc — O implies that ||f — fn|l1 — 0. As the
following example shows, the converse is not true. There is no constant M such
that || flleo < M| f]l1 for all f € C([a,b]), and ||f — fn]l1 — 0 does not imply that

If = fulls = 0.
Example 13.90. For n € N, define the continuous function f, : [0,1] — R by
1—nx f0<xz<1/n,
fulw) = | /
0 ifl/n<ax<1.
Then ||frn]lco = 1 for every n € N, but

1/n 1 1/n 1
| frll1 =/ (1 —nx)de = [w — nxz] = —
0 2

50 || fnll1 = 0 as n — oo.

Thus, unlike the finite-dimensional vector space R", an infinite-dimensional
vector space such as C([a, b]) has many inequivalent norms and many inequivalent
notions of convergence.

The incompleteness of C([a,b]) with respect to the one-norm suggests that
we use the larger space R([a,b]) of Riemann integrable functions on [a,b], which
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includes some discontinuous functions. A slight complication arises from the fact
that if f is Riemann integrable and fab |f] = 0, then it does not follows that f =0,
so || f|l1 = 0 does not imply that f = 0. Thus, ||-||1 is not, strictly speaking, a norm
on R([a,b]). We can, however, get a normed space of equivalence classes of Riemann
integrable functions, by defining f,g € R([a,b]) to be equivalent if fab |f —gl=0.
For instance, the function in Example [[1.14] is equivalent to the zero-function.

A much more fundamental defect of the space of (equivalence classes of) Rie-
mann integrable functions with the one-norm is that it is still not complete. To get
a space that is complete with respect to the one-norm, we have to use the space
L'([a,b]) of (equivalence classes of) Lebesgue integrable functions on [a,b]. This
is another reason for the superiority of the Lebesgue integral over the Riemann
integral: it leads function spaces that are complete with respect to integral norms.

The inclusion of the smaller incomplete space C([a, b]) of continuous functions
in the larger complete space L!([a,b]) of Lebesgue integrable functions is analogous
to the inclusion of the incomplete space Q of rational numbers in the complete
space R of real numbers.

13.7. * The Minkowski inequality

Inequalities are essential to analysis. Their proofs, however, may require consider-
able ingenuity, and there are often many different ways to prove the same inequality.
In this section, we complete the proof that the ¢P-spaces are normed spaces by prov-
ing the triangle inequality given in Definition This inequality is called the
Minkowski inequality, and it’s one of the most important inequalities in mathemat-
ics.

The simplest case is for the Euclidean norm with p = 2. We begin by proving
the following fundamental Cauchy-Schwartz inequality.

Theorem 13.91 (Cauchy-Schwartz inequality). If (z1,22,...,2Zn), (Y1,Y2, -+, Yn)

are points in R™, then
n /2 ;. 1/2
<o) () -
i=1 i=1

Proof. Since | Y zyi| < > |zl |yil, it is sufficient to prove the inequality for
xi,y; > 0. Furthermore, the inequality is obvious if x = 0 or y = 0, so we as-
sume that at least one x; and one y; is nonzero.

n
E TilYi
i=1

For every «, f € R, we have

0< Z (am; — 5%)2 .

i=1

Expanding the square on the right-hand side and rearranging the terms, we get

that
n n n
208 wmiyi <oy wi+ Byl
=1 =1 i=1
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We choose a, 8 > 0 to “balance” the terms on the right-hand side,

n 1/2 n 1/2
() ()
=1 i=1

Then division of the resulting inequality by 2a proves the theorem. O

The Minkowski inequality for p = 2 is an immediate consequence of the Cauchy-
Schwartz inequality.

Corollary 13.92 (Minkowski inequality). If (z1,z2,...,2z,) and (y1,y2,---,Yn)

are points in R™, then
1/2 n 1/2 n 1/2
<(xo) () -
i=1 i=1

n
[Z(xz +ui)?

i=1
Proof. Expanding the square in the following equation and using the Cauchy-
Schwartz inequality, we get

n n n n
D (wity) =3 wl+2) wwit) vl
i=1 i=1 i=1 i=1

n

" n 1/2 /2,
§2x3+2<2x3> (ny) +ny
i=1 i=1 i=1 i=1

n 1/2 n 1/272
RS
i=1

i=1

Taking the square root of this inequality, we obtain the result. ([

To prove the Minkowski inequality for general 1 < p < oo, we first define the
Holder conjugate p’ of p and prove Young’s inequality.

Definition 13.93. If 1 < p < oo, then the Holder conjugate 1 < p’ < oo of p is
the number such that

1 1
p p
If p =1, then p’ = oo; and if p = co then p’ = 1.

The Hélder conjugate of 1 < p < oo is given explicitly by

g P
p—1

Note that if 1 < p < 2, then 2 < p’ < 0o; and if 2 < p < 0o, then 1 < p’ < 2. The
number 2 is its own Holder conjugate. Furthermore, if p’ is the Holder conjugate
of p, then p is the Holder conjugate of p’.

Theorem 13.94 (Young’s inequality). Suppose that 1 <p < oo and 1 < p’ < o0
is its Holder conjugate. If a,b > 0 are nonnegative real numbers, then

a? b

p p
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Moreover, there is equality if and only if a? = v

Proof. There are several ways to prove this inequality. We give a proof based on
calculus.

The result is trivial if a = 0 or b = 0, so suppose that a,b > 0. We write
a? b r(1aP 1 a
T _agp=p (= -
+ ab=1" (pbp' +p’ bP'—1> .
The definition of p’ implies that p’/p = p’ — 1, so that
Therefore, we have

l()L:’ - (bp('l/p)p - (bpfl—l)p
ab? b

— +— —ab=0b"f(1), =—+4—=—t,  t=
- ft) ft) P
The derivative of f is

i)y =t —1.
Thus, for p > 1, we have f'(¢t) < 0if 0 < ¢t < 1, and Theorem implies that
f(¢) is strictly decreasing; moreover, f'(t) > 0if 1 < t < oo, so f(t) is strictly
increasing. It follows that f has a strict global minimum on (0,00) at ¢ = 1. Since

1 1
f)=-+=-—-1=0,
) p o7
we conclude that f(¢) > 0 for all 0 < ¢t < oo, with equality if and only if ¢ = 1.

Furthermore, ¢ = 1 if and only if a = b*'~! or a? = b, It follows that

/

PobP
LA
D p
for all a,b > 0, with equality if and only a? = b”/, which proves the result. [

For p = 2, Young’s inequality reduces to the more easily proved inequality in
Proposition [2.8]

Before continuing, we give a scaling argument which explains the appearance
of the Holder conjugate in Young’s inequality. Suppose we look for an inequality

of the form
ab < MaP 4+ Na? for all a,b >0

for some exponents p, ¢ and some constants M, N. Any inequality that holds for all
positive real numbers must remain true under rescalings. Rescaling a — Aa, b — ub
in the inequality (where A, > 0) and dividing by Ay, we find that it becomes

p—1

pi!
ab < MaP + Tqu.

We take 1 = AP~ to make the first scaling factor equal to one, and then the
inequality becomes
ab < MaP + \"Nbv, r=(p-1)(q-1)-1.

If the exponent 7 of A is non-zero, then we can violate the inequality by taking
A sufficiently small (if » > 0) or sufficiently large (if » < 0), since it is clearly
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impossible to bound ab by aP for all b € R. Thus, the inequality can only hold if
r = 0, which implies that ¢ = p’.

This argument does not, of course, prove the inequality, but it shows that the
only possible exponents for which an inequality of this form can hold must satisfy
q = p'. Theorem proves that such an inequality does in fact hold in that case
provided 1 < p < o0.

Next, we use Young’s inequality to deduce Hélder’s inequality, which is a gen-
eralization of the Cauchy-Schwartz inequality for p # 2.

Theorem 13.95 (Holder’s inequality). Suppose that 1 < p < oo and 1 < p’ < o0
is its Holder conjugate. If (21,2, ..., x,) and (y1,y2, ..., yn) are points in R™, then

n n 1/p n 1/p’
S < (zw) (zw’) |
1=1 =1 =1

Proof. We assume without loss of generality that x;, y; are nonnegative and x,y #
0. Let o, 8 > 0. Then applying Young’s inequality in Theorem with a = ax;,
b = By; and summing over i, we get

n ap n v /Bpl n p/
B i < Y @+ ul
i=1 P L

n 1/p n 1/p’
() (2
i=1 i=1

to “balance” the terms on the right-hand side, dividing by o3, and using the fact
that 1/p+ 1/p’ = 1, we get Holder’s inequality. O

Then, choosing

Minkowski’s inequality follows from Hoélder’s inequality.

Theorem 13.96 (Minkowski’s inequality). Suppose that 1 <p < oo and 1 < p’ <
oo is its Holder conjugate. If (z1, o, ..., z,) and (y1,ys2,...,ys) are points in R™,

then
n 1/p n 1/p n 1/p
(ZL% +yi|p> < <Z|$z|p> + <Z|yl|p> ~
i=1

i=1 i=1

Proof. We assume without loss of generality that x;, y; are nonnegative and z,y #
0. We split the sum on the left-hand side as follows:

n n
Z |z +yil” = Z @i+ yal o+ P
i=1

i=1
n n
N e Lo e Y T 1 Lo
i=1 i=1
By Holder’s inequality, we have

1/p’

n n 1/p n
> il o+ 3P < (ZmIp) <Z|xi+yz—|(pl)p) :
=t i=1 i=1
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and using the fact that p’ = p/(p — 1), we get

n n 1/p n 1-1/p
Z i |z + gl < <Z |xi|p> <Z |z; + yi|p> .

i=1 =1 =1

Similarly,

n n l/p n 171/17
ST il Jz 4wl < (Zw) (Z Imyz'p) :
=1 =1 3

Combining these inequalities, we obtain

n n 1/p n 1/p n 1-1/p
S o+l < (zw) N (Zw) (z +y) .
=1 =1 =1 =1

Fianlly, dividing this inequality by (3 |2; + v:|?)* /P, we get the result. O






Bibliography

[1] S. Abbott, Understanding Analysis, Springer-Verlag, New York, 2001.
[2] T. Apostol, Mathematical Analysis, Addison-Wesley, 1974.

[3] R. Dedekind, Was sind und was sollen die Zahlen?, 1888. Tranbslation: What are
Numbers and What Should They Be?, H. Pogorzelski, W. Ryan, W. Snyder, Research
Institute for Mathematics, (1995).

[4] P. Duren, Invitation to Classical Analysis, AMS, 2012.
[6] W. Dunham, The Calculus Gallery, Princeton University Press, 2005.
[6] T, W. Korner, A Companion to Analysis, AMS, 2004.
[7] J. E. Marsden and M. J. Hoffman, FElementary Classical Analysis, Macmillan, 1993.
[8] F. A. Medvedev, Scenes from the History of Real Functions, Birkhduser, Basel, 1991.
[9] V. H. Moll, Numbers and Functions, AMS, Providence, 2012.

[10] Y. Moschovakis, Notes on Set Theory, 2nd ed., Springer, 2006.

[11] B. Riemann, Collected Works, Translated by R. Baker, C. Christenson, and H. Orde,
Kendrick Press, 2004.

[12] K. A. Ross, Elementary Analysis, Springer, 2010.

[13] J. M. Steele, The Cauchy-Schwarz Master Class, Cambridge University Press, 2004.
[14] R. Strichartz, The Way of Analysis, 2000.

[15] W. Rudin, Principles of Mathematical Analysis, McGraw-Hill, 1976.

[

16] E. T Whittaker and G. N. Watson, A Course of Modern Analysis, Cambridge Uni-
versity Press, 1927.

301



	Chapter 1. Sets and Functions
	1.1. Sets
	1.2. Functions
	1.3. Composition and inverses of functions
	1.4. Indexed sets
	1.5. Relations
	1.6. Countable and uncountable sets

	Chapter 2. Numbers
	2.1. Integers
	2.2. Rational numbers
	2.3. Real numbers: algebraic properties
	2.4. Real numbers: ordering properties
	2.5. The supremum and infimum
	2.6. Real numbers: completeness
	2.7. Properties of the supremum and infimum
	2.8. Density of the Rationals

	Chapter 3. Sequences
	3.1. The absolute value
	3.2. Sequences
	3.3. Convergence and limits
	3.4. Properties of limits
	3.5. Monotone sequences
	3.6. The limsup and liminf
	3.7. Cauchy sequences
	3.8. Subsequences
	3.9. The Bolzano-Weierstrass theorem

	Chapter 4. Series
	4.1. Convergence of series
	4.2. The Cauchy condition
	4.3. Absolutely convergent series
	4.4. The comparison test
	4.5. * The Riemann -function
	4.6. The ratio and root tests
	4.7. Alternating series
	4.8. Rearrangements
	4.9. The Cauchy product
	4.10. * Double series
	4.11. * The irrationality of e

	Chapter 5. Topology of the Real Numbers
	5.1. Open sets
	5.2. Closed sets
	5.3. Compact sets
	5.4. Connected sets
	5.5. * The Cantor set

	Chapter 6. Limits of Functions
	6.1. Limits
	6.2. Left, right, and infinite limits
	6.3. Properties of limits

	Chapter 7. Continuous Functions
	7.1. Continuity
	7.2. Properties of continuous functions
	7.3. Uniform continuity
	7.4. Continuous functions and open sets
	7.5. Continuous functions on compact sets
	7.6. The intermediate value theorem
	7.7. Monotonic functions

	Chapter 8. Differentiable Functions
	8.1. The derivative
	8.2. Properties of the derivative
	8.3. The chain rule
	8.4. Extreme values
	8.5. The mean value theorem
	8.6. Taylor's theorem
	8.7. * The inverse function theorem
	8.8. * L'Hôpital's rule

	Chapter 9. Sequences and Series of Functions
	9.1. Pointwise convergence
	9.2. Uniform convergence
	9.3. Cauchy condition for uniform convergence
	9.4. Properties of uniform convergence
	9.5. Series

	Chapter 10. Power Series
	10.1. Introduction
	10.2. Radius of convergence
	10.3. Examples of power series
	10.4. Algebraic operations on power series
	10.5. Differentiation of power series
	10.6. The exponential function
	10.7. * Smooth versus analytic functions

	Chapter 11. The Riemann Integral
	11.1. The supremum and infimum of functions
	11.2. Definition of the integral
	11.3. The Cauchy criterion for integrability
	11.4. Continuous and monotonic functions
	11.5. Linearity, monotonicity, and additivity
	11.6. Further existence results
	11.7. * Riemann sums
	11.8. * The Lebesgue criterion

	Chapter 12. Properties and Applications of the Integral
	12.1. The fundamental theorem of calculus
	12.2. Consequences of the fundamental theorem
	12.3. Integrals and sequences of functions
	12.4. Improper Riemann integrals
	12.5. * Principal value integrals
	12.6. The integral test for series
	12.7. Taylor's theorem with integral remainder

	Chapter 13. Metric, Normed, and Topological Spaces
	13.1. Metric spaces
	13.2. Normed spaces
	13.3. Open and closed sets
	13.4. Completeness, compactness, and continuity
	13.5. Topological spaces
	13.6. * Function spaces
	13.7. * The Minkowski inequality

	Bibliography

